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Electrophotographic solid freeform fabrication (ESFF) is a method for rapid 

prototyping under research at the University of Florida. This system uses laser printing 

technology to build parts by depositing successive layers of a powdered material. The 

material is deposited through the use of electrostatic charge, giving electrophotography 

its name. There are four main areas of research in this thesis. 

First, several stages of the ESFF process were modeled to help understand the 

results of printing as they relate to controlled system parameters. This modeling provides 

a basis for understanding and eliminating several part defects caused by uneven printing 

across the layer. The reasons for the uneven printing are explored. Solutions are provided 

where applicable, and limitations of the technology caused by these defects are discussed. 

Second, a new method of printing line patterns in the cross section instead of a 

solid area is discussed. The technique is intended to solve an issue of uneven printing 

whereby the edges of a part grow faster than the center area. The process is examined 

xii 



using finite element analysis to test the theoretical validity of the solution. Experimental 

research is next presented to validate the results of the finite element analysis. The 

advantages and problems presented by this method are discussed in relation to both the 

finite element analysis and the experimental results. 

Third, a novel design for a device called a developer is presented. This device is 

used in electrophotography to charge powder so that it can be used to form an image. The 

theory of developer design is reviewed. A history of the various versions of the device 

designed in this research is presented. The practical issues with the device are discussed 

in light of a new design for the overall ESFF process that will be more accommodative to 

developer design. 

Finally, a new design for the ESFF test apparatus is presented. The issues this new 

design is intended to resolve are discussed. The conceptual design of several components 

is presented. A control system for imaging that will remove many current technological 

restrictions is presented and discussed. 
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CHAPTER 1 
INTRODUCTION 

Overview 

Electrophotographic solid freeform fabrication (ESFF) is a new method for rapid 

prototyping under development at the University of Florida. Like other rapid prototyping 

technologies, ESFF adds material in layers to form parts in an arbitrary shape. This 

allows the production of prototype-quality parts without the need for expensive, time-

consuming tooling operations. While slower than some traditional machining methods for 

mass production, rapid prototyping technologies can produce parts with prohibitively 

complex geometries and very fine features. The ESFF technique attempts to expand the 

rapid prototyping field by allowing for the production of very fine tolerance parts in a 

variety of materials.  

Rapid prototyping technologies are currently limited in their ability to produce 

parts with very small features, and are generally reliant on polymers as modeling 

materials. There are a variety of methods currently used for the production of rapid 

prototyping. ESFF introduces a new technology to the field, that of electrophotography. 

This technology, which is the basis for laser printers, uses charge and field attraction to 

move powder and special materials to create an image using a laser beam. The powder 

transportation method holds the possibility of creating parts in a wider variety of 

materials than previously available. The theoretical limits of the imaging system are also 

much finer than current technologies, even finer than traditional machining. 

1 
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To date, much progress has been made on realizing a working ESFF system. A 

hardware testbed and a software control system have been developed. In early tests a 

build height limitation of approximately 1 mm was found. This problem was analyzed by 

physical modeling and solved by the addition of a surface charging system. The physical 

characteristics of a number of powders have been studied and their relationship with the 

ESFF process modeled. Detailed models of some stages of the ESFF process have been 

constructed.  

Several challenges have not been overcome, and some new problems have emerged 

as the technology progressed. A poor understanding of some of the stages of the ESFF 

process that had not been modeled created a difficulty in trying to solve problems and 

improve performance. A problem in all electrophotography is the uniform imaging within 

a solid area, due to changes in field strength. A solution to this problem had been 

proposed but not tested. While powders had been examined, a system for using these 

powders to create parts was still needed. Finally, a new design for the ESFF system was 

needed to improve printing with alternative materials and remove the reliance on a 

particular printing system. 

Goals 

The goal of this study was to find solutions wherever possible to the outstanding 

issues in the ESFF process. This goal involved a number of specific objectives, namely: 

• Modeling of poorly understood stages of the ESFF process and construction of 
more detailed models in some areas. 

• Testing and evaluation of the pattern printing system to solve the problem of solid-
area development. 

• Design, testing, and evaluation of a development system to print new powder 
materials. 
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• Overall design of a new ESFF hardware system, with study of an imaging system 
for use in the new design. 

Outline 

Chapter 1 is a short introduction to the overall work. This contains a brief 

description of the place of ESFF in the manufacturing field. It also provides a description 

of the current state of ESFF research and the problems yet to be overcome. 

Chapter 2 is an overview of the history of the rapid prototyping field. Issues related 

to the field are discussed. Several prototyping technologies are described and their 

relative merits and drawbacks presented. 

Chapter 3 is a description of electrophotography technology. This technology is 

covered in some detail in order to lay the groundwork for later. An example of the 

technology, the LaserJet 4 printer used in the ESFF system, is described in detail. 

Chapter 4 deals with work to date on the ESFF system. This chapter describes 

ESFF technology in detail in preparation for later chapters. This chapter also serves to 

document the work done to date to some extent for other projects. Problems in the 

technology are described to show the importance of the work presented here. 

Chapter 5 presents the modeling work done for this thesis. Three main stages of the 

process were modeled: voltage measurement, corona surface charging, and powder 

transfer. The first two stages mentioned had not been previously modeled, which led to 

many difficulties in understanding experimental results and attempting to solve problems. 

The third stage was modeled in more detail than in previous works to account for areas of 

interest not studied in those models. The agreement of the models with observed behavior 

is discussed. 
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Chapter 6 discusses the experimental results of a study of pattern printing. 

Sivakumar Bhaskarapanditha (2003) first proposed the basis of this process. His work is 

reviewed, along with the theoretical background. Experimental testing of the system is 

presented, along with further modeling of the process. The advantages and problems this 

system entails are discussed. 

Chapter 7 is a discussion of the design of a new developer system to be used for 

printing new powders. The iterations of system design are discussed to show the reasons 

for the aspects of the final design. A theoretical model of the final design is shown. The 

problems associated with this system are discussed. 

Chapter 8 describes the new ESFF testbed design. The reasons this design is 

necessary are enumerated. An overview of the design is presented. The results of system 

modeling of the imager system from the current testbed are shown, along with the control 

architecture used to use this system alone without the need for the complete printer. 

Finally, Chapter 9 will provide conclusions to the research and describe future 

work to be done. The conclusions presented in Chapters 5 through 8 will be summarized 

to provide an overview of the research as a whole. 

 

 



CHAPTER 2 
BACKGROUND ON RAPID PROTOTYPING SYSTEMS 

Overview of Rapid Prototyping Technologies 

Rapid prototyping, also known as solid freeform fabrication or layered 

manufacturing, is a new but well-established tool in the manufacturing field. The 

technology allows for the creation of individual prototype-quality items in little time 

without the need for expensive tooling. In some applications the technology can also be 

used to quickly produce specialized tools or casts for traditional manufacture. 

The parts are first generated as computer models, then sent to the prototyping 

machine of choice. The generation of tool paths is performed automatically. The 

prototyping machine builds the part, which may then require post-processing treatments 

such as curing or support material removal. A flowchart of this process is shown in 

Figure 2-1. 

There are several important characteristics of a rapid prototyping technique. The 

speed at which a given technique is able to build parts is of course important, as is the 

accuracy with which those parts can be produced. Another important factor is the 

material used to produce the parts. Some technologies require the use of a special 

material that may be expensive or may have undesirable mechanical properties, other 

technologies can use multiple materials. To date most rapid prototyping technologies 

have used polymers of some variety as their build materials, and there is much research 

underway to produce technologies that can build with metals or ceramics. 

5 
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Figure 2-1. The rapid prototyping process 

There are many rapid prototyping technologies currently available commercially. 

There are also several experimental technologies that offer promise for the future. This 

chapter will give a brief overview of some of these technologies. 

Laminated Object Manufacturing 

Laminated object manufacturing (LOM) is a straightforward technology that 

produces a part by cutting cross sections out of a film using a laser and joining them. 

Both the part cross section and the surrounding paper are left in place after division, with 

the end result being a cube that can easily be separated into the part and waste material. 

This provides the support material needed for overhanging sections. The production rate 

is very quick for parts with large cross sections, because the system only needs to trace 

the edge of the cross section with a laser rather than place material or fill in the area 
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(Cooper 2001). The finished part has mechanical properties similar to pressed wood. A 

schematic of a typical LOM system is shown in Figure 2-2. 

 

Figure 2-2. Schematic of a typical LOM system (Kochan 1993) 

Unfortunately, the LOM system requires a material that can be formed into a film, 

which is not always desirable. There is also a large amount of material waste in the 

system, since not only the part but also the surrounding area must be removed, and the 

resulting webbing is not reusable. Because paper is a common choice for the LOM 

process the costs associated with material waste are not generally great, but there is a 

certain amount of smoke produced in the laser cutting operation that must also be carried 

away when paper is used (Cooper 2001). 

A similar technology is currently under research that uses sheets of metal foil as the 

material (Doumanidis and Gao 2002). The material is compressed onto previous layers 

using a magnetic field, then the cross section shapes are cut with a diamond bit and 

joined by ultrasonic spot welding. This technology has some of the same drawbacks seen 

in traditional LOM, but offers the ability to quickly prototype metal parts with large cross 
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sections, which would be a significant advance. A schematic of the system is shown in 

Figure 2-3. 

 

Figure 2-3. Schematic of metal foil LOM system (Doumanidis and Gao 2002) 

Fused Deposition Modeling 

Fused deposition modeling (FDM) is a very popular commercial rapid prototyping 

technology. An actuated head moves in two axes to build a planar cross section on a build 

platform, which is capable of translating in a third direction to give the part height. The 

part is built using material extruded from a nozzle on the head, which traces the outline of 

the part then fills in the solid area with cross-hatching. A typical FDM build head has two 

nozzles, one for the part material and one for a support material. The material is stored as 

a spooled filament, extruded into the heated nozzle and then cools and solidifies once 

placed. A large number of materials can be extruded in this manner, although to date 

almost all FDM technology is based on plastics and waxes because the heat required to 

melt and extrude metal is prohibitive from both safety and energy perspectives. Even so, 
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this grants a fairly broad amount of freedom in the type of material used. A typical FDM 

system is depicted in Figure 2-4. 

 

Figure 2-4. Schematic of a typical FDM system (Kochan 1993) 

FDM technologies are not as fast as LOM systems, because they must trace the 

cross-hatching for each section, and because they require the movement of a physical 

head to build the part rather than laser cutting. However, FDM systems can use a variety 

of plastics, as well as waxes that can be used to make molds for casting. Furthermore, 

FDM systems have far less material waste, because they build support structures only 

where needed. 

Stereo Lithography 

Stereo lithography (SLA) systems are the oldest rapid prototyping technology. The 

system features a build platform immersed in a liquid polymer bath. The part is built by 

tracing a cross section with a laser in the thin layer of liquid polymer on top of the build 

platform, which solidifies the special polymer used. This technique requires cross-

hatching of the section, and the construction of supports is problematic. These supports 

are usually constructed by building a network of fine mesh in the desired areas that 
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require a significant amount of post-processing to remove. A typical SLA system is 

shown in Figure 2-5. 

Laser 

Part 

Build 
Platform 

Liquid 
Polymer 

 

Figure 2-5. Schematic of a typical SLA system 

The main drawback of this technology is the special polymer material used. The 

material is a proprietary polymer, and is much more expensive than the materials used in 

other technologies. Earlier technologies also used a material that was somewhat 

hazardous, though there are now build materials that are much safer (Cooper 2001). 

Selective Laser Sintering 

Selective laser sintering (SLS) is another popular commercial technology. In this 

system, a thin layer of powder is spread uniformly over the build platform. A laser then 

fuses the powder into a solid by heating it to just below the melting point. This 

technology is able to create parts form a large number of materials, mostly polymers and 

waxes. However, recently the technology has been used to build parts from metal 

powders in which the particles have been coated with polymer. This produces a metal 

part with green strength sufficient to be processed in a furnace. If a fully dense metal part 
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were desired a post-processing step is needed to infiltrate the metal part with copper to 

fill the gaps between sintered particles. Another way to achieve fully dense metal parts is 

to use the system to make a blank for a mold, then cast the part.  

The powder bed is full, so there is no need for support material, much like LOM. 

However, once the part is finished the excess powder can be recovered and reused, 

significantly reducing waste costs. A typical SLS system is shown in Figure 2-6. 

Powder 
Build 
Platform 

Part 

Laser 

Levelling 
Roller 

 

Figure 2-6. Schematic of a typical SLS system 

Three Dimensional Printing 

Three-dimensional printing is very similar to SLS. Thin layers of powder are 

spread over the build area, then joined into a cross section. In this case, however, the 

cross section is joined using an inkjet head that disperses a resin onto the powder. This 

allows the technology to build parts from virtually any material that can be powdered. 

However, the building speed is slower than SLS, since a print head must be moved to 

create the cross section rather than tracing it with a laser. The parts may need additional 

post-processing as well, as the resin may not provide the part with as much mechanical 
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strength as in the sintering process. A depiction of a three-dimensional printing system is 

shown in Figure 2-7. 

 

Figure 2-7. Schematic of a typical three-dimensional printing system (Kochan 1993) 

 

 



CHAPTER 3 
BACKGROUND ON ELECTROPHOTOGRAPHY 

Introduction 

Electrophotography, sometimes called xerography because of its early development 

by the Xerox Corporation, is a widespread method for the creation of printed documents. 

Laser printers and copiers are based on the technology, as are some types of imaging 

systems used to digitally capture x-ray scans. The technology was first developed by 

Chester Carlson (Carlson 1942). The first experiments in electrophotography involved a 

charge image created in a glass slide, which was used to pick up powder and transfer it to 

wax paper. Such permanent slide methods are still sometimes used, as in mass printing of 

journals and the like, in a manner analogous to typeset printing. 

Modern electrophotography uses a much different technique. A uniform charge is 

deposited on a photoconductive surface with a grounded backing. This surface is then 

selectively exposed to light of a specific wavelength, turning the substrate conductive and 

thus discharging the surface at specified points. Depending on the printing technique, a 

powder called toner is picked up either in the charged or discharged area. This allows for 

the creation of a temporary image and the reuse of the imaging medium. The toner itself 

is charged in a device called a developer, which also brings the toner near the imaging 

surface to create a toner image using the latent charged image. The toner image is then 

transferred to an external medium, usually paper. The toner powder is then fused to the 

paper, making the image permanent. Finally, any excess toner that was not transferred is 

cleaned from the imaging surface. 

13 
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Photoconductor Materials 

There are a number of materials used in photoconductive imaging. The two most 

common materials are amorphous selenium, which was used in many early imaging 

systems, and organic photoreceptors, used in most printers today. The common property 

they share, photoconductivity, denotes that a certain wavelength of incident radiation 

causes a large decrease in their resistivity. The exact chemical mechanism by which this 

occurs is not within the scope of this thesis. The major characteristics of a 

photoconductor that are of interest here are dark decay, charge acceptance, image 

formation time, image stability, and residual image. 

Dark Decay 

Dark decay is essentially the permanence of an charge image on the 

photoconductor. Even in the absence of light, the photoconductor is not a perfect 

insulator and will slowly shed its charge. The time needed for the photoconductor to shed 

half its charge is referred to as the depletion time. Organic photoreceptors typically have 

much shorter depletion times than amorphous selenium (Diamond 1991). 

Charge Acceptance 

The surface charge density that can be deposited on the photoconductor by a given 

voltage is the charge acceptance. This characteristic is determined primarily by the 

dielectric properties of the photoconductor. So long as the charge acceptance is high 

enough to sustain a charge that will allow transfer of toner from the developer to the 

charge image, the photoconductor material is adequate. A charge acceptance much higher 

than this necessary minimum will lead to a large force holding the toner to the imaging 

surface, thus making the transfer to paper problematic. 
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Image Formation Time 

The image formation time is the amount of time necessary for the imaging light 

source to discharge the photoconductor. In point of fact, a more proper term would be the 

image formation energy, but since the intensity of light is considered a given in a specific 

electrophotography application, it is the time that is considered the variable. This time is 

critical to the speed of the printing system, and thus is one of the more important 

characteristics of the photoconductor. 

Image Stability 

Image stability refers to the tendency of the charge image to migrate and spread 

across the imaging surface. Some image instability is due to the inability of the 

photoconductor medium to sustain a highly localized area of discharge. Surface 

contamination also plays a role, allowing charge to move or dissipate on the surface 

itself. 

Residual Image 

Residual image is due to residual charge on the imaging surface that is not 

discharged in the printing process. There are a number of reasons this can occur, and the 

effect is especially noticeable after many prints, when ghost images can begin to appear. 

Printers typically feature a discharging cycle after each print to alleviate the problem, but 

with high rates of printing it can be problematic to completely eliminate latent charge. 

Material Selection 

As mentioned above, the tendency in commercial electrophotography systems has 

been moving from amorphous selenium photoconductors towards organic photoreceptors. 

At first this would seem counterintuitive. Organic photoreceptors are softer and thus 

more prone to wear. They also do not hold an image for as long as amorphous selenium, 
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and suffer gradual breakdown from environmental exposure. However, organic 

photoreceptors are significantly less expensive, even considering the need for frequent 

replacement. Printer design has minimized the impact, since the imaging drum in most 

printers is now part of the toner cartridge, which is sent for recycling periodically as the 

toner is depleted. During the recycling of the cartridge the drum can be inspected and, if 

necessary, re-coated. The issue of image duration is not of major significance in current 

printers, because printing speed has now reached the point where even the shorter image 

duration seen in organic photoreceptors is more than sufficient. Amorphous selenium has 

a fairly broad range of acceptable wavelengths, making it suitable for many applications 

but meaning it must be protected from light, while organic photoreceptors function only 

with light in the ultraviolet spectrum, meaning that these materials do not require as much 

shielding. 

The Electrophotographic Process 

As described earlier, there are six main steps in the electrophotographic cycle: 

charging, imaging, development, transfer, fusing, and cleaning. In most printers this 

process is carried out on a drum, which minimizes space, allowing for the current 

generation of small laser printers for desktops. A depiction of a drum electrophotography 

system is shown in Figure 3-1.  

Charging 

The first stage of the electrophotography process is to charge the surface of the 

imaging system. It is of the utmost importance to the picture quality that this charge be 

uniform across the surface. There are two main methods to accomplish charging, a 

corona and a charging roller. 
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Figure 3-1. Schematic of a typical drum electrophotography system 

Corona 

A corona charging system is essentially an ion jet. Most current printers use a 

shielded corotron charger. In this arrangement, a wire at high voltage is surrounded by a 

metal shield at the same voltage, generally around 7000 volts (Schaffert 1975). The wire 

produces ions by dielectric breakdown of air. The ions with the same sign as the wire are 

repelled away in all directions. The shield serves to deflect these ions in one specific 

direction. This produces a steady stream of ions and a regular charge. However, the high 

voltage required by the corotron, as well as its somewhat bulky size, has caused these 

systems to fall out of favor. A typical shielded corotron is shown in Figure 3-2. 

Charging roller 

Roller charging is the preferred method for charging the photoconductor drum in 

current printers. The system is more compact than a corotron, and requires a much lower 
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voltage. The charge roller is made up of a metal axis surrounded by a layer of relatively 

conductive polymer foam. The shaft is subjected to a DC-biased AC voltage. This causes 

an intense electric field, leading to small discharges between the irregular polymer 

surface and the photoconductor drum (Hirakawa and Murata 1995).  

 

Figure 3-2. A typical shielded corotron 

Imaging 

Once the photoconductor surface is charged, the next step is to selectively 

discharge areas to produce an image. A polygonal mirror, where each face is one scan 

line, reflects a laser of the appropriate wavelength onto the photoconductor surface. The 

laser is switched on and off at high speeds to discharge specific dots. The resolution of 

the image is determined by the wavelength of the beam and the switching speed. A 

depiction of the process is shown in Figure 3-3. 

Development 

Development is the process of charging the toner powder and transferring it to the 

latent charge image. This is by far the most complex part of the electrophotography 

process. The toner powder is metered by a doctor blade to ensure a thin, uniform layer of 

toner is constantly brought out. The toner is charged, and brought near the 

photoconductor drum so that electrostatic force may draw the toner off onto the latent 
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charge image. The topic of development is explored in greater detail in Chapter 7. A 

schematic of a typical developer is shown in Figure 3-4. 

+ + + + + ++ ++
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Figure 3-3. The imaging process 
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Figure 3-4. A typical development system 
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Toner transport 

One of the most difficult parts of development is constantly providing a thin, 

uniform layer of toner for the photoconductor drum. To accomplish this goal, 

development systems progressed from cascade development, to insulative magnetic brush 

development, to conductive magnetic brush development (Schein 1988). All of these 

systems used a two-component toner, composed of carrier particles crucial to transport 

and charging as well as the toner particles that were ultimately transferred. 

Cascade development was a very simplistic mechanism whereby charged powder 

was brought across the photoconductor surface by mechanical force. In the earliest days 

of electrophotography the photoconductor was a plate, and a powder of carrier particles 

coated with toner was simply poured or “cascaded” across its face, giving the 

development system its name. Because toner was attracted by field force rather than by 

charge itself, solid area development was problematic (Schein 1988). Large charged areas 

have no field in the center, and thus toner was only attracted to the edge of an image. 

Another problem with this development system was the number of forces acting on free-

flowing powder. Charge force was only one of many forces that may attract or repel toner 

from the photoconductor surface, and as such it was difficult if not impossible to control 

powder behavior. Cascade development also tended to have a great deal of powder loss 

and spillage. For these reasons, cascade development was largely abandoned when 

magnetic development systems were invented. A depiction of an early cascade system is 

shown in Figure 3-5.  

Insulative magnetic brush development was a significant step forward. In an 

insulative brush system, a stationary magnet inside the developer roller attracted iron in 

the carrier particles, which were coated in toner particles. This provided a counter-force 
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to the charge force, and served to nullify a number of minor forces that disrupt control in 

cascade development. A roller rotated around this stationary magnet, carrying the toner 

by friction. The carrier particles formed chains in the magnetic field, such that the roller 

appeared to be a brush. Charged toner was carried across to the photoconductor drum 

when the electric field force was greater than the friction force holding the toner onto the 

carrier. The carrier beads were spherical, and the transfer of toner was limited by a 

balance of charge between the photoconductor surface and the carrier particles (Schein 

1988). A depiction of a magnetic brush development system is shown in Figure 3-6. 

 

Figure 3-5. A cascade development system 

Conductive magnetic brush development was the most successful form of two-

component development. The major change was that the carrier was now composed of 

irregular particles that were more capable of transmitting current across the development 

gap. This meant that there was not a balancing charge buildup in the carrier particles, and 

thus that much more powder could be transferred (Kasper and May 1978). This lead to 

darker lines and text, and more regular solid area development. The need for two-
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component toner, however, was undesirable, as this lead to larger toner cartridges that 

had to be refilled more frequently. 

Development
Roller

Carrier
ParticlesPhotoconductor

Drum

Toner
Particles

 

Figure 3-6. A typical magnetic brush development system 

Most printers currently use a mono-component toner that is insulative and 

magnetic. In this system, the toner, usually a polystyrene powder, is doped with iron 

compounds to make it magnetic. Thus the same advantages of force cancellation and 

control are present as in two-component magnetic development. The toner particles on 

the developer roller are charged, and thus may be stripped off the roller by the force of 

attraction with the image field. To aid in this process, an alternating current is applied to 

the developer roller, causing the charged toner particles to bounce back and forth from 

the roller surface, forming a cloud. An exception to this trend is in color printing where 
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cascade development is still used, because the iron compounds that provide magnetic 

force would prevent proper coloration. 

Toner charging 

There are several methods for charging toner. The method used depends on the 

nature of the toner itself. Some methods use the characteristics of the toner itself to 

charge, while others create the charge externally. 

The toner may self-charge due to either triboelectric effects or chemical effects. 

Two-component toners often charge triboelectrically, with the contact friction between 

the carrier and toner particles causing an opposing charge on each particle. Liquid toners, 

used for applications involving extremely fine resolution prints due to the difficulty of 

handling very fine powders, are charged chemically, with charge transfer occurring 

between the toner and the liquid in which it is suspended. Chemical charging is also used 

to some degree in monocomponent toners, which are doped with charge control agents 

that have a similar effect, but these agents can only induce a part of the charge needed to 

print. The main purpose of the charge control agents is to render the toner susceptible to 

external charging. 

There are also several charging methods that allow charge to be applied to the toner 

by the developer. The most direct system of this kind is corona charging, identical to 

corona charging of the photoconductor. In addition to the normal problems of corona 

charging, the corona wire may become coated with toner particles, rendering it 

inoperable. The toner can be charged by triboelectric effects from rubbing with parts of 

the developer. This method is now very popular because the charge control agents in 

mono-component toners can make the toner particles triboelectrically active (Schein 

1988). If the toner is conductive it can induce charge by passing through an electric field. 
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Finally, insulating toner particles can be injected with charge by moving it rapidly around 

the developer roller through an electric field, though the exact mechanics of this process 

are poorly understood (Nelson 1978). 

If the charge per unit mass on the toner is too low, there will be insufficient 

electrostatic force to strip the toner from the magnetic roller. If the charge per unit mass 

is too high, a very thin layer of toner will cancel the image charge and make a light 

image. Thus the optimum design is to charge toner to the critical threshold value, which 

will depend on the magnetic field strength of the developer roller. 

Transfer 

Once the image is developed in toner powder, the next step is to transfer the toner 

to the paper. This transfer is accomplished by a mix of electrostatic and mechanical 

transfer force. An elastic charge roller presses the paper against the photoconductor drum, 

while depositing a charge opposite to that of the toner on the back face of the paper. The 

paper is sufficiently insulative for this charge to form a field across the paper width with 

the toner, helping to hold the toner onto the paper as it is pressed against the 

photoconductor drum. A schematic of the transfer stage is shown in Figure 3-7. 

Fusing 

The image on the paper is not yet in a permanent form. The charge force is 

sufficient to hold the toner to the paper lightly, but it must be fixed permanently so that it 

will not wipe off as soon as the paper is handled. In early electrophotography the toner 

powders were specialized powders, and wax paper was used as the fixing mechanism. In 

current printers toner technology has advanced significantly, and the toner has been 

adapted to the role of fixing agent so that ordinary paper may be used. The toner is 

mostly composed of polystyrene, which has a low melting point. The paper with the toner 
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image is heated, causing the toner to melt. Some printers use a radiant heater, but many 

now opt for a heating roller that can both melt the toner and press it into the paper for 

better image fixing. The disadvantage of a heating roller is that it may pick up some 

toner, which will then smudge later pages. Nonstick coatings such as teflon are used on 

the heating rollers for this reason. 

++++++

Photoconductor Drum

Developer Roller
 

Figure 3-7. The transfer process 

Cleaning 

The final step in the cycle is to clean the photoconductor drum for later prints. In 

current desktop printers cleaning actually occurs within the cycle, as the photoconductor 

drum goes through several rotations for each page. The toner is scraped from the drum by 

a flexible blade and captured in a receptacle. This receptacle must be emptied 

periodically, but is usually designed to be large enough that it needs to be emptied less 

frequently than the toner must be replenished, so that the end user does not need to take 

the cartridge apart themselves. 
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Case Study: The Hewlett-Packard LaserJet 4 

The LaserJet 4 printer used in the Electrophotographic Solid Freeform Fabrication 

system is a typical example of the current generation of desktop laser printers. The 

LaserJet 4 uses an organic photoreceptor drum charged by roller. The imaging system is 

based on an ultraviolet laser and produces an image with a maximum resolution of 600 

dots per inch (dpi). The developer is a mono-component magnetic insulative system. 

Fusing occurs by heating rollers. A diagram of the LaserJet 4 printing system is shown in 

Figure 3-8. 

 

Figure 3-8. The LaserJet 4 printing system (Hewlett-Packard 1996) 

The print is sent to the LaserJet 4 via a normal print cable and arrives at a computer 

board called the formatter. The formatter reads in the data and communicates the 

necessary information to other printer components. The formatter is also responsible for 

taking in settings from the printer control panel. The electromechanical control aspects of 
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printing are then handled by another computer board, the DC controller. As well as 

sending control signals to the imaging system, the motor, the fuser, and the paper control 

system, this board reads in signals from a variety of sensors and sends messages back to 

the formatter as needed, such as when a paper jam is detected. The DC controller is also 

responsible for breaking the data stream from the formatter into a series of pulses that are 

transmitted to the imaging system, turning the laser on and off. A diagram of the printer 

control architecture is shown in Figure 3-9. 

 

Figure 3-9. Diagram of LaserJet 4 control architecture (Hewlett-Packard 1996) 
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A single motor provides the drive to the paper handling system, the photoconductor 

drum, and the developer through a system of gears. This motor is equipped with its own 

dedicated control circuit for managing speed and acceleration, and requires only power 

and an on/off signal from the DC controller. The paper handling system uses a number of 

rollers to feed paper through the printer from the paper tray. A series of photosensors 

make sure that paper is feeding through properly and send paper jam warnings to the DC 

controller.  

There are two power units, one that takes in the voltage from the power socket of 

the printer, and another that breaks this voltage down into a number of high voltages for 

the various printing components. There are several components such as the charge rollers 

and heating system that use voltages so high that they must be isolated from the printer 

circuitry to prevent damage. There is a feedback system that ensures that voltage is being 

applied to the photoconductor drum, developer, and heating roller by resistance 

measurement. This signal is returned to the DC controller. 

The imaging system of the LaserJet 4 was designed to produce high-resolution 

images in a compact environment. At the time of the design the 600-dpi resolution was 

considered high for laser printers, though today there are higher resolution systems. The 

laser is a standard ultraviolet source with its own control board. This board takes in the 

laser pulse signal and status signals and outputs an error signal if necessary. The laser 

beam makes its way to the photoconductor drum by way of a rotating polygonal mirror 

that turns the laser stream into a scanning beam moving along the length of the 

photoconductor drum. The beam passes through two lenses to be focused and is then 

reflected by an angled mirror because the imager is at an angle to the drum. The 
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polygonal mirror motor has its own control system and is turned on and off by the DC 

controller. The final part of the imager system is a photosensor that detects the start of 

each scan line, analogous to a homing sensor on a motor control system. A diagram of the 

LaserJet 4 imager is shown in Figure 3-10. 

 

Figure 3-10. LaserJet 4 imager diagram (Hewlett-Packard 1996) 

The developer system is based on insulative magnetic mono-component toner 

technology. The toner itself is a polystyrene powder base doped with charge control 

agents, iron compounds for magnetism, and carbon black for color. A stirring rod is 

present to keep the powder moving in a pseudo-fluid flow. The toner is primarily charged 

triboelectrically by rubbing with the material on the doctor blade. A DC-biased AC signal 

on the developer roller forms a powder cloud. The LaserJet 4 developer system is shown 

in Figure 3-11. 

The toner image is transferred to the paper using the elastic roller method described 

earlier. Once the image has been transferred the reverse side of the paper is discharged to 
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prevent the paper form picking up any loose toner that may be present in the paper 

handling system. The paper is then fed through a pair of heating rollers for fusing before 

being sent out of the printer. A cleaning blade removes excess toner from the 

photoconductor drum. 
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Figure 3-11. LaserJet 4 developer schematic (Hewlett-Packard 1996) 

 

 

 



 

CHAPTER 4 
ELECTROPHOTOGRAPHIC SOLID FREEFORM FABRICATION 

Introduction 

Electrophotographic solid freeform fabrication (ESFF) is a recent innovation in the 

field of rapid prototyping developed at the University of Florida (Kumar 2000). The 

concept is to use the technology of electrophotography to deposit layers of powder 

imaged to form the cross sections of a part, then fuse them together.  

This combines the advantages of many existing freeform fabrication technologies. 

Using the speed of laser imaging and a rotating drum, the technology can deposit a layer 

of powder in seconds. The build material is also flexible, as any powder that can be 

charged and fused is usable. Powders which cannot be fused could still be used, but 

would require an additional binder layer. The resolution is very fine, as there are 

commercially-available printing systems which can image at resolutions well above 1000 

dots per inch, and if the technology were to be applied specifically to this application 

there is no reason why imaging could not be performed at even finer resolutions. The 

main drawback ESFF is that the process is very complex and difficult to control. 

Development of an ESFF testbed system 

The first stage of ESFF research was the creation of a system that would allow for 

experimentation with ESFF technology. The system required a two-axis movement 

platform, a printing system, and some mechanism for fusing the imaged powder (Zhang 

2001). A model of the ESFF testbed is shown in Figure 4-1. 
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Figure 4-1. The ESFF testbed (Dutta 2002) 

Motion Control 

A Parker automation system was used to provide the motion and control. This 

system provides translation in two axes and a frame to mount the components of the 

ESFF apparatus. A Galil control system actuates the motors, as well as serving as an 

input/output junction between the computer and the various controls and sensors. The 

system includes a software control mechanism and an interface that allows the system to 

be controlled from within C++ programs. 

The build platform this system actuates is a spring-mounted plate with flanges to 

clip on the paper for printing. The springs allow the platform to be pushed against the 

photoconductor drum for better transfer without damage, and alleviate any issues related 

to the platform mounting not being perfectly horizontal. Finally, the platform allows 

control of the pressure of fusing during compaction by compressing the springs to a 
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selected distance. A position sensor measures when this compression is reached and 

sends a signal to the Galil controller. There is also a connection to the voltage source so 

that the platform can be electrified in order to attract charged powder during printing. 

Printing 

The printer selected was a Hewlett-Packard LaserJet 4. This printer has a resolution 

of 600 dots per inch. To work within the ESFF testbed the printer required significant 

modification. Much of the printer had to be stripped apart so that the build platform 

would have access to the photoconductor drum. The internal sensors that detected the 

mechanical status of the printer had to be bypassed or controlled in order to simulate 

operation under normal conditions. Several communication signals within the printer also 

had to be intercepted so that the build platform and the printer could work together 

seamlessly. A schematic of the Hewlett-Packard LaserJet 4 was shown in Figure 3-8.  

Fusing 

The original fusing system used a radiant heater to melt the plastic toner powder. 

However, there are always slight variations in the amount of powder deposited across an 

image, so a compaction system was desired to level the powder during fusion. The 

heating system was thus changed to a compaction plate warmed by a mica strip heater. 

Recently a teflon-coated plate was added to the compaction and fusing system in order to 

prevent part damage due to sticking. 

Software 

To control this hardware, a software system was developed that would automate the 

process of building a part. A flowchart of the system and its controls is shown in Figure 

4-2. There are several levels of programming in the software. There is a specific 

programming language of commands for the Parker automation system. Scripts 
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programmed in this language may be called from C++ programs, which are stored in a 

dynamic link library. Finally, the SolidSlicer program developed in Java for the ESFF 

testbed reads in model files created in CAD software, divides them into cross sections, 

allows for positioning of the parts on the build platform, automates the process of 

building the part, and stores a log of each build (Bhaskarapanditha 2003).  

This ESFF apparatus provides a suitable mechanism for basic testing. A variety of 

parameters within the printing process can be varied. The qualities of the printed image 

can be manipulated through software, which will be touched on in a later chapter. 

Furthermore, a variety of analysis and sensor equipment can be installed within the 

testbed to evaluate different stages of the process and the effects of manipulating those 

stages. However, there are areas within the process that are essentially “black box” 

technology. The printer in particular has issues with process stages that are not 

transparent to an outside observer. For this reason, further test equipment and modeling is 

needed. 

Development of a Charge Measurement Apparatus 

One of the most important parts of the printing process is the charging of toner 

powder. The powder must be charged effectively enough that it can transfer an even layer 

onto the latent charged image, but not so charged that a tiny amount of powder can cancel 

the charge of the latent image. This testing would be very difficult, if not impossible, on 

the ESFF testbed because of the difficulty of testing charge within the framework of that 

system, as well as problems of recovering the powder. For this reason, a separate system 

was created which could test the charge and mass of printed powder. This system is 

shown in Figure 4-3. 
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Figure 4-2. Flowchart of the ESFF process (Dutta 2002)  
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Figure 4-3. Schematic of the charge measurement apparatus (Gokhale 2001) 

The charge measurement apparatus replaces the printer drive mechanism and 

photoconductor drum, and provides an attachment point for a developer. The developer 

cartridge is attached to a fabricated stand and attached to a voltage source. A 

photoconductor drum is attached and grounded through an Keithley electrometer that has 

the ability to integrate current over time, thus measuring the amount of charge flowing to 

the ground (Keithley Instruments 1995). When toner is deposited on the surface of the 

drum, the grounded metal on the opposite side of the insulator induces an equal and 

opposite charge that flows out through this ground. The photoconductor drum is removed 

and its mass measured before and after printing in order to determine the mass of powder 

deposited. Printing area may be normalized by controlling the time of operation through 

computer control of the drive motor. 
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This system was initially used to optimize printing using the standard LaserJet 4 

developer cartridge. It has also been used to test development systems created for 

research of the charging characteristics of other powders. The function of the system is 

the same in all cases. The design of such development systems is discussed in detail in a 

Chapter 7. 

The main problem with this measurement system is the measurement of powder 

mass. Removing the photoconductor drum mechanically causes powder to be lost, 

making the readings less accurate. A more accurate system would be possible if the 

measurement could be made in place, but this is problematic in practice. Another 

alternative currently being explored is to include a system for cleaning the powder from 

the photoconductor drum into a container, which could be removed and tested without 

loss of powder.  

 

 

 



 

CHAPTER 5 
MODELING OF THE ESFF PROCESS 

Introduction 

The electrophotographic printing process used in ESFF is an extremely complex 

transfer method. In order to understand and optimize the process it is necessary to 

construct a detailed model of each step, as what seems intuitive will often prove wrong 

when analyzed further. It is also important to take into account the ways in which 

different stages of the ESFF process are interconnected. 

There were several areas in which it was desirable to perform a detailed analysis of 

the process. The first was the relationship between the surface voltage of a part measured 

by an electrostatic voltmeter and the charge state of the part. This is important because an 

electrostatic voltmeter is used experimentally to gauge both surface charge and 

volumetric charge, and it was necessary to understand what its readings indicated in 

regards to both values.  

The second stage of interest for modeling was the characteristics of corona 

charging. As a part builds, it is necessary to charge the surface in order to continue 

attracting charged powder. This is done in the ESFF platform using a corona charger. It 

was desirable to understand how the various characteristics of a building part such as 

thickness and charge state would effect the level of surface charge as the part builds, 

since this will determine both how well a part can be built and how consistently new 

layers will be deposited.  
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The final stage to be modeled was the transfer of powder from the photoconductor 

drum onto the part. The results of the corona charging model were relevant here, because 

the surface charge deposited by the corona serves to enhance transfer. It was important to 

see what system parameters would alter both the consistency of a print within a layer and 

the amount of powder being transferred overall. 

Electrostatic Voltmeter Testing 

An electrostatic voltmeter is the best tool for measuring the surface voltages that 

are the basis of electrostatic transfer. The voltmeter determines the surface voltage by 

altering the voltage applied to a vibrating reed until the induced current is negated, 

showing that there is no field and thus that the reed and surface voltages are equal. The 

probe is calibrated to be held in air a specified distance from the surface being tested, 

which allows this field to be converted to a voltage on the surface. 

When the measurement involves a simple charged surface as the probe is designed 

for, the meaning of the measured voltage is clear. When used in a more complex 

measurement such as measuring the charge on the surface of a part that may contain a 

volumetric charge, it is necessary to do some analysis to ascertain what the reading given 

by the voltmeter indicates in regards to the contributing charges. First a model must be 

constructed to approximate the system, and then the field that the voltmeter probe detects 

must be derived as a function of the parameters of interest. 

In order to construct a model of the situation in probe testing on the ESFF system, 

several assumptions and simplifications had to be introduced. The system was modeled 

as a Gaussian series of parallel planes, with each plane representing a material layer in 

the system. The layers are the part itself, the paper substrate the system builds on, an air 

gap introduced to assess the effects of irregularities below the substrate, and the grounded 
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metal plate on the build platform.  Because the cross sectional area of a typical printed 

part is many orders of magnitude larger than the thickness, it was assumed that the 

various layers were infinite. Along with the material properties of the various layers, a 

surface charge σt and volumetric charge ρt were assumed to be present on the part. This 

simulates a part wherein the surface charge has not been totally nullified by charged 

powder deposition and the volumetric charge has not been totally dissipated, both of 

which are common situations in the part building process. The field above the part was 

taken as zero, as would be the case if the voltmeter probe is behaving properly. The 

system model is shown in Figure 5-1. 

Plate

Ground

Air (da, κa)
Paper (dp, κp)

Toner (dt, κt, σt, ρt)

0

2
1

3

Electrostatic Voltmeter
Probe

4

dx: Thickness of layer

κx: Relative permissivity of layer material

σx: Surface charge density on layer

ρx: Volumetric charge density in layer

 

Figure 5-1. Model of the voltage measurement stage 

First, boundary conditions must be defined. The voltage on the metal plate is 

known to be ground as shown in Equation 5.1. 

00 =V          (5.1) 

The surface voltage is the total potential drop across all the layers, shown in 

Equation 5.2. 

303 VVVVs =−=        (5.2) 
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By integrating the fields as shown in Equations 5.3 through 5.5 and summing the 

potential differences as shown in Equation 5.6, the surface voltage Vs was found, and is 

presented in Equation 5.7.  
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Most of these parameter values are either documented or can be determined 

experimentally. This equation shows that in order to use the voltmeter to measure surface 

charge it is necessary to first test the part before charging to find the portion of the 

voltage contributed by volumetric charge. Measuring this value and knowing the system 

parameters allows the surface charge σt to be found using the voltmeter probe, which is 

very valuable in areas such as corona charging optimization experiments. 

Corona Charging 

The voltmeter probe simulation allowed for better understanding of experimental 

measurements of the corona charging process, among other things. It was also desirable 

to have a more detailed understanding of the charging process itself. 

The corona produces a stream of ions of both charge signs due to field breakdown 

of air around a high voltage wire. These ions are either attracted or repelled to the corona 
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wire due to their sign and the sign of the wire voltage. The wire itself repels opposite 

charged ions in all directions, however in a corona charging device there is a metal shield 

around the wire at the same voltage, which subsequently repels the ions deflected in its 

direction. This shield has an opening at one side, and the ions are thus deflected out 

through this opening. Many corona charging systems also use a metal grid or a number of 

wires across the opening held at the same voltage as the corona wire, which serve to 

nullify velocities in all directions except that normal to the plane of the grid surface. The 

corona may thus be deemed for purposes of modeling a plane with a fixed flux of charge. 

A corona charge system is shown in Figure 5-2. 

Corona wire, shield, and
grid wires held at same

voltage

 

Figure 5-2. Corona charging schematic 

 The charge will deposit onto another surface until that surface becomes saturated. 

The saturation takes place due to the fact that eventually the surface has so much charge 

that it becomes repulsive to new particles. If the charge particles are depositing onto a 

conductive surface that has been grounded, the charging can go on more or less 

indefinitely. If the ions are depositing onto an insulative surface, there is a finite limit. 
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Placing a grounded plate behind the insulative surface has the effect of suppressing the 

field the ions create and thus extends the charge capacity of the surface. 

The model used for the corona charging simulation is very similar to the one used 

in the voltmeter simulation. A new layer has been introduced, which models the air gap 

above the part filled with ions of a constant charge density ρc. The corona itself is seen as 

a plane at a fixed voltage. The model is taken at equilibrium once charging has stopped, 

which was assumed to occur when field in the corona gap dropped to a critical 

magnitude. The charging causes an induced field in the build platform, modeled by a 

surface charge σb. The corona voltage is a known value. The model of the charging 

process is shown in Figure 5-3. 
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Figure 5-3. Model of the corona charging stage 

First, boundary conditions were defined. The conditions in this case were the 

ground voltage on the bottom plate and the applied voltage on the corona, Vcorona. The 

boundary conditions are shown in Equations 5.8 and 5.9. 

00 =V          (5.8) 
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coronaVV =4         (5.9) 

As before, the field in each layer was integrated to find the potential difference 

across the layer. This process is shown in Equations 5.10 through 5.13. 
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The next step was to sum the potential differences as shown in Equation 5.14. This 

equation was then expanded with the calculated potential differences to yield Equation 

5.15. 
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To determine the field in the corona gap, it was necessary to solve for the induced 

charge in the platform in terms of the system parameters, as shown in Equation 5.16. 
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Finally, the field at the top surface of the part was computed using this charge. The 

result is shown in Equation 5.17. 
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Using the equilibrium assumption of a zero field at this surface and simplifying the 

equation for the surface charge density σt results in a solution for the maximum charge 

density on the surface, σt,max, shown in Equation 5.18. 
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It is desirable that this value be large and positive. Although the charge density in 

the corona gap was assumed to be constant, it is in fact a function of the corona voltage, 

with an optimum value determined by the mechanics of the corona itself. This 

relationship was not known precisely, so the constant value was used. Equation 5.4 

demonstrates that it would be ideal to use either the optimum voltage, or if this was not 

attainable, the maximum voltage that could be provided. At first glance it would appear 

that the volumetric charge should be minimized, but the sign of this charge density will 

be opposite that of the charge being deposited. Thus the negatively charged part in fact 

enhances positive corona charging. As the part grows and dt becomes larger, the 

volumetric charge density of the part will dominate the equation.  

With the mechanics of corona charging determined, it became possible to examine 

the mechanics of the printing process itself in a very detailed manner.  
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Transfer 

The transfer stage of the ESFF system is both the most critical and most complex 

stage of the entire process. It is necessary to model this system in order to find the 

parameters that will insure that the amount of powder transferred is maximized, and that 

the printing of each layer remains consistent. This will create a better build rate, and 

improve part quality. 

The system model was again a Gaussian series of infinite planes. This is more of an 

approximation in this case than previously, because the photoconductor drum and the 

model layers that are attached to it are in fact cylindrical. However, the radius of 

curvature of these layers is orders of magnitude larger than the thickness of the layers, so 

the approximation is a reasonable one. Furthermore, this model is too complex to be a 

realistic numerical simulation, because too many parameters involved are either not 

known with any useful precision or vary too widely over time for a realistic numerical 

snapshot to be constructed. For this reason, the error introduced by the parallel planes 

approximation is of little importance given the overall numerical uncertainty of the 

simulation. This is not to say, however, that the model itself is not useful. It is enough to 

know that the optimum system performance can be obtained by maximizing or 

minimizing certain variables without necessarily finding numerical values for those 

parameters. 

This model again sought to simulate a system at equilibrium. It was assumed there 

was an initial layer of powder on the photoconductor drum of thickness d1, which was 

transferred with efficiency η. An air gap was introduced between the photoconductor 

drum and the part to simulate irregularities in the part surface. Two layers of toner are 
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now present on the build platform, the fused powder which has both a surface charge and 

residual volumetric charge, and the fresh toner transferred during printing which has only 

a volumetric charge of density ρl. The model of the system is shown Figure 5-4. 

Plate

Vplatform

Air (da, κa)
Paper (dp, κp)

Toner (df, κt, ρt)

0

2
1

3

Gap (dg, κa)
Toner ((1-η)dl, κt, ρl)

Insulation (di, κi)
Metal Drum (σd)

Ground

4
5
6

Toner (ηdl, κt)

7

 

Figure 5-4. Model of the printing stage 

The boundary conditions here are the voltages on the platform and photoconductor 

drum backing, shown in Equations 5.19 and 5.20. 

platformVV =0         (5.19) 

07 =V          (5.20) 

Again, the voltage drop across the model was found by integrating the fields as 

shown in Equations 5.21 through 5.27 then summing as in Equation 5.28. 
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The next step was to solve for the induced charge σd, shown in Equation 5.29. 
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          (5.29) 

To manage this complex equation, coefficients are defined as shown in Equation 

5.30. 
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The next step was to solve for the field in the printing gap, Ec, in terms of the 

defined system. This field equation is shown in Equation 5.31. 
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Only the ρl coefficient contains η, so expanding P η-L will allow for solution in 

terms of η. First, the field equation is solved in terms of this quantity, shown in Equation 

5.32.  
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Next, the quantity Pη-L is expanded. Because the L term contains η, the equation is 

separated to isolate the efficiency term. The result is shown in Equation 5.33. 
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Substituting Equation 5.33 into Equation 5.32 yields a solution for η, shown in 

Equation 5.34. 
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          (5.34) 

Substituting the value for σt found in Equation 5.18, an equation for the efficiency 

in terms of both printing and corona-charging parameters is obtained. This result is 

shown in Equation 5.35. 
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In order to make this equation more manageable, constants are defined. This is 

shown in Equation 5.36.  

l
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Now that the model solution for printing is solved, the next phase is to analyze this 

result and learn what it means. The constant thicknesses and material properties may be 

ignored, since they are unalterable.  

The platform voltage, corona voltage, and critical transfer field Ec are all multiplied 

by the permissivity of free space, ε0. Because this constant has a value of 8.85x10-18 C2 

V2 / mm2, the magnitude of these three contributions will be orders of magnitude less 

significant than other factors. For this reason the impact of these three variables can 

reasonably be assumed to be negligible. 

 



52 

The contribution of the volumetric charge density in fresh toner, ρl, is complex, 

especially in that it has a contribution both to the numerator and the denominator. The 

numerator contribution will grow with dl, the initial toner layer thickness brought out by 

the photoconductor drum. It will also grow with the fused part thickness df. Finally, the 

numerator contribution will grow proportionally with the transfer gap dg and the substrate 

irregularity gap da. The contribution of the denominator term will follow these trends as 

well. The multiplier of the denominator term should be larger in general, so the 

magnitude of the charge density in fresh toner should be small to increase the amount of 

toner transferred. This is reasonable, since a more highly charged toner will require less 

transferred mass to cancel the field. 

The corona gap charge density ρc is more straightforward. This term exists only in 

the numerator, so it should be as large as possible. The multiplier of this term will grow 

with fused toner thickness, because as seen earlier the charge in the fused part can attract 

more charge from the corona. There is also a dependency on the air gap thickness, but 

this term exists in both the numerator and denominator of the multiplier term. As such the 

impact of the air gap in this term will be mitigated to a degree. 

The final term to be considered is the volumetric charge in the fused toner. The 

charge density ρt has a negative sign, and its multiplier is positive. This means the overall 

contribution of the fused toner charge will be negative, despite its effects in the corona 

charging process. The contribution of this charge density grows very quickly with part 

height, and shows variation with substrate adhesion. 
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Agreement of Model with Experimental Data 

In order to evaluate the model of the printing stage, a computer simulation was 

constructed based on the model. The print cycle was then simulated over a range of 

volumetric charge densities in the fused toner to study the impact of discharging the fused 

powder on the part build rate. The values for the variables were the known values were 

applicable. Many values are unknown, however, or vary greatly. For these variables, 

values were selected that were deemed realistic. As such, the simulation is not an 

accurate numeric depiction of expected results, but such a depiction was not expected. 

The value in the simulation lies in showing the trends that occur as certain parameters 

vary. The values used in the simulation are provided in Table 5-1. 

The computational method used in the simulation was fairly simple. The part height 

began at zero. For the parameters used, the transfer efficiency was calculated, then an 

assumed value for the amount of toner brought out by the photoconductor drum was used 

to calculate the amount of toner transferred. This process was repeated over 500 prints. 

The charge density in fused toner was varied to analyze the changes in the system due to 

the efficiency of discharge. The other parameters were held constant. This is an 

unrealistic assumption, but provides an understanding of the impact of a specific variable. 

The results of the simulation are shown in Figure 5-5. The part height is given in inches 

for comparison with experimental data below. The code for the program is provided in 

the Appendix. 
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Table 5-1. Parameters for numerical simulation 
Symbol Meaning Value Source

da Mean substrate irregularity thickness 0.1 mm Estimated
dc Corona gap thickness 10.16 mm Measured
df Fused toner layer thickness Variable -

dg
Mean printing gap thickness due to

surface irregularity 0.05 mm Estimated

di Insulation layer thickness 0.01 mm Measured
dl Initial drum toner layer thickness 0.02 mm Estimated
dp Paper Thickness 0.25 mm Measured

Ec

Electric field in printing gap at which
adhesion and electrostatic forces are

equal
50 V / mm Estimated

Vcorona Voltage applied to corona 5000 V Controlled
Voltage applied to platform during

printing 1000 V Controlled

ε0 Permissivity of free space 8.85x10-18 C2 V2

mm-2
Scientific
Constant

κa Relative permissivity of air 1 Estimated
κi Relative permissivity of insulation 3 Estimated
κp Relative permissivity of paper 2 Estimated
κt Relative permissivity of toner 3.42 Measured
η Transfer efficiency over printing gap Variable -
ρc Charge density in corona gap 2x10-6 C mm-3 Estimated

ρl Charge density in fresh toner -7.28x10-9 C
mm-3 Esitmated

ρt
Charge density in fused toner

on platform Variable -

σt
Charge density on fused toner on

platform Variable -

Vplatform
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Figure 5-5. Results of simulation of printing model 

For all charge states the build rate was quicker for the first few layers, where the 

field generated by the platform voltage still had a major impact. The build rate then 

experienced a falloff. For full discharge this falloff was very minor, but if the discharge 

was less efficient the falloff was significant, almost creating a plateau. 

This result was consistent with observed behavior over a very large number of 

samples in ESFF testing. The number of prints is obviously simple to control, but the 

charge density is problematic to vary, or even to measure after the discharge during 

printing. However, many of the parameters such as the relative permittivity of the 

materials can be reasonably assumed to vary only slightly. Discharge would vary over a 

greater range, so its impact should be more noticeable. The experimental data are shown 

in Figure 5-6. 
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Part Height vs. Number of Prints
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Figure 5-6. Experimental printing build rates 

The experimental data shows that the prints began with a similar build rate, which 

then decreases over time. They also show that the variance in the different part models 

becomes greater as the number of prints increases. This data is consistent with the above 

simulation results for variations in build rate due to differences in discharge. 

Undoubtedly there were variations in many of the parameters taken as constants in the 

simulation, but it is reasonable to assume that the charge state varied more significantly, 

since the dielectric properties of materials are regular, and the variations in thickness of 

the layers would be randomized across the area of the print.  

Conclusions 

Overall, it would appear that the part would continue to build indefinitely with 

adequate corona charging, but that the average build rate would decrease drastically after 
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several prints. This is in line with many observations over long printing times. These 

results indicate the need for consistent discharge of the part in the current transfer model. 

Inconsistencies in the adhesion of the substrate to the build platform will yield a 

warped part surface. This is, of course, undesirable. This effect has been observed in part 

builds in the past. It is difficult to overcome this problem in the current system, because 

the paper substrate is merely clipped onto the build platform. For the moment this effect 

seems to be beyond solution for the project. Ultimately, it would be desirable to have a 

build platform machined that would have a much smaller tolerance for surface 

irregularities. Adhesion of the paper substrate more tightly to the platform is also 

difficult. An adhesive backed paper would mar the build platform and be difficult to 

remove. A vacuum system would solve these problems, but would be expensive, difficult 

to install, and might leave vent holes behind the paper which would exacerbate the 

problem. 

Another troublesome result of the analysis was the problem presented by 

irregularities in the printed part surface. Not only are such irregularities undesirable in the 

first place, they appear to have a self-propagating nature. There are finite limitations on 

the ability to print a part regularly no matter how well the process is managed, and this 

result shows that over a large number of prints the quality of the part will decrease.  

The solution to this issue is to create a planar surface on the top of the part after 

every print. This is in fact the purpose of the compaction during the fusing stage. 

However, the compaction pressure needed to reduce irregularities in the part surface is 

also sufficient to deform the part under heating. To allow proper compaction, it would be 

necessary to surround the part with another powder to provide the needed support during 
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fusing and compaction. Printing the background of each layer in another powder would 

accomplish this. The building part would then be encased in a block of secondary 

powder, which would provide a support structure as well as allow proper compaction. 

The secondary powder could be selected to allow easy removal during post-processing.  

It is also necessary to read between the lines of the analysis. The charge densities 

were assumed to be constant. However, in real life these densities will vary both between 

prints and across the cross section of the part. Variations in powder charge across a cross 

section could easily have the same self-propagating impact mentioned above, as not only 

the amount of powder developed at a given location for a given print but also the residual 

charge at that spot in subsequent prints would be impacted. Corona charge density would 

not have as much of a long-term impact, but would impact a given layer, which is a self-

propagating situation in and of itself.  

 

 

 



 

CHAPTER 6 
PATTERN PRINTING  

Introduction 

One of the major problems in electrophotographic printing is the phenomenon of 

edge printing, where the edges of a solid print area are dark but the center appears faded. 

This effect is due to the fact that the electric field gradient at the edge of the image is of 

much higher magnitude than that in the center. This effect is not seen in the printing of 

thin lines because the entire print area is within the range of the strong field gradient.  

For electrophotographic solid freeform fabrication, this is a subject of special 

importance. If the edges of a solid area consistently build faster than the center, soon 

there will be a gap between the center of the print area and the photoconductor drum, 

causing even less toner to transfer in successive images until only the edges build at all. 

For this reason, it is desirable to use thin lines for ESFF in order to assure a more 

consistent print across the cross section.  

However, it is unrealistic to develop a rapid prototyping technology around a 

specific type of cross section, as this would severely limit the number of applications. 

Therefore it was decided to create a pattern of thin lines within the cross section in order 

to break up the solid area and hopefully take advantage of the properties of thin line 

printing. 

Theoretical Model  

The effect behind edge printing is well documented. The exact characteristics, like 

many things in electrophotography, are very dependent on the individual characteristics 

59 
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of the system. For this reason the simplest way to study the problem is finite element 

analysis. The effect in this electrophotography system was first modeled by Sivakumar 

Bhaskarapanditha, and it was found that a dramatic peak in field did indeed occur at the 

very edge of a solid area image, with the center of the area having only a very slight field 

(Bhaskarapanditha 2003). The physical model of the system is shown in Figure 6-1, with 

the simulation results shown in Figure 6-2. The left half of the figure is the image area. 

Although the field in the middle of the image here appears to be zero, it is in fact roughly 

3.6x107 N/C, several orders of magnitude smaller than the value at the edge but still 

positive. This large difference in electric field will lead to much faster growth at the 

edges. 

This was followed by a study of an alternating line pattern with lines of width 0.2 

mm. A unit of the repeating pattern was modeled with several elements along the length 

of both the charged and discharged areas. The model used by Mr. Bhaskarapanditha in 

this simulation is shown in Figure 6-3, with the simulation results in Figure 6-4. The 

charged area is in the center, with the discharged image areas on either side. 

 

Figure 6-1. Solid area printing model (Bhaskarapanditha 2003) 
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Figure 6-2. Solid area printing model results (Bhaskarapanditha 2003) 

 

Figure 6-3. Pattern printing model (Bhaskarapanditha 2003) 
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Figure 6-4. Pattern printing model results (Bhaskarapanditha 2003) 

This simulation shows much preferable field effects. The edge effect is much less 

noticeable, and there is a near-uniform field across the image area, meaning a more 

consistent transfer of toner in regards to image field.  

Thus pattern printing offers at least the possibility of an end to the edge effect. The 

next step would be optimizing the pattern print in terms of both hardware and software 

for the actual system and testing how it worked when applied. 

Due to the programming language used to create the cross section images from 

solid areas, the line widths have a set resolution of 1/72 inches (roughly 0.35 mm), and 

all line patterns must be based on increments of that resolution. The patterns are created 

by first creating an image using the part files as usual. The image is then overwritten with 

a series of white lines. Finally, the outline of the part cross section is traced again in order 

to maintain part cohesion.  
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A new analysis was necessary to find the ideal width of both the black lines in the 

print and the white lines dividing them in order to maximize field and prevent any areas 

of low field within the solid area. The new finite element analyses followed those 

previously performed as closely as possible. The insulation layer was modeled with a 

thickness of 10 micrometers, with a permissivity of 2.6553x10-11 F/m. The toner layer 

was specified to have a thickness of 30 micrometers, a permissivity of 3.09785x10-11 

F/m, and a volumetric charge density of –7.058 C/m3. The charge deposited on the 

insulation was specified as 1x10-4 C/m2. The bottom of the insulation was specified as a 

ground, and the top of the toner layer was specified as the developer roller mean voltage 

of –500 V. These values were all taken from Mr. Bhaskarapanditha’s thesis.  

Two sets of analysis were performed, one holding the thickness of the charged area 

constant and varying the thickness of the discharged area, the other holding the thickness 

of the discharged area constant and varying the thickness of the charged area. This 

models altering the white and black line widths in the printed pattern. Presenting the 

entirety of the resulting data would be tedious and unnecessary. For the purposes of this 

evaluation, the values of importance were the median field in the charged and discharged 

regions, which govern powder transfer and image clarity. The strength of the peak values 

near the edge of the pattern was also of interest, as these would govern the uniformity of 

the print. The results of the two analyses are shown in Tables 6-1 and 6-2, respectively. 
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Table 6-1. Results of varying the discharged area width 
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1 1 1.272E+09 1.276E+09 -2.557E+09 -2.557E+09
2 1 1.260E+09 1.260E+09 -2.466E+09 -2.473E+09
3 1 1.224E+09 1.224E+09 -2.542E+09 -2.542E+09
4 1 1.295E+09 1.295E+09 -2.473E+09 -2.473E+09  

Table 6-2. Results of varying the charged area width 
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4 3 1.229E+09 1.231E+09 -2.530E+09 -2.616E+09
4 4 1.229E+09 1.375E+09 -2.530E+09 -2.681E+09  

The discharged field strength in the center of the line seemed to vary only slightly 

with changes in the discharged area, with less than a 6% change overall. No change was 

observed in this value due to varying the charged area. This would indicate that in the 

range evaluated in the test, this field strength is more or less constant. Under the 

circumstances, it is always desirable to maximize the amount of the part cross section 

being printed, so the thickest line would be the best choice. 
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The peak of the discharged field strength also had little variation in relation to the 

discharged line width. There was a very slight peak in the thinnest line width, but its 

strength was negligible. In varying the charged area widths, however, the peaks quickly 

became noticeable as the white line width increased. This indicates that as the black lines 

are separated, they act more and more like large solid areas. This would indicate the best 

prints would come from having thin white lines breaking up the solid area. 

As for the charged area field strength and its peaks, they were of lesser concern. 

Had there been a large reduction in this field strength it could have meant that under 

certain conditions the white area of the print would lose its field strength, possibly 

resulting in significant background development. This did not occur, but there was a 

slight increase in field strength magnitude and a significant increase in peak strength 

when increasing the white line width. This would mean that in printing a larger white line 

in the pattern would yield sharper, more differentiated lines. This would offset the above 

disadvantage due to discharged peak magnitude.   

Experimental Results 

In order to verify the results of the finite element analysis, an experiment was 

conducted to test the various characteristics of pattern printing. A particular set of parts 

was printed multiple times with different patterns as well as with normal solid area 

printing. The height and mass of the part were measured, and the various prints were 

ranked in terms of print quality. The print quality rankings were by necessity a subjective 

measure, but unfortunately there was not a readily measurable metric available to 

compare the various prints in terms of how well the pattern overcame the solid area 

printing issue. The subjective quality of the prints was based predominantly on whether 

and to what degree they overcame the very noticeable gaps caused by the edge effect, 
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however, so the assessment was based on readily visible and discernable characteristics. 

In the end, these quality rankings did not diverge greatly from the other metrics 

regardless. 

It was decided that the testing pattern would be to vary the black line width 

between 1/72 and 4/72 inches in order to keep the test space to reasonable bounds. The 

width of white lines would be varied between 1/72 and the width of a given black line, 

because it was not desired to depart significantly from a fully dense part. The part was 

then printed for roughly 15 layers to allow the results of the pattern to sufficiently emerge 

while minimizing test time. The experimental results are presented in Table 6-3. 

Table 6-3. Pattern printing experimental results 

Black line width 
(1/72 inch)

White line width 
(1/72 inch)

Average layer 
height 

(inch/print)

Average layer mass 
(g/print)

1 1 5.5E-04 5.53E-02
2 1 5.9E-04 5.14E-02
2 2 5.7E-04 5.30E-02
3 1 5.7E-04 5.50E-02
3 2 6.2E-04 5.22E-02
3 3 6.0E-04 5.19E-02
4 1 5.6E-04 5.12E-02
4 2 5.8E-04 6.55E-02
4 3 6.4E-04 5.72E-02
4 4 6.5E-04 6.60E-02

Solid N/A 5.7E-04 5.63E-02
Average: 5.9E-04 5.59E-02

Deviation: 3.3E-05 5.27E-03  

This amount of data is difficult to analyze simply by looking at it. The best print in 

terms of the two quantitative metrics was roughly two standard deviations above the 

average in both measurements, indicating a significant improvement in print quality. 

Traditional solid area printing was near the average in both metrics, implying that many 

patterns were improving the printing process. To find the optimal pattern a ranking table 

was constructed, with a subjective metric added based on visual print quality. An average 
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of the height, mass, and quality rankings was used to compare the various patterns. The 

ranking table is presented in Table 6-4. 

Table 6-4. Pattern printing rank table 

Black line width 
(1/72 inch)

White line width 
(1/72 inch) Height Rank Mass Rank Quality 

rank
Average 

Rank

1 1 11 5 9
2 1 5 10 5
2 2 9 7 7
3 1 7 6 10
3 2 3 8 3
3 3 4 9 1
4 1 10 11 8 10
4 2 6 2 6
4 3 2 3 4
4 4 1 1 2

Solid N/

8
7
8
8
5
5

5
3
1

A 8 4 11 8  

For demonstration purposes, some of the resulting pattern prints are shown below. 

Some digital editing was done to the images to reduce background print density for better 

visibility. A print with no pattern is shown in Figure 6-5. A print with a white and black 

line width of 1/72 inches is shown in Figure 6-6. A print with a black line width of 4/72 

inches and a white line width of 1/72 inches is shown in Figure 6-7. Finally, a print with a 

white and black line width of 4/72 inches is shown in Figure 6-8. The solid circular part 

is 0.75 inches in diameter. 

As can be seen in Table 6-4, there are several patterns that produce prints superior 

to the solid area print. It can also be seen that the very fine patterns did not perform as 

well as the solid area. From what was seen in the resulting parts it would appear that the 

fine patterns do not have sufficient gaps between the lines to overcome the solid area 

effect, and thus suffer the same setbacks, along with an additional disadvantage of only 

part of the cross section being filled. It is also likely these parts suffered from mechanical 

failure during fusing, since very thin lines would have difficulty tolerating compaction. 
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The prints with broader white lines seemed to overcome the solid area issue and print 

more like lines. This is advantageous in terms of both print quality and mass. In terms of 

height, it has been known from previous efforts that fine lines tend to collapse during 

compaction as part height increases. Thus a wider black line yields a superior part in the 

long run. 

 

 

Figure 6-5. Print with no pattern 

 

Figure 6-6. Print with a 1/72-inch black and white line pattern 
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Figure 6-7. Print with a 4/72-inch black line and 1/72-inch white line pattern 

 

Figure 6-8. Print with a 4/72-inch black and white line pattern 
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There are boundaries to these trends, however. At some point, a sufficiently broad 

black line will become subject to the solid area problem itself. The benefits of a white 

line will suffer diminishing value once the black lines are sufficiently isolated to prevent 

solid area printing issues, and further white line width will merely serve to decrease the 

amount of printed material. 

To study the effects of pattern printing over a larger number of prints, as occurs in 

part building, a group of parts were studied over a printing range of 250 prints. Based on 

the earlier findings, a pattern of 4/72-inch white and black lines was selected. This 

included some large solid parts to study the efficacy of pattern printing at overcoming the 

solid area printing issue. Also included were some parts with small details, a critical test 

of the pattern printing method as it applies to rapid prototyping applications. The printed 

parts are shown in Figures 6-9 and 6-10. For comparison purposes, an image of the parts 

in Figure 6-10 printed without patterns is shown in Figure 6-11. Background printing has 

again been digitally removed for visibility. 

 

Figure 6-9. Pattern printing parts, 250 prints 

 



71 

 

Figure 6-10. Further pattern printing parts, 250 prints 

 

Figure 6-11. Comparison image of parts from Figure 6-10 without pattern printing (Dutta 
2002) 

The results of this test were mixed. Solid area parts continued to build consistently, 

with no appearance of edge effect. This verified the purpose of pattern printing. Parts 

with fine detail, however, have significant problems in print quality when the pattern 

printing method was used. The pattern broke up the fine details, either eliminating them 

entirely or preventing the parts from surviving the fusing and compaction process. This 

would indicate that pattern printing should only be used for parts with large solid areas. 

Conclusions 

The experimental results indicate that pattern printing can indeed provide a superior 

part to solid area printing, both qualitatively and quantitatively. From the results it would 
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appear that a broad black line with a broad white line seems to be the best pattern. It is 

probable that the current set of experiments did not find the optimum pattern, given that 

the best results were found at the limits of the test space. However, these results will 

serve to improve the quality of printing, so they are useful. 

The experimental results did not entirely agree with the finite element modeling. 

Increasing the black line width within the test range did result in superior printing. 

However, increasing the white line width did not appear to cause any edge development. 

It is possible that the variance in field change predicted by the finite element analysis was 

so small that its effects were not noticeable, and that the positive effects of stronger 

charged area field differentiating the black lines in this case was more significant. 

The printing of finely detailed parts showed a significant problem with pattern 

printing. The pattern method proved more problematic than useful in this application. To 

be used with finely detailed parts, as would be necessary in rapid prototyping, the 

patterns would either have to be made finer depending on the part detail, or they would 

have to only be applied to parts with large solid cross sections. This would prove difficult 

in the current software arrangement, but would not be infeasible. 

Future Work 

A larger test space would obviously be advantageous. Also, refining the control 

program in order to allow for finer resolution could allow a better result to be found. Both 

of these would be too time-consuming for current project goals, however. 

Another line of research that could prove fruitful would be to study the effects of 

patterns other than a simple alternating line pattern. A grayscale could be used to 

counteract the edge effect and yield a uniform part, or a dot pattern might allow sufficient 

isolation of black areas with a printed area percentage. However, there are any number of 
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possible patterns, and a better theoretical understanding of the process would be desirable 

rather than randomly testing patterns to see which work.  

Also, it would be useful if a fully dense part could be created by printing the 

normal pattern on one print, and filling in the white spaces on the next print. This was 

originally planned as part of the pattern printing system, but unfortunately hardware 

problems with the current system prevented it. There was an issue with the imaging 

system not returning to precisely the same origin after each print. Thus a subsequent print 

would be offset by a fraction of the software resolution. After several prints of this the 

portion of the part where several prints had overlapped would be much thicker than 

surrounding areas, leading to the same issues as with edge printing. A better-controlled 

printing system would solve this issue, but would require more time and money than is 

devoted to this project. This alternating printing arrangement could offset the problems 

associated with finely detailed parts. 

 

 



 

CHAPTER 7 
DESIGN OF AN ELECTROPHOTOGRAPHIC DEVELOPER SYSTEM 

Introduction 

 The developer system in a printer is the system responsible for transferring 

powder to the proper areas of the photoconductor drum. A typical development system 

stores the powder, charges the powder, transports the powder, and transfers the powder to 

the photoconductor drum. A simplified schematic of a development system is shown in 

Figure 7-1. 

Photoconductor
Drum

Transfer
Roller

Doctor Blade

 

Powder
Hopper

Figure 7-1. Development system schematic 

The main components of a developer system are labeled in Figure 7-1. The powder 

hopper is a receptacle filled with toner powder. The doctor blade is a metering device 

used to control the thickness of the powder layer being brought out of the hopper, and is 

often a part of the charging system. The transfer roller serves to move the powder and 

bring it near the photoconductor drum. 
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Developer System Fundamentals 

Powder Storage 

The storage of powder is a very straightforward part of the development process. In 

general, developers will have a hopper of some variety filled with toner powder. Some 

contain a stirring apparatus to prevent the very fine toner powder from agglomerating 

into a solid mass. Many commercial systems will also have specially designed access 

points to allow for refilling of the cartridge during recycling, and some new developers 

contain electronic safeguards to prevent unauthorized recyclers from tampering with the 

cartridge. The main concerns in this stage are that powder be prevented from leaking, and 

that it be possible to replenish the powder supply when necessary. 

Powder Charging 

The proper charging of powder is critical to the electrophotographic imaging 

process. If powder is not adequately charged, it will not transfer to the image areas. If it is 

too highly charged, a very thin layer of powder on the image will be sufficient for charge 

cancellation and the image will be very faint. If the powder is not charged consistently 

there will be noticeable variations in imaging between prints or even within an image. If 

powder charges to the wrong sign, there will be background printing in the final result. 

There are currently three main methods used for powder charging: corona charging, 

injection charging, and triboelectric charging. 

Corona charging 

Corona charging of powder works on the simple principle of subjecting a powder 

layer to a stream of ions. The physics of corona charging have been covered at length 

elsewhere in this paper, so they will not be discussed in detail here. The fundamental 
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problem with corona charging of toner is that powder particles may be airborne in the 

developer and may then coat the corona wire, preventing it from being effective. 

Injection charging 

Injection charging is a very straightforward method for charging a wide variety of 

powders. The powder particles are exposed to a significant voltage. This is often 

accomplished by applying a voltage to a metallic foil attached to the doctor blade, which 

powder must rub against as it passes by. The outer surface of the insulative toner material 

will take on charge as it rubs against the surface. This is a very effective and popular 

means for powder charging, with the minor issue of requiring the use of a high voltage 

power source. 

Triboelectric charging 

Triboelectric charging is used in most current-generation printers, often in 

conjunction with injection charging. In this charging method, electrons jump from one 

material to another, causing a resultant positive and negative charge on the two bodies. 

The triboelectric effect occurs between specific materials, so when used in development 

the toner and triboelectric surface must be chosen carefully. This surface is usually a film 

on the doctor blade, where it is known the toner particles will rub against the surface. The 

excess charge on the film can be dissipated by means of a connection to ground. Special 

charge control agents added to the toner powder cause it to charge triboelectrically.  

Powder Transport 

The movement of powder from the hopper to the photoconductor drum is a very 

important and very difficult step in the development process. For proper imaging, a 

consistent layer of powder must be moved to the photoconductor drum without spilling. 

The doctor blade helps to maintain a consistent layer thickness so long as the transfer 
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roller is initially bringing out a layer thicker than the doctor blade is designed to meter 

out. There are two main methods currently used for powder transport: magnetic and 

cascade transport. 

Magnetic transport 

Magnetic transport is by far the most popular method for transporting powder. In 

this method, the toner particles are doped with a magnetic substance, usually an iron 

oxide compound, and the transport roller has a magnetic core that provides an attractive 

force for the particles. Either the magnetic core itself or an outer frictional roller revolves, 

circulating the powder with it. This method of transport virtually eliminates spilling, 

keeps powder flow consistent, and makes it fairly easy to predict the amount of powder 

the roller will draw out.  

There is the added advantage that in the transfer stage, the particles must overcome 

the magnetic force by electric field force, which greatly reduces the transfer of wrong-

sign charged toner. However, there is one notable disadvantage to this method, and that is 

the requirement of a magnetic material. In printing this means the method is only useful 

for black toners, and the method is not favorable for ESFF because it introduces 

significant restrictions on the toner material. 

Cascade transport 

Cascade transport is so named because in the very early days of 

electrophotography, images would be developed by pouring or “cascading” charged toner 

down a plate with a latent charge image. Toner would stick to the image areas due to 

electrostatic force, forming an image that could be transferred for permanent printing. In 

a modern system this process is a bit more complex. Toner is brought out of the hopper 

by mechanical force, usually friction, by a roller. A layer of the toner on the transfer 
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roller then passes near the photoconductor drum, where particles are attracted to the 

properly charged areas. Because there is no adhesive force between the transfer roller and 

the toner, the doctor blade can knock off more powder than it is meant to meter, causing 

uneven prints. There are also unavoidable spilling problems.  

This development method is necessary for color printing with electrophotography, 

but with ink-jet printers becoming comparably fast to laser printers the drawbacks of the 

system are preventing it from being used. This system is needed for ESFF using a 

traditional drum printer, however, because it can develop arbitrary powders. 

Powder Transfer 

The final step of the development process is to transfer powder to the image on the 

photoconductor drum. The quality of this process in a given system is fundamentally a 

balance of forces. There is the electrostatic force pulling the charged particles towards the 

image, the attractive forces which draw the particles towards the surface to which they 

are most closely adhered, and the attractive forces between particles. Ideally, there would 

be a strong tendency for particles to stay on the transfer roller due to attractive forces 

except where drawn off by electrostatic effects. This produces a clear image with 

minimal transfer in the background areas.  

This is easily accomplished in magnetic powder transport because of the strong 

magnetic attractive force. The charged powder is caused to jump on and off the roller by 

an AC field, creating a cloud of powder around the roller. The magnetic strength of the 

roller and the AC voltage can be varied to optimize printing. 

Cascade transport suffers more difficulties in this area. Because of the high surface 

area to density ratio of most toners, especially polymer toners, the electrostatic and van 

der Waals forces are orders of magnitude larger than forces pertaining to mass. This 
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means that these powders will not be firmly adhered to the transfer roller, and that 

interparticular attraction will be very significant. For this reason, cascade systems will 

have significant background printing. Also, if the toner from previous prints is not 

adequately cleaned from the photoconductor drum, it can act as a “seed” to attract 

powder in subsequent prints due to the interparticular attraction. 

Evolution of ESFF Developer Design 

In past work with the ESFF testbed, it has been necessary to use standard printer 

toner to build parts because of the lack of a system to print other powders. This is 

disadvantageous, in that the toner powder used in laser printing produces brittle parts, and 

that simply printing small plastic parts would not be a significant advancement in the 

field of rapid prototyping. For reasons of construction simplicity and flexibility in terms 

of which powders would be printed, it was decided to use a design based on cascade 

transport and injection charging. This combination allows for development of nearly any 

insulative powder.  

The first developer design is shown in Figure 7-2. The first design for this 

developer was a very simplistic device involving a powder hopper, a developer roller, 

and a cantilevered doctor blade actuated by a screw plate. Plastic pieces were built to 

encase the transfer roller on the sides and bottom. A press fit piece in one side allowed 

the roller to be removed laterally through a large opening. The roller itself pressed against 

the photoconductor drum directly. It was believed this would balance forces causing 

powder to adhere to the surfaces, leading to better development. The LaserJet 4 

photoconductor drum is roughly 1.2 inches in diameter. 
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Photoconductor
Drum

Developer Roller

Screw Plate

Powder Hopper

Doctor Blade

 

Figure 7-2. Cross-section of original developer design 

This design suffered from a number of shortcomings. The plastic casing was not 

adequate to prevent leaks. The doctor blade was not rigid enough to maintain a consistent 

powder flow across its length. Finally, the direct contact between the transfer roller and 

the photoconductor drum led to powder being sheared off at the intersection of the 

rollers, causing an unacceptable spillage rate. The bottom lip of the developer was also 

insufficient, because it sat too high and too close to the transfer roller to catch any 

powder which spilled off the bottom side of the roller due to gravity. The distance 

between the roller and the mouth of the powder hopper often caused powder flow to cut 

off, but was necessary for the cantilevered doctor blade. 

Measures were taken to try and correct these problems within the context of the 

same basic design. The second design of the developer is shown in Figure 7-3. The 

plastic casing had foam gaskets added to reduce leaking. The roller was assembled by 
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sliding it into narrow, baffled fittings. The bottom lip was brought as close as possible to 

the photoconductor drum to catch any falling powder. Offset rollers were added to 

provide a small gap between the transfer roller and the photoconductor drum, thus 

preventing spilling due to powder shear. The doctor blade was changed to a leaf-spring 

actuated design wherein powder would have to slide past the blade over a longer 

distance, leading to more consistency regardless of particle size. Also, small protrusions 

were added to the side of the casing which were meant to keep powder from reaching the 

side connections, further reducing leaking.  

Photoconductor
Drum Developer Roller

Doctor Blade

Leaf Spring

Powder Hopper

 

Figure 7-3. Cross section of improved developer design 
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This design suffered from some of the same problems as the previous design, but 

showed improvement in many areas. Powder leaking from the casing itself was greatly 

reduced, almost to the point of being eliminated. The offset rollers used were not 

consistent enough in providing a gap and allowing proper rotation of the roller, and had 

to be abandoned. This reintroduced the shearing problem seen before. The extended 

bottom lip was still not able to catch all falling powder. The doctor blade had improved 

consistency, but was more difficult to actuate if a different flow rate was desired. The 

side protrusions added a great deal of friction, making the developer difficult to drive. 

It was clear at this point that a different design path was needed. This resulted in 

another design, shown in Figure 7-4. Successful ideas like gaskets and baffled fittings 

were kept and expanded, with almost all fittings now being baffled and gaskets added 

wherever desirable. A printing gap was included to prevent spilling due to shearing of 

powder in the printing interface. Instead of offset rollers, the gap in this system would be 

provided by tapes on a metal developer roller, providing a very thin and very consistent 

gap. A two-roller design was introduced, in hopes that by including an initial electrostatic 

transfer across a gap, the amount of powder brought out by the system could be reduced, 

and that the powder could then be effectively recirculated. It was also hoped this would 

give greater control over the charge density on the powder that would form the toner 

image. 

This final design greatly increased the complexity of the process. The doctor blade 

opening, the gaps between the two rollers and between the second roller and the 

photoconductor drum, and the charge voltage can all be varied. This is advantageous, in 

that it gives a great deal of control over the transfer process. However, there is a 
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significant drawback in that these variables must be controlled precisely and consistently 

in order to maintain proper development. 

Photoconductor
Drum

Second
Developer

Roller

First
Developer

Roller

Doctor Blade

Powder Hopper

 

Figure 7-4. Cross-section of two-roller developer design 

The doctor blade gap is on the surface a straightforward control system. The wider 

the gap, the more powder is brought out. However, there are complications in controlling 

this aspect of the developer. Because this developer system has two transfer stages, it will 

be inherently less efficient than a single-transfer developer design. Therefore, enough 

powder must be brought out to compensate for the loss in the process. If too much 
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powder is brought out, however, it will not be possible to recirculate all the excess 

powder, and the device will clog. Furthermore, it is critical that the amount of powder 

brought out be uniform. To achieve uniformity, precise control of the gap is necessary, as 

are rigidity in the doctor blade and manufacturing tolerances. 

The transfer gap between the two developer rollers serves as a control over the 

charge density in the powder presented for final development. Powder will be attracted 

across this gap by induced field on the second metal roller, caused by the field between 

the developer voltage source and the grounded photoconductor drum. This field will 

cause the metal roller to take a median charge state between the two rollers, attracting 

powder from the first roller but being less attractive than the photoconductor drum. The 

larger the gap between the developer rollers, the higher the charge in the transferred 

powder must be to be attracted across the gap. Thus a small gap will serve to screen out 

particles with the wrong charge sign, or with insufficient charge. If the gap is made too 

large, only highly charged particles will be transferred, which will decrease the transfer 

mass both as a matter of charging statistics and because a small mass of highly charged 

particles can cancel out a large field. If the gap is too small, a larger mass of particles will 

be transferred, and the layers of powder on the two developer rollers may contact each 

other. Both of these trends could result in clogging of the developer. 

The transfer gap between the second roller and the photoconductor drum is also of 

critical importance. This gap will control the amount of powder transferred to the toner 

image. The larger this gap is, the less powder will be transferred. If the gap is too small, 

however, there may be shearing of powder between the two rollers. Furthermore, the 

amount of powdered carried over from the first transfer is also important, since the 
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thicker the layer of powder on the second developer roller the larger the final gap must be 

to prevent shearing.  

The final control characteristic is the charging voltage. This voltage has two effects, 

first in controlling the amount of powder charge, and second in determining the field 

present between the photoconductor drum and the developer. As far as powder charging, 

a higher voltage will result in a higher average charge density in the toner. As mentioned 

earlier, to maximize the transfer mass it is necessary to charge the powder to a critical 

threshold value, as too little charging will result in an inability to transfer, and too much 

charging will result in a small powder mass being adequate to cancel the field. Thus from 

the charging perspective, there is an optimal voltage. In establishing the overall field 

across the entire development process, it would be ideal to have an arbitrarily high 

voltage, since this will maximize the field and with it the mass of toner transferred.  

Experimental Analysis of the Two-Roller Developer 

Once the system was built, the next step was to analyze the performance of the 

developer. The system would first be tested on the charge-measuring unit (Gokhale 

2001). The unit allows the testing of charge and mass, such that the performance of a 

particular toner powder or developer system could be measured and optimized. If this 

testing was successful, the developer would then be used in the ESFF testbed itself, 

where it could be used to actually deposit imaged layers. 

Some success was seen in charging and transferring powder. Preliminary testing 

with nylon powder showed that the device could transfer a powder layer across the 

printing gap onto a grounded drum after charging. This showed the capacity for 

electrophotographic development of an arbitrary insulative powder in its most basic form. 
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There were several major problems with the design, however. The complex design 

was difficult to manufacture and assemble properly, making for improper fits and uneven 

gaps. There was significant friction in the system, which made driving the developer 

difficult and caused some jumping during motion. The powder flow was uneven across 

the length of the developer, meaning that any toner images produced by the developer 

would be badly uneven across their area, leading to deformation of cross sections as well 

as significant difficulties in the printing of multiple layers. The gap between the rollers 

proved difficult to control to sufficient resolution. When the gap was too small, there 

would be additional friction from the rollers touching and the powder between them 

getting compacted, as well as an overabundance of powder being brought out. When the 

gap was too large, powder would not transfer to the second roller, preventing printing. 

All in all, even after many enhancements the design of an effective cascade developer 

proved unmanageable. The underlying difficulties of cascade developer design, which 

plague even professionally manufactured systems, could not be overcome in the lab. 

Conclusions 

While no cascade developer proved useful for placement in the ESFF testbed for 

part building, the developers did yield many insights into the printing process. Powder 

leakage could be ignored in charge measurement tests, and the final generation of single 

roller developer found use in a new charge measurement apparatus designed by Ajay 

Das. Early testing also disproved a notion of field transfer to the grounded 

photoconductor drum. It was demonstrated that surface charging of the drum was needed 

for transfer, not just a grounded backing. This led to a reworking of the charge 

measurement system to accommodate surface charging. 
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Although the developers performed poorly, this is not completely attributable to 

their designs. These developers were manufactured on a fused deposition modeler in 

order to produce a test part faster and to reduce costs. As such, the manufacturing 

tolerances were not as rigidly controlled as they would have been if the parts had been 

machined. Most parts were also plastic, which greatly reduced strength and rigidity.  

In the long run, a method for developing new powders is critical to the project. 

Once it was seen that conventional cascade development would not be capable of 

achieving satisfactory development, it was decided to fundamentally alter the ESFF 

testbed to accommodate a new development system that would seek to overcome these 

new challenges. This design is discussed in Chapter 8. 

 

 



 

CHAPTER 8 
DESIGN OF A NEW ESFF TESTBED 

Reasons for New Design 

As mentioned in Chapter 7, there has been a failure to achieve a system for printing 

arbitrary toner powders in the ESFF printing system. The cascade developer technology 

is too simplistic to achieve the desired goals in this application. Powder spilling from the 

cascade arrangement could jam moving parts of the system as well as cause heavy 

background development on the build platform. The uneven flow of powder would cause 

an equally uneven toner layer, which has been shown in Chapter 5 to heavily impair part 

building over many layers. A new developer concept is needed to circumvent these 

difficulties. 

Furthermore, the current testbed system has problems in the area of transfer already 

mentioned. Small variations in part thickness or the platform surface can greatly impact 

the electric field used for transfer, preventing the even building of a part. Variations in 

the charge deposited on the part surface can have this effect as well, which is a cause for 

concern since it is impossible to deposit charge by corona without some degree of 

variation.  

Finally, there are practical reasons to move to a new design. The current ESFF 

testbed relies on a heavily modified printer as described in Chapter 4. When parts break 

or a change in the system setup is desired, there is a great deal of intensive work that goes 

into adapting the printer and control system. Debugging such a complex system is time-

consuming and difficult. The learning curve for new members of the project is also a 
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problem, requiring months to understand the workings of the system. The printer used is 

now outdated, and the difficulty in modifying a new printer to the purpose would shut 

down research for some time. There is also the economic consideration of maintaining a 

stock of parts. In the end, the only reason to use the printer is for its imaging system, 

which would be difficult to construct in the lab.  

Design Concept 

To overcome the aforementioned problems, a new design was formulated for the 

ESFF testbed. A conceptual schematic of this design is shown in Figure 8-1.  

Y

Build Platform
Developer

Photoconductor Plate
Cleaner

LaserJet 4
Imaging System

Charge Roller

 

X

Figure 8-1. Conceptual schematic of the new ESFF testbed 

The current two-axis motion system would be used, but instead of moving the 

printing platform it would be attached to a photoconductor plate. The plate would move 

in the X axis of the figure. The plate would also be moved in the Y axis to compensate 

for part height on the build platform. The photoconductor plate would first move over a 

charge roller, depositing charge on its surface. Next it would pass over the imaging 

system, selectively discharging the part image. Then the plate would move over the 

developer, picking up powder electrostatically. The plate would then move over the build 
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platform and lower itself for transfer. After transfer the plate would scrape off excess 

powder using the cleaner, then return to begin another cycle. 

The new design would abandon the use of an entire printer, and would instead take 

the imaging unit from the current LaserJet 4 printer and control it directly. This would 

reduce part stocking expenses and greatly reduce the complexity of the imaging system. 

The developer would now print vertically onto the platform, instead of horizontally. 

This would allow the use of cascade technology that brings out powder by friction, only 

now gravity would be advantageous, acting in the same way magnetic force does in 

commercial developers. This could solve powder spilling problem and even allow the use 

of a powder cloud for development.  

The transfer of the imaged powder to the build platform could be accomplished by 

charge deposition on the part surface, as in the current system. Another method would be 

repulsion using a back-plate behind the photoconductor system. This would ensure that 

the field will be nearly constant each print, with no dependency on part height.  

Cleaning could be accomplished simply enough using a flexible doctor blade. The 

mechanism for fusing remains open at this point. A heated compaction plate like the one 

currently used would serve the purpose for plastic parts, or an ultrasonic or electric 

discharge system could enable direct fusing of metal powders without the need for post-

processing.  

The Photoconductor Plate 

The use of a plate photoconductor imaging system has several benefits. First, it 

allows for translation during the printing process instead of rotation. This spreads the 

various components of the printing system out, making design simpler as the components 

no longer need to be extremely compact. This is a reversion to earlier electrophotographic 
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technology, because the advances developed in the technology to make printers smaller 

and faster are not advantageous in the current application.  

Another advantage of the photoconductor plate is in transfer to the build platform. 

An entire layer can be imaged, then deposited at once. This allows the use of the 

repulsion method mentioned earlier. In a photoconductor drum, one part of the drum is 

involved in charging, one in imaging, one in development, and one in transfer, all at the 

same time. For this reason, the metal cylinder of the drum must be grounded, as any other 

field effects on the drum at any point would effect all parts of the process. In the plate 

system, the back-plate can be grounded during the charging, imaging, and development 

steps. Then, when the plate is brought over the build platform, the back-plate can be 

electrified to repulse the charged powder uniformly over its surface. This method would 

drastically improve and simplify the process. As seen earlier, the current transfer stage is 

too complex to be adequately controlled. Using the repulsion technique, small variations 

in factors like the build platform surface and the part thickness would no longer be an 

issue. The ability to evenly deposit charge on the part would also cease to be a limiting 

factor. The transfer process would be the same for all stages of part building, and would 

rely only on the evenness of powder image deposition on the plate and the regularity of 

the photoconductor layer. 

There is one important consideration in the design of the photoconductor plate, and 

that is the photoconductor material of choice, amorphous selenium or an organic 

photoreceptor. There are several considerations to be taken into account in this choice.  

The first is commercial availability. It would be impractical to manufacture the 

plates in the lab, because the deposition equipment is expensive. Organic photoreceptor 

 



92 

materials are more widely available than amorphous selenium, which is considered an 

outdated material for most commercial applications of electrophotography. 

Another important factor is dark decay. The time for which the charged image will 

remain on the surface is very important. Organic photoreceptors have a very short period 

of decay, while amorphous selenium can hold an image for considerably longer. The 

importance of dark decay is ameliorated by the fact that the charging, imaging, and 

development can occur very close together. Once the toner powder is deposited into an 

image, the decay is no longer a matter of since discharged area printing is used. 

The final consideration is the spectrum of light used to image the plate. Organic 

photoreceptors are imaged with light in the ultraviolet spectrum. Because this is the 

spectrum of light used in the LaserJet 4 printer, use of an organic photoreceptor would 

ensure proper imaging. Amorphous selenium has a very broad spectrum of light it can 

accept, and thus would likely function with the LaserJet 4 image system as well. There is 

a significant drawback to the wide light-spectrum of amorphous selenium, however. An 

amorphous selenium plate would need to be protected from room lights during printing, 

as visible light could also discharge the plate.  

The Developer System 

A schematic of the new developer concept is shown in Figure 8-2. The new 

developer system is, in appearance, very similar to the previous design. A single roller 

brings out powder by friction. The roller has a doctor blade and a recirculation extension 

that catches excess powder and brings it back into the developer. A pressure plate holds 

powder against the roller.  
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Toner

Pressure Plate

Recirculation Gap

Roller

 

Doctor Blade

Figure 8-2. Conceptual schematic of new developer 

Unlike the previous designs, the problem of powder spilling is no longer a 

substantial issue. The powder is held to the developer roller by gravity in the same way 

magnetic mono-component development uses magnetic attraction with iron particles in 

the toner. Also like magnetic development, the powder can be formed into a cloud using 

a DC-biased AC signal, because there is now a force drawing the toner back onto the 

roller. Charged powder will hop on and off the roller as the field changes, making it 

easier for the charge image on the photoconductor plate to pick up powder and allowing 

fine tuning of the transfer. Powder recirculation is easier to achieve in the vertical 

developer for two reasons. First, gravity pulls the powder down into the recirculation 

opening, rather than the powder having to be moved through this opening by friction. 

Second, the lip of the opening is no longer very near the photoconductor surface, so the 

opening can be widened significantly to ensure that powder does not spill beyond the lip. 

If any spilling did occur, the powder would spill away from the photoconductor plate and 

a receptacle could be provided for catching spilled powder if needed, greatly reducing the 

problems associated with this issue. 
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Another major difference is the doctor blade. In the new design, the powder would 

not require the same degree of metering. In the horizontal developer system gravity 

caused the powder in the hopper to flow out wherever possible, and only the doctor blade 

held it back. In vertical development, gravity will hold the powder back from flowing 

out, and only the powder that is carried out by friction with the developer roller will be 

brought out. This means that the powder flow should be more uniform, as the friction 

with the roller is much more regular than the opening a doctor blade could produce. The 

doctor blade will still be used in charging of the powder, however. 

A major challenge of the new system is ensuring that powder is constantly provided 

to the developer roller. In the previous developer, gravity would pull the powder against 

the roller. In this case, however, the force will have to be provided. A spring-loaded or 

actuated pressure system could serve the purpose of holding powder against the roller. 

This system will have to be designed to keep pushing the powder towards the roller as the 

powder level decreases during printing. 

The Imaging System 

The imaging system is taken entirely from a Hewlett-Packard LaserJet 4 printer. 

This system uses an ultraviolet laser to discharge the photoconductor. The laser is pulses 

on and off with a maximum resolution of 600 dots per inch. The scan moves along a line 

as it is reflected by a polygonal mirror, which is rotated by a stepper motor. At the start of 

each line, another mirror bounces the laser onto a photosensor, which acts in a manner 

equivalent to a home switch on a motor. This alerts the control system when the laser 

scan is at a specific position, allowing the print image to be synchronized from line to 

line. This signal also alerts the system when to switch the laser signal from one line to 
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another (Hewlett-Packard 1996). A schematic of the LaserJet 4 imaging system was 

shown in Figure 3-10. 

The practical advantages of maintaining a stock of only one part of the printing 

system were outlined above. It is also much easier to document one relatively simple 

component for future training. The use of only the imager also gives more control than 

was previously available. Whereas before all control over the final image was through a 

software interface written without consideration of the current application, direct control 

of the imaging system allows for the creation of a new software interface specific to the 

process. This could allow an easier change to the resolution of a print, which caused 

problems in the pattern printing tests. It could also allow for the creation of simple gray-

scaling algorithms that might allow the benefits of pattern printing without some of the 

drawbacks. 

The direct control aspect is also problematic however, in that all control software 

will have to be written directly. When the printer was used as a whole, the imaging 

system existed as part of a “black box.” A predefined command was given to print an 

image. The formatting of this image was set up through the printer driver software, 

passed to the formatter, and turned into control signals by the onboard control system. 

The project-written software needed only create an image. For early testing the control 

system can be set up to simply print a given pattern that remains the same for each line. 

For real freeform fabrication, however, the image created by the slicing software will 

have to be processed into a series of image signals. 

Imaging System Analysis 

The first step to controlling the imager directly was to analyze input and output 

signals. The imager system actually has three control components. The first is for the 
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beam detection sensor, the second is the motor control card, and the third is the laser 

control card. The imager with the control connections is shown in Figure 8-4. The 

numbers and markings shown are those used on the imager printed circuit boards. 

Mirror 
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1
2
3
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Sensor Feedback 

Ground Supply 

Ground Supply

PD 
LD 

GND
Laser Diode 

Photosensor Diode 

 

Figure 8-4. Imager control diagram 

The beam detection and motor control connections are separate at the imaging unit, 

but are joined together at the DC controller. The analysis of the signals was performed 

with an oscilloscope, checking the behavior of the circuit during different stages of 

printing with the components attached or not. When an understanding of the component 

was believed to have been reached, control was attempted, and the theory of operation 

was refined.  

The beam detection sensor is the simplest of the components. The device has three 

connections. Two of these are power connections for the ground and five volt bus lines 
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used by the sensor. The third connection is the sensor output. The sensor output is at five 

volts while inactive, and drops to ground when the laser strikes the photosensor. During 

printing in the LaserJet 4 the frequency of the sensor signal change was observed to be 

approximately 1.1 kHz. This frequency is determined by the speed of the stepper motor 

driving the polygonal mirror. 

The motor control signal is also straightforward. The power connections in this 

device were a ground and 24-volt line. This device has three signal lines. The first is the 

stepper motor speed control, which delivers a series of controlled pulses. The frequency 

of these pulses determines the motor speed. In the LaserJet 4, the pulse speed on this line 

was measured as roughly 3 MHz. Another signal is the motor enable switch, which turns 

the motor on and off. This switch is active low. The final signal is a motor ready 

feedback, which gives a low signal once the motor has finished accelerating. This allows 

for proper timing, and also serves as a validation that the device is functioning correctly. 

As mentioned, these two connections are joined at the DC controller. For 

documentation purposes, Table 8-1 lists the connections as numbered on the DC 

controller circuit board. 

Table 8-1. DC controller connections chart 
Pin Inactive state Printing State Function

1 0 V 0 V Ground bus

2 5 V 5 V with 50 µs pulse to ground at 1.1 kHz Beam sensor

3 5V 5 V 5 V bus

4 0 V 0 V Ground bus

5 Same as print 5 V pulsing to ground at 3 Mhz Motor speed control

6 24 V 24 V 24 V bus

7 5 V 0 V Motor enable switch

8 5 V 0 V once motor has accelerated Motor ready feedback

Beam Detection

Motor Control
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The control of the laser is much more complex. There are seven connections to the 

laser control card. Testing showed early on that it would be prohibitively difficult to use 

the trigger pattern for this card. However, the laser diode itself can be controlled directly 

without using the card as an intermediary. It was necessary to determine the control 

signal pattern from the control card, however. This was accomplished by printing a 

variety of pages, and using the signal on the card to determine the control parameters. Of 

interest were the active and inactive voltages for the laser diode, and the frequency of the 

control signal. The voltages were easily determined as two volts to activate the laser and 

a ground connection to turn it off. 

The control frequency was determined by printing a series of lines. By observing 

the on and off patterns that corresponded to the lines in the images, it was found that one 

inch of image width corresponded to 90 microseconds of on time for the laser. Given the 

operating resolution of 600 dots per inch, the control frequency was found as shown in 

Equation 8.1. 

MHz 67.6
s

µs 101
µs

inch
90
1  

inch
dots 600 6 =×••=controlf    (8.1) 

There is a simpler method for control in the case where the synchronization is 

handled as part of the control system. The laser control circuit is connected to a laser 

diode. This connection is very simple, having only three pins. These pins are labeled LD, 

PD, and GND. This is a common control system for laser diodes (Power Technology 

2003). The GND pin is a connection for the circuit ground. The LD pin is a connection to 

the laser diode itself. The PD pin is a connection to a photodiode. This photodiode 

provides feedback and can be used to adjust the current of the laser diode to regulate 

brightness. In the LaserJet 4 the PD pin mirrored the feedback signal described above.  
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Imaging System Control 

With the workings of the imaging system analyzed, the next step was to construct a 

control system using the Galil controller. The output and input signals would be used to 

synchronize the timing of the system. The laser scan image would be a very simple 

predetermined on/off pattern. The control would be verified by measuring the output at 

the beam detection sensor. A flowchart of the control architecture is shown in Figure 8-4. 

Switch on five volt and
ground signals

Set motor speed control
to 3 MHz

Enable motor and wait
for acceleration

Send control signal to
laser

Use beam detect sensor
to verify function and as
a switch for line image

 

Figure 8-4. Imaging control architecture 

In testing, control of the laser system for imaging was confirmed. When the laser 

was set on, the beam detection signal had a pattern of peaks at 1.1 kHz, as in printing. 

This confirmed that the laser was on and that the motor control was indeed operating at 

the same speed as in printing. When the laser was set off, no signal was seen on the beam 

detection sensor, confirming that the previous results were not a misunderstanding. As 
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mentioned, the laser switching frequency is most likely well below that needed for high-

resolution imaging. The motor speed is controlled, however, so the scan rate could be 

slowed down to match the laser switching frequency. The problem with this approach is 

that the dark decay rate of the organic photoconductor used in this application would not 

allow imaging at a very slow pace. For the moment this is not an issue, because the Galil 

control does not allow accurate high speed switching regardless.  

The final test was to use the printer equipment to image in toner, allowing a visual 

verification of control. For this to occur, the printer motor that drives the photoconductor 

drum, developer, and paper feed system would have to be controlled. This is a simple 

matter already accomplished for use in the charge measurement apparatus described in 

Chapter 4. High voltages for various parts of the electrophotographic system must also be 

provided. These voltages are known and documented as well (Zhang 2001). The imaging 

system control can then be tested by attempting to print pure black or white, or by 

sending regular signal to the laser. This would demonstrate that the current control 

system removes the printer as an uncontrolled “black box.” 

This test proved successful. The control system was used to operate the printer, 

producing imaged pages. The Galil control lacks the speed to synchronize the output 

signal with the beam detection sensor feedback, but controlled imaging was still possible. 

First, a full black and a full white page were printed to demonstrate that the laser was in 

fact being controlled. Two high-frequency signals were sent to the laser switch, creating 

distinct random patterns on the page.  

Future Work 

With the imaging system control demonstrated, several additional steps are needed 

to finish the new testbed. The vertical developer system must be designed, built, and 
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tested. The photoconductor plate must be obtained. A transfer system must be decided 

and developed. Fusing will still be needed, and will have to be implemented as well. 

Finally, a cleaning device must be constructed. These steps will mark the construction of 

the system.  

The software and control system needs work as well. The motion control system 

can be accomplished with minor alterations to current equipment and software. The 

imaging process itself will require new software as well. As mentioned, the Galil control 

system does not have adequate speed to control high-resolution imaging, or even for 

proper synchronization of the image signal with the beam detection feedback. A 

microprocessor or control card capable of high speed switching will be needed. A more 

difficult part of the system will be the software to turn computer models into a stream of 

control data. This will require substantial software development.  

 



 

CHAPTER 9 
CONCLUSIONS AND FUTURE WORK 

Conclusions 

Many conclusions can be drawn from the research presented in this thesis. The 

conclusions will be divided into those drawn from system modeling, pattern printing, 

developer design, and the new ESFF testbed design. 

System Modeling 

The results of the modeling process showed that it is possible to continue building a 

part indefinitely with corona surface charging so long as the part is sufficiently 

discharged. However, many factors can adversely impact the uniformity of the print. 

Irregularities in the substrate adhesion to the build platform will cause variations in the 

transfer of powder. Irregularities in the part surface will cause a decrease in the amount of 

powder transferred to subsequent layers. This is a very troubling result in that 

irregularities always occur, and this shows these irregularities will very quickly degrade 

part quality.  

Pattern Printing 

 On the whole, pattern printing was successful at eliminating the problems 

associated with edge development. Printing was improved for solid area cross sections in 

terms of quality and average build rate. However, in printing parts with fine features there 

were significant problems related to the pattern printing method. Pattern printing broke 

up these features to such an extent that they did not survive the fusing process. Thus it 
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would appear that pattern printing is only useful for specific parts, or at the least requires 

improvements to make it generally applicable. 

Developer Design 

Unfortunately, the current design concept of a cascade developer built around the 

LaserJet 4 printer was not only a limited success. The research did provide a basis for 

charge measurement testing of new powders. The possibility of printing these powders 

was also demonstrated. The developer systems were not sufficiently usable to be put into 

use, however. A far better understanding of developer function was attained, which will 

be very useful in continued developer design for the new ESFF system. 

New ESFF Testbed 

The new ESFF design concept seems to solve many of the problems with the 

current system. The developer will have gravity in place of magnetic force to prevent 

powder spilling and allow the formation of a powder cloud. The use of only the imager 

from the LaserJet 4 printer will decrease the complexity of the system greatly, and reduce 

overhead costs associated with stocking large numbers of spare parts. The imager control 

testing showed that the laser and motor could be controlled as desired. The feedback 

signals could also be interpreted to analyze the behavior of the device.  

Future Work 

There is still much work to be done in ESFF research. This section will be divided 

as before. 

System Modeling 

The problems due to irregularities in the part surface are not easily resolved, but the 

causes of these irregularities can be addressed. A better method for fixing the substrate to 

the build platform would be beneficial. Another possible improvement would be a means 
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for leveling the part surface after each print. This was the purpose of the compaction that 

takes place during fusing, but clearly this is not sufficiently effective. It is necessary to 

surround the part in a secondary powder that can be separated in post processing, thus 

allowing a compaction pressure capable of leveling the surface.  

Pattern Printing 

 There are many several improvements that could be made to the pattern printing 

method. A software change could enable higher resolutions, which in turn would enable 

finer control over the white and black line widths in the pattern. Software could also be 

used to select parts that are appropriate for patterns. Finally, hardware improvements, 

especially with direct control of the imaging system, could resolve the issue preventing 

alternating patterns from being printed, which would eliminate many of the issues 

involved. 

Developer Design 

The knowledge gained in developer design can be applied to new designs to be 

used on the revised ESFF testbed.  The problems with powder leakage and spilling 

provide insight into how to take advantage of the vertical transfer direction. The 

knowledge gained in charge measurement testing can also provide valuable information 

about the charging characteristics of various powders. Much information has also been 

learned about powder flow that can be applied to the new system. 

New ESFF Testbed 

There is much work left on the new ESFF testbed. With the imaging system 

controlled, the next step is to develop a fast switching system that can be used to 

synchronize the imaging process. This will then need to be integrated into the SolidSlicer 

control program so that actual parts can be imaged. The developer for this system needs 
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to be designed and tested. A fusing system is still needed, and there are improvements to 

be made in the transfer process as well. Overall, the new ESFF testbed is still in its very 

early stages, but the design holds great promise for the future. 

Overview 

Many advancements have been made in ESFF technology. The system is now more 

capable of printing parts than previously, and is much closer to a working rapid 

prototyping system. Despite the improvements, several outstanding issues remain. 

Transfer irregularities due to part height variations pose a serious problem that is not 

easily solved. The inability to print new powders is also a serious limitation to the 

technology. It remains to be seen how the new ESFF testbed will be impacted by these 

issues, and what new issues will be raised. However, ESFF technology is advancing far 

beyond where it has been in the past. 

 

 



 

APPENDIX 
CODE FOR MATLAB EFFICIENCY SIMULATION 

% efficiency_simulation.m 
% Copyright James Fay, 2003 
%   
% Uses hard-coded parameters to compute and plot efficiency for an electrostatic transfer 
% process. 
 
 
dp = 0.25;                %% paper thickness, mm 
da = 0.10;                %% air irregularity, mm 
di = 0.01;                %% insulation thickness, mm 
dl = 0.02;                           %% initial drum layer thickness, mm 
dc = 10.16;               %% corona gap, mm 
dg = 0.05;               %% printing gap, mm 
 
kp = 2;                                                     %% paper dielectric 
ka = 1;                               %% air dielectric 
ki = 3;                               %% insulation dielectric 
kt = 3.42;                %% toner dielectric 
 
V_platform = 1000;                       %% platform voltage, V 
V_corona = 5000;                      %% corona voltage, V 
 
Ec = 50;                                                   %% critical transfer field strength, V mm^-1 
 
e0 = 8.85e-18;            %% permissivity of free space, C^2 N^2 mm^-2 
rho_l = -7.28e-9;         %% charge density in drum toner, C mm^-3 
rho_c = 2e-6;             %% corona gap charge density, C mm^-3                 
 
%% Now establish a vector of values for fused toner charge density as a simulation 
variable 
 
num_steps = 500;                             %% number of simulation values 
rho_max = -9e-5;                             %% maximum charge desnity magnitude, C mm^-3 
d_rho = rho_max/num_steps;          %% step magnitude, C mm^-3 
rho_t = 0:d_rho:rho_max-d_rho;     %% fused toner charge density, C mm^-3 
 
%% Initialize simulation parameters 
 
num_prints = 500;                    %% total number of prints in simulation 
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print_num = 1:num_prints;      %% axis vector for graph 
 
height = zeros(num_prints, num_steps); 
 
%% Perform the simulation and store part heights as a fucntion of the print number and 
fused toner charge density 
 
for i = 1:num_steps 
   df = 0;                      %% fused powder thickness, mm, initialized for each curve 
       
   for j = 1:num_prints 
      sigma_t = 0; 
      sigma_t = (rho_c*dc*dc)/(2*ka); 
      sigma_t = sigma_t + (e0*V_corona); 
      sigma_t = sigma_t - ((rho_t(i))*df*((da/ka)+(dp/kp)+(df/(2*kt)))); 
      sigma_t = sigma_t / ((da/ka)+(dp/kp)); 
 
      M = (df/kt)+(dp/kp)+(da/ka); 
      N = (df/(2*kt))+(dp/kp)+(da/ka); 
      P = (di/ki)+((dl+df)/kt)+((dg+da)/ka)+(dp/kp); 
       
      eff = 0; 
      eff = (e0*V_platform)+(N*df*(rho_t(i)))+(P*ka*e0*Ec)+(M*sigma_t); 
      eff = eff/(rho_l*dl); 
      eff = eff + ((1+(2*dl)+(2*df))/(2*kt))+((dg+da)/ka)+(dp/kp); 
      eff = eff/(P-((ka-(kt*dg))/(ka*kt))); 
       
      df = df + (eff_norm*dl);                   %% update part thickness 
       
      height(j,i) = df;                                 %% store thickness to matrix 
   end 
end 
 
%% Now display the results as a surface plot 
 
mesh(rho_t,print_num,height/25.4) 
title('Part height as a function of number of prints and charge density in fused toner') 
xlabel('Charge density magnitude in fused toner (C mm^-3)') 
ylabel('Print number') 
zlabel('Part height (inch)') 
colormap(gray) 
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