
ABSTRACT 
 

MAHALE, TUSHAR RAMKRISHNA. Three Dimensional Electrophotographic Printing through 

Layered Manufacturing: An exploration into personal fabrication (Under the direction of Dr.Denis 

R. Cormier) 

 

A machine capable of making “anything” has always existed in the realm of science fiction. The 

advent of the Rapid Prototyping machines partially fulfilled the realization of a personal fabricator 

by breaking the boundaries on the geometric form that could be realized through a machine in a 

single set up. The proliferation of the rapid prototyping machines into the industry and finally for 

domestic use, has been hampered by their costs, size and process limitations. The current trends 

in the Rapid Prototyping industry has been to develop machines capable of manufacturing parts 

in functionally graded materials. In order to achieve this, there is a need to develop means to 

precisely deposit a controlled combination of materials within the volume of a part. 

Electrophotography has been used for decades for monochrome and multicolor dry toner printing. 

The application of electrophotography for the generation of 3D parts through layered 

manufacturing has been left mostly unexplored. This thesis suggests guidelines for the 

development of an electrophotography based rapid prototyping process that would be cost 

effective in comparison with current commercial rapid prototyping technologies, as well as have 

the capability of depositing multiple materials. The initial research involved attempts to adapt a 

commercial electrophotographic printer to print in 3D. Later, experiments were conducted to 

indigenously build an electrophotography based layered manufacturing system. The research 

involved the development of transmission systems, development of power supplies to facilitate 

electrostatic charging, testing of polygon mirror based laser-scanning system, development of 

fusing and pressing station and experiments with multiple materials. Though a 

electrophotography based rapid prototyping machine was not realized at the end of this research, 

substantial evidence was generated to validate future research towards the development of such 

a system. Future work would involve the development of a completely automated system. Upon 

the completion of this system, further research could be carried out in the fields of personal 

fabrication, micro Rapid Prototyping, materials with directional properties, bio and materials, 

direct write technologies for printing circuits and functionally graded materials. 
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Chapter 1 
Introduction 
 

Man has always relied on his ability to develop new tools in order to solve his day to day 

problems. During Stone Age, man began using sharp stones and branches of trees, readily found 

in his surrounding as tools for gathering food. Man later learned to shape stones by hitting them 

with other harder objects, leading to the birth of material removal based manufacturing processes 

(machining). Pottery, metal casting and forging techniques evolved during the Bronze and Iron 

Ages, and can be considered as the first additive manufacturing techniques. The basic 

technology used for manufacturing goods is based on material removal technology, material 

forming technology, or manufacturing based on material addition.  
 

Though manufacturing by material addition has been around for thousands of years, it has not 

been extensively used for the production of precise parts with complex geometries until the 

commercial success of modern Rapid Prototyping (RP), Layered Manufacturing (LM) or Solid 

Freeform Fabrication (SFF) technologies in the late 1980s. 

 

RP has become synonymous with the manufacture of 3D components by sequentially and 

precisely “adding” layer upon layer of build material until the final product is formed. Today’s 

Rapid Prototyping processes are independent of the profile of the laminas being produced; 

secondly the generation and joining of laminas take place at the same workstation.  

 

Prior to the advent of the modern day commercial rapid prototyping technology, precision layered 

manufacturing was limited to joining laminates in order to produce objects such as sheet metal 

forming tools, transformer cores, or stators. Laminated objects were formed through two distinctly 

separate processes. The first process involved the generation of the metal laminates through 

blanking, chemical machining or conventional machining. The second process involved the 

methodological stacking of the laminates and then joining them through mechanical fixturing or 

gluing. Another problem with this kind of precision layered manufacturing technology was that the 

processes were meant to cater to a very specific geometry and end application, thus tools used 

for generating laminas or joining them were specific to that geometry. 

 

Machining based processes directly or indirectly affected almost all manufactured goods. Most 

goods were either directly machined or produced using tools that had been machined. 

Conventional machining methods are highly dependent on the geometry of the parts and the 

cutting tool used to perform the actual machining operation. For example, in order to produce an 
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injection molded part, an injection molding tool might need to go through multiple set ups of 

conventional machining, electrical discharge machining and polishing. 

 

The additive nature of commercial layered manufacturing techniques permitted the processes to 

manufacture objects with higher complexity and smaller feature sizes (particularly the 

manufacture of small and deep cavities) in comparison with conventional machining methods in a 

single setup. Conventional machining capabilities were not only surpassed in terms of the setup 

required for manufacturing a given geometry, but the RP processes were also capable of 

manufacturing parts as complex as a perfect replica of a human skull or an entire moving 

assembly; in a single setup. 

 

Rapid Prototyping processes currently face a drawback in comparison to the conventional 

manufacturing techniques in terms of the materials they can handle. The additive nature of 

layered manufacturing opens up the possibility of controlling the material composition at any point 

within the volume of the part. There exist two hurdles in the generation of such controlled 

composition within a part.  

 

• Developing a means of delivering a desired material combination at a given point within a 

lamina. 

• Preventing deformation within a part due to interactions between the different materials within 

a part. 

 

Most of the commercial rapid prototyping processes have been designed to “deliver” only a single 

type of build material during one production setup. Attempts have been made to modify these 

processes to handle multiple materials, but this has been limited to permit variation in the material 

composition only between different laminas with manual intervention. 

 

The technologies that are capable of addressing the above mentioned tasks require an expensive 

setup with equally high operational costs. 

 

1.1. Electrostatic Printing, Rapid Prototyping and More 
Most materials develop an electrostatic charge when exposed to suitable conditions. This 

property of materials has been used in electrophotographic printing (laser printing) systems for 

precisely depositing dry as well as wet toner onto a sheet of paper and then fusing the 

thermoplastic toner.  
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Theoretically; suitable modifications to a commercially available electrophotographic system 

would make it possible to print layer upon layer of dry toner; ultimately leading to the formation of 

a 3D part. Though this idea has been patented, very limited literature (experimental and 

theoretical) is available on the successful implementation of such a system.  

 

The printing of multiple colors using electrophotographic printing technology is a commercially 

proven technology. The implementation of using an electrophotographic system for multiple 

material delivery is simplified by the existence of multiple color laser printing systems. 

 

The high resolution of electrophotographic printing (2400dpi) combined with low cost and good 

availability, make it an ideal candidate for manufacturing freeform structures in the micro and 

meso-scale regime.   

 

It has been proposed in this thesis to use electrophotography as means of generating 3D parts 

through layered manufacturing. Chapter 2 of this thesis briefly accounts for some of the 

commercial as well as experimental rapid prototyping systems. Chapter 3 provides an overview of 

the principles of electrophotography and the different variants of electrophotography systems with 

respect to the type of toner materials. Though very little experimental data is available on the 

application of electrophotography for Rapid Prototyping, numerous patents have been identified 

which address the use of electrostatic printing for layered manufacturing. Chapter 4 looks into 

four of the five patents that have been granted by the US Patent Office for the use of electrostatic 

printing for layered manufacturing. A model layered manufacturing system based on 

electrophotography, capable of printing parts in multiple colors and multiple materials has been 

proposed in Chapter 5 of the thesis. A number of experiments were conducted in order to study 

the possibility of the realization of the system proposed in chapter 5 using a commercial 

monochromatic electrophotography system (Laser Printer). These experiments were conducted 

in order to reverse engineer the functioning of a commercial laser printer and adapt it for layered 

manufacturing. Chapter 6 accounts for these experiments and discusses the benefit and in some 

cases, the reasons for the failure of experiments. Lastly, Chapter 7 provides the conclusion and 

direction for future work that would lead to the development of a 3D-electrophotographic printer. 

This chapter also looks into the possibilities that were not initially envisioned when the idea for the 

development of a 3D-electrophotographic printer was being conceived. 
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Chapter 2 
Rapid Prototyping 
 

Rapid Prototyping literally means a fast means for the development of a prototype. In the 

manufacturing world, Rapid Prototyping has now become synonymous with the group of 

technologies called Layered Manufacturing or Solid Freeform Fabrication. 

 

Layered Manufacturing refers to the manufacture of freeform geometries by ordered joining of 

laminas based on cross sections of a solid geometry generated along a straight line at either 

equal or unequal intervals.  

 

There are currently over 35 commercially available technologies. The technologies can broadly 

be classified into the following types: 

• Processes based on photopolymerization : TYPE I 

• Processes based on joining laminas cut from sheets : TYPE II 

• Processes based on melting materials : TYPE III 

• Binder based processes : TYPE IV 

 

2.1. Processes based on Photopolymerization: TYPE I 
Polymerization could be defined as a process of joining small molecules called monomers to form 

large molecules called polymers. The polymerization process that is initiated due to the presence 

of a suitable frequency of light is called a photopolymerization process [2.1, 2.2]  

 

It has been observed that some vinyl group monomers (H2C=CH-R) tend to cross link and form 

polymer chains in the presence of light [2.1]. The monomers are attracted to each other due to 

weak Van der Waals interactions, thus these monomers are generally found in liquid form. The 

cross linking process, bonds the monomers together through strong covalent bonds instead of the 

weak Van der Waals forces. This changes the state of the monomer from liquid to a solid polymer 

(refer Fig 2.1).  

 

The processes which fall under this category exploit the photopolymerization property of acrylate, 

epoxy and metha-acrylate monomers to selectively photopolymerize them. 

 

2.1.1. Stereolithography (SLA) 
Stereolithography machines are based on initiating photopolymerization of acrylates and epoxies 

using a UV laser light source. Acrylates were used as the photopolymers of choice during the 



 5

early years of the technology. Epoxies are preferred over acrylates due to their low shrinkage 

after photopolymerization. 

 

3D systems Inc, based in the USA is the primary manufacturer of Stereolithography machines. 

Variants of this technology have been commercialized by various manufacturers in Europe and 

Asia. 

 

 The stereolithography machines sold by 3D Systems utilize a low powered (about 100mW) UV 

laser beam for initiating photopolymerization (Refer Fig 2.2). The laser beam is controlled using 

servo-controlled galvanometer-based mirrors. A Z-axis table, capable of linearly traversing along 

the Z-axis, is mounted inside a removable vat of liquid photocurable resin. The part is built on this 

build table [2.1, 2.3, 2.4, 2.5].  

 

The process begins with the table positioned one layer thickness below the level of the 

photopolymer meniscus. The cross section of the part is traced using the UV laser. The laser 

polymerizes the material to a solid state in the region where the laser traces over the polymer. 

Upon the completion of one layer, the table is lowered into the vat by a distance of one layer 

thickness. This lets the liquid photopolymer flow over the cured resin. Recently, a recoating blade 

has been used for the purpose of precisely adding a layer of photocurable polymer by siphoning 

the excess polymer. The depth of penetration of the laser is slightly higher than the thickness of 

the layer. This permits the fusing between the two laminas. 

 

Like all other RP processes, Stereolithography requires some kind of support for overhanging 

regions. This process utilizes the same photopolymer resin to construct the necessary supports 

for building overhangs. The supports, though made of the same material as the part material, are 

constructed such that they are very fragile and can be easily broken away after the building of the 

part.  

 

The parts made by stereolithography require post-processing due to the excess liquid resin on 

their surface. This is achieved by placing the parts in a UV chamber for a fixed duration of time. 

 

Parts made through stereolithography can typically have an accuracy of 0.10mm along the Z-

axis. The beam diameter for the laser can be as low as 0.075mm [2.5, 2.6, 2.7, 2.8, 2.9] 

 

Parts made by stereolithography are typically used for function and form testing, stress analysis, 

sand casting and tooling. 
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Variants of the technology offered by 3D Systems Inc. that are available outside the US use an x-

y gantry for mounting the laser or an f-θ lens in order to correct the beam diameter of the laser. 

 

2.1.2. Solid Ground Curing (SGC) 
Similar to Stereolithography, Solid Ground Curing utilizes the propensity of photopolymers to 

polymerize when exposed to light of a particular wavelength and energy. Though the process 

utilizes photopolymers, it differs from stereolithography in a number of ways. 

 

In SGC, each cross-section is imaged onto an erasable mask plate produced via an ionographic 

process and the image is developed with a suitable toner [2.3, 2.4].  Unlike Stereolithography, 

SGC exposes an entire layer of photopolymer in a single instant. This is achieved by the 

generation of a sacrificial mask using ionography. This mask is positioned above a uniform layer 

of photopolymer, and an intense pulse of UV light is passed through it to selectively cure the 

material. Uncured material is removed from the layer with a vacuum system and replaced with a 

low melting point, water soluble wax that serves as a sacrificial support. After the wax has cooled, 

the layer is milled to produce a flat surface. The pattern on the exposed mask is erased by wiping 

off the toner, and the entire process is repeated. After the part is completed, the support wax is 

removed by melting it in hot water. Individual operations are conducted at different workstations. 

Unlike Stereolithography, this process permits the nesting of multiple parts in the 3D build 

envelope of the machine. The water soluble supports also permit the manufacture of assemblies 

which would be impossible to make otherwise. 

 

The minimum feature resolution of this process is roughly 0.35 mm [2.6, 2.8]. The company, 

Cubital Ltd. that had commercialized this process, has stopped manufacturing this machine. 

 

2.2. Processes based on joining laminas cut from sheets: TYPE II 
One of the earliest accounts of using layered manufacturing to create 3D geometries dates back 

to the work of Blanther in 1892 [2.10]. Blanther impressed contour lines from traditional contour 

maps onto wax sheets. These wax sheets were then cut based on the contour lines and orderly 

stacked to create a raised relief map.  

 

These types of processes are based on cutting out 2D cross sections from a well-defined 

thickness of stock material and then joining the individually cut laminae either by mechanical 

fixtures or adhesives.  

 



 7

For this type of RP processes, the time required to build a single lamina is a function of the 

perimeter of the cross section rather than the area. This does generally help to bring down the 

time required to develop a given lamina.  

 

These types of process also have the added advantage of having the capability of manufacturing 

fiber reinforced composites using sheets of composite materials having directional properties. 

 

2.2.1. Laminated Object Manufacturing (LOM) 
LOM is one of the most popular commercial technologies falling under TYPE II category of RP 

processes. Laminates generated in the LOM process are produced from a continuously fed roll of 

paper or polymer (refer Fig 2.3).  The sheet of build material used for the LOM process is coated 

with a thermally activated adhesive. A 25W CO2 Laser is used to cut the laminates from the sheet 

of build material [2.3, 2.4]. 

 

The building process begins with an uncut region from the roll of build material being rolled over 

the build region of the Z-table. A heated roller is passed over the build region resulting in the 

bonding of the build material to the previously built part. The Laser then cuts the cross-section of 

the laminate on to the build table. The process makes use of the build material for the production 

of the support. A hatch pattern of small squares is cut into tiles to form the support structure. A 

peripheral rectangle enveloping the entire X-Y build region is finally cut before proceeding to the 

building of the next laminate. This process is repeated to result in 3D parts. 

 

It needs to be noted that in the case of LOM, the amount of material used per laminate remains 

the same, hence there can be significant wastage of material in the case of parts with large 

support regions. This process does not permit the reuse of support material as does 3D Printing. 

The removal of supports has also been a challenge in this process, as the size of the hatched 

pattern generated for supports does not adapt to the part geometry.  

 

Typically LOM exhibits a 0.5 mm accuracy along the X-Y axis, and the layer thickness remains 

constant at approx. 0.125mm [2.6, 2.7, 2.8, 2.9]. 
 
2.3. Processes based on melting of materials: TYPE III 
Casting and molding have been one of the oldest manufacturing techniques used by man to 

produce parts of a well-defined shape with the help of molten material. Though casting produces 

precise geometries, the controlled deposition of molten material was limited to joining process like 

welding.  
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TYPE III RP process depend on the controlled melting of materials to not only join laminates but 

to actually create the laminas. Since the laminas are generated by the deposition of molten 

material, the time required to generate a part is a function of the cross-sectional area of the 

volume of the part and its orientation along the Z-axis. 

 

2.3.1. Selective Laser Sintering 
In the previous sections, we have discussed the cutting of laminates as well as the curing of 

photocurable polymers with the use of lasers. The selective laser sintering process uses the 

concentrated energy of a laser to selectively fuse loose powder together to form laminas as well 

as fusing the laminas to each other. 

 

The process is shown graphically in Fig. 2.4. A roller spreads a uniform layer of build powder 

across the build table. A CO2 laser is used to selectively fuse the powder spread across the build 

table in order to form the necessary lamina. Upon the completion of a lamina, the Z-table is 

lowered, and another layer of powder is spread across the previously built part. This process is 

repeated until the complete part is formed [2.3, 2.4, 2.5]. 

 

It can be understood from Figure 2.4 that the SLS process does not require the building of 

separate support structures, as the loose build material powder supports any overhanging 

features. The loose powder also makes it relatively simple to clean the part without the need for 

skilled labor to remove support material. SLS also has the added capability of nesting multiple 

parts in 3D. 

 

The process has successfully been used for the production of parts using thermoplastic polymers, 

elastomers, metals and foundry sand. The process has a material building rate of 20mm3 /sec 

with an average accuracy of 0.4mm along the X-Y axis [2.5, 2.6, 2.7, 2.8, 2.9]. 

 

Unfortunately, the nature of the powder delivery system used for SLS makes it very difficult to 

implement the process to manufacture functionally graded materials. 

 

2.3.2. Fused Deposition Modeling 
The fused deposition modeling uses micro extrusion to selectively deposit polymer filaments in 

order to form a 3D part. An extrusion head mounted on an X-Y gantry forms the heart of an FDM 

machine. The extrusion head consists of two separate extrusion lines for the build and support 

material. A set of servo-driven rollers, push the build and support filaments into a set of heated 

tubes. This material is squeezed in and extruded out of the nozzles (refer Fig 2.5). The 
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replaceable nozzles mounted on the FDM machine play a key role in determining the part 

accuracy [2.3, 2.4, 2.11]. 

 

The part is built on a foam foundation of a build-table capable of lateral motion along the Z-axis. 

The supports generated by FDM can be easily broken during the cleaning of the parts. Recently, 

water soluble supports were introduced on selected models of the FDM machine. 

 

The commercially available FDM machines are capable of producing parts using ABS plastic, 

investment casting wax, polycarbonate, and a medical grade ABS. The time required to build a 

part using FDM technology is a function of the total length of tool path required to deposit a layer 

of both support and part material, hence it has one of the slower material addition rates in the 

industry (approx 0.1-0.5mm3 /sec). FDM parts have an X-Y accuracy of 0.178mm [2.6, 2.7, 2.8, 

2.9, 2.11].  

 

The technology has also been experimentally used for the production of ceramic, metal and 

functionally graded materials. The use of multiple extrusion heads makes it simpler in comparison 

to most of the commercially available RP processes to carry out controlled deposition of multiple 

materials within a lamina. 

 

2.3.3. Model Maker (Solidscape) 
This process bears a resemblance to both conventional inkjet printing and fused deposition 

modeling. The process uses two piezoelectric based pumps to deposit wax-based support and 

model material. Both the support and model materials are stored in liquid form in heated 

reservoirs and are pumped through insulated tubing to the print heads. The print heads are 

mounted on an X-Y gantry, and the part is built on a Z-table (refer Fig 2.6). 

 

Prior to depositing a new layer, a horizontal surface mill is used to surface mill the top of the 

newly deposited layer. This helps in precisely controlling the geometric accuracy of the part along 

the Z-axis.  It needs to be noted that the support material has a lower melting point than the build 

material. The supports are hence removed by soaking the parts in a bath that has been 

maintained between the melting point of the build material and the support material. The supports 

are known to be soluble in VSO solvent [2.3, 2.4, 2.12]. 

 

The parts built on the model maker are fragile, but can be built within 0.025 mm accuracy along 

the X-Y axis and a minimum of 0.013 mm along the Z-axis [2.12]. The accuracy of the parts and 

the wax based build material has made this process a favorite for applications in the jewelry 

industry. 
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2.4. Binder Based Processes: TYPE IV 
The processes of TYPE IV are generally powder-based processes. They use either a binder or a 

solvent to bind together particles in order to define the shape of the lamina.  

 

2.4.1. Three Dimensional Printing 
Three Dimensional Printing or 3DP is a powder based process which utilizes thermal inkjet 

technology based pumps to precisely deposit micro-droplets of binder fluid over a bed of build 

material [2.3, 2.4, 2.13]. The process has been represented in Fig.2.7. The build material powder 

(starch, plaster) is stocked over a feed piston. A roller spread a uniform layer of compacted 

powder over the build platform. The build platform is capable of motion along the Z-Axis. 

 

An inkjet pump mounted on an X-Y gantry selectively prints the binder over the uniformly 

deposited layer of starch or plaster powder. The deposited binder leads to both inter-laminar and 

intra-laminar binding of the build particles. 

 

This process is known to have a process accuracy of approximately 0.25 mm along the X-Y and 

Z-axis [2.3, 2.4, 2.13].  

 

The 3DP Printing technology has been licensed to various industrial organizations that have 

commercialized products and applications for developing: 

 

• General Visualization [2.13] 

• Metal parts [2.14]  

• Direct metal castings [2.15] 

• Ceramic filters [2.16] 

• Engineered tissue implants [2.17] 

• Pharmaceuticals [2.17] 

 

2.5. Experimental Rapid Prototyping Systems 
Other than the systems described in the earlier sections, there are numerous technologies that 

are currently under development in various research labs. This section reviews some of the 

experimental rapid prototyping systems. 
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2.5.1. Laser Engineered Net Shaping (LENS) 
LENS technology was developed at Sandia National Labs for direct freeform fabrication using 

metals and has been licensed to numerous companies. The LENS process utilizes a high 

powered (115W – 450W) Neodymium: Yttrium Aluminum Garnet (Nd:YAG) laser delivered along 

the z-axis to melt metal. The process begins with the laser focusing onto a build platform. The 

build powder is precisely delivered through four nozzles positioned such that their axes intersect 

with the axis of the laser. The nozzles deliver the powder by mixing it with a compressed inert gas 

such as Argon (refer Fig 2.8). This process is also carried out inside of a glove box filled with inert 

gases in order to provide an inert environment.  
 

The metal powder is melted upon being delivered into the path of the laser. This generates a melt 

pool. The process continues with powder being added to this melt pool. The process is repeated 

to build layer upon layer of metal powder. The metal powders that have been commonly used for 

building parts using LENS are stainless steel 316, Inconel 625, and Inconel 690 [2.18, 2.19]. An 

accuracy of 0.02mm along X & Y axis and an accuracy of 0.4mm along the Z-Axis have also 

been claimed [2.18]. 

 

Attempts have been made to develop parts with functional gradients. The precise simultaneous 

deposition of multiple materials could not be achieved, hence a functional gradient was achieved 

by first depositing a uniform layer of one material, followed by the deposition of the second 

material in varying volume based upon the gradient across the layer. The percentage of Inconel 

690 and Stainless Steel 316 was varied along the Z-axis from 0% to 100% Inconel 690. A distinct 

interface between the two materials could be observed [2.20]. 

 

Unlike most RP processes, the LENS process is not capable of handling large overhangs due to 

absence of any support powder or support structures. Attempts have been made to construct 

support structures by using the same loose build powder [2.21]. 

 

The LENS process has been modified to make it capable of depositing ceramic slurries with 50% 

- 65% ceramic loading. This process has been called Robocasting. Robocasting involves the 

deposition of pseudoplastic ceramic slurries. The laser that is used in conventional LENS process 

is not required for material processing in the robocasting process. Experiments have been 

conducted to deposit functionally graded parts with varying amounts of alumina and steel being 

deposited [2.22]. 
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Though LENS is capable of manufacturing 100% dense metal parts, the surface finish of the 

parts is similar to that of metal parts manufactured through sand casting. The process is relatively 

expensive, and its limited ability to handle overhangs restricts its use as a freeform fabrication 

process. Though LENS is capable of handling multiple materials, the set up and operational cost 

of this process are a hurdle towards the realization of a low cost “do it all” process. 

2.5.2. Shape Deposition Manufacturing (SDM) 
Previously we have looked at two processes; Solid Ground Curing and Model Maker 

(Solidscape), which utilize material removal methods for generating parts through layered 

manufacturing. These processes use surface milling in order to eliminate any kind of cumulative 

error due to variation in the thickness of the lamina. 

 

The conventional shape deposition process is a fusion of material addition and material removal 

technologies for the generation of the contour of lamina (refer Fig 2.9). The shape deposition 

manufacturing process uses conventional welding techniques or microcasting [2.23] to deposit 

100% dense metal in the approximate shape of the required part or support lamina. A 5-axis 

milling machine is then used in order to generate the actual contour of the lamina. The 5-axis 

milling tool not only generates the 2D contour of the lamina, but also generates a first order 

approximation of the edge of the lamina. The deposition of the part or support material is 

sequenced based on the shape of the support or build material lamina. The support material used 

for SDM is sacrificial in nature. Shot peening is carried out prior to deposition of a new material in 

order to relieve concentrated thermal stresses within the lamina. This process is repeated until 

the complete part is generated [2.23].  

 

Variants of this technology called Mold SDM have been used to manufacture ceramic and 

polymer parts [2.24, 2.25, 2.26].  

 

The main advantage of this process is its ability to generate first order edge contours. Fig 2.10 (a) 

describes the generation of laminas in most of the conventionally available processes. Fig 2.10 

(b) represents the cross-section of a part generated through SDM via 5-axis machining for edge 

generation [2.23]. It can be clearly seen that the amount of error is substantially reduced in 

comparison to figure 2.10(a). 

 

Parts with functionally graded materials (FGM’s) have been successfully manufactured using the 

SDM process with modifications to the basic process [2.27]. A Nd:YAG laser coupled with powder 

feeding nozzles has been used to deposit different materials. Sharp as well as smooth gradients 

in the interface of Invar and stainless steel 316L have been manufactured via SDM. 
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Combinations of copper, Invar, stainless steel 316L and bronze with variations in their interfaces 

have been deposited using SDM [2.28, 2.29]. 

 

Though SDM proves to be an efficient way of manufacturing FGMs as well as fully dense metal 

parts, it suffers from the high operational and set up cost for the machine. Mold SDM, in 

comparison to the conventional SDM technique is a cheaper and more efficient method for 

manufacturing parts with first order edge contouring.  

 

2.6. Commercial Processes and Functionally Graded Materials 
This section briefly explores the modification of commercial RP processes to manufacture FGM’s. 

 

2.6.1. 3D Printing of FGMs 
3D printing has been successfully used for depositing green metal parts as well as a wide range 

of ceramics and polymers. So far, no experimental data has been found on the implementation of 

a 3D Printing variant for printing FGMs. The research conducted by the MIT 3D Printing group 

has been concentrated on the CAD representation of FGM’s called Local Composition Control 

(LCC) [2.30, 2.31]. It has been suggested that slurries of different materials could be deposited 

through inkjet printing followed by the deposition of a suitable binder based on the type of slurry 

being used in a given region [2.30, 2.31, 2.32, 2.33].  

 

2.6.2. Selective Laser Sintering (SLS) of FGMs 
Selective Laser Sintering has been successfully used for liquid phase sintering of metals 

(commercially available) as well as the Hot Isostatic Pressing (HIP) of metal components in order 

to generate a 100% dense outer skin which is impermeable to gases [2.34, 2.35]. Prior to this, 

metal parts were indirectly manufactured by coating metal powder with suitable polymer and 

producing green parts by fusing the polymer coating [2.36]. The successful use of SLS for the 

manufacture of FGMs has been limited due to the material delivery technique used in FGMs. 

FGM’s have been manually generated for the manufacture of tungsten carbide tools by manual 

discrete banding techniques. This technique involves manually laying out powder of different 

materials over the build table in the form of bands. Bands of tungsten carbide powder and cobalt 

were laid out on the build table, and the chemical and mechanical interactions at the interface of 

the two powders were studied after the sintering [2.37]. 

 
2.6.3. Fused Deposition of FGMs 
Fused Deposition uses micro extrusion for depositing individual materials over the cross-section 

of the lamina. This thus forms an ideal platform for the development of a FDM based system 

capable of manufacturing FGMs. Similar to 3D Printing, FDM has been successfully used for the 
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deposition of green parts of ceramics and metals by loading the polymer binder material with 

suitable amounts of ceramic and metal.  

 

The manufacture of functional gradient materials of metal ceramic composites has been a 

challenge due to the large variation in the sintering temperatures and coefficient of thermal 

expansions of metals and ceramics. A novel technique using FDM has been suggested for the 

manufacture of metal ceramic composites of trivalent metal oxides [2.38]. A green part is first 

made using fused deposition of SiO2 using a polypropylene-based binder. A sintering operation is 

conducted on the green part. The sintered SiO2 is infiltrated with a trivalent metal “M” such 

aluminum. This results in a chemical reaction resulting in the formation of a metal oxide 

 

4M + 3 SiO2            2 M2O3  +   3Si 

 

2.7. Conclusion 

The commercial RP processes as well as the experimental RP processes described in the 

previous sections have either high operational and set up costs or are unable to manufacture 

FGM’s due to process limitations.  

 

The interaction of multiple materials at their interfaces is totally dependent on the manner in 

which the materials sinter, recrystallize and interact with one another. In order to develop a FGM 

based RP system, it becomes imperative to develop a methodology to first deliver a wide variety 

of materials precisely to any given location.  

 

Electrophotography stands as a credible candidate for precisely delivering FGM’s as well as the 

development of an RP system for the following reasons: 

• Most of the materials are known to develop surface potentials when exposed to suitable 

conditions. 

• Electrophotography has been successfully used for precisely depositing dry toner of a finite 

thickness with very high resolution (1200 dots per inch resolution is not uncommon). 

• Color laser printing systems could be used for manufacturing color 3D components. 

• Commercial electrophotography based systems are now capable of printing close to 180 

pages per minute. 

• Low cost of the desktop laser printer and consumables.  

• Orientation of individual particles upon deposition due to the presence of strong electric fields 

• Liquid electrophotography technique for depositing nanometer ranged particles. 
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Thus far, the literature on the application of electrophotography for manufacturing 3D parts has 

been limited primarily to patents. Very little experimental data is available on the application of 

electrophotography for printing 3D parts using both regular toner and alternative materials. The 

next few chapters evaluate the feasibility of developing a Laser Printing-based layered 

manufacturing system. 
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Chapter 3 
Electrophotography 
 

3.1 Electrostatics and Charging 
In order to understand electrophotography, it is essential to understand electrostatics. 

Electrostatics can be defined as that class of phenomena which is recognized by the presence of 

electrical charges, either stationary or moving, and the interaction of these charges, this 

interaction being solely by reason of the charges themselves and their position and not by reason 

of their motion [3.1, 3.2]. 

 

The force exerted upon a charged particle bearing a charge with magnitude 1q when brought into 

the vicinity of another charged particle bearing a charge with magnitude 2q , separated by a 

distance r is expressed by Coulomb’s law as 

 

=
πε
1 2

12 2

q q
F 4 r

 

 

where ε  is the permittivity of the medium between particle 1q  and 2q . The units for measuring 

permittivity are F/m.  The dielectric constant of a material is similar to its relative permittivity and 

can be defined by the equation  

r 0ε = ⋅ε ε  

where rε  is the dielectric constant and 0ε is the permittivity of free space, which is 8.85 x 10-12 

F/m. The electric field intensity felt at a distance r from a charged particle q is given as 

=
πεs 2

qE
4 r

  

expressed in N/C or V/m, thus, the force exerted upon a charged particle in an electric field E can 

be given as 

 

=cF qE  

where Fc is the coulombic  force. 

 

It has been observed that particles can get charged by the following methods [3.1] 

 

• Corona Charging 

• Contact Charging and Triboelectric Charging 
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• Induction Charging 

• Ion & Electron Beam Charging 

• Spray Charging 

• Charging by Thermionic Emission 

• Photoelectric Charging 

• Charging by Mechanical Fracture 

• Charging through Radioactive Decay 

 

3.2 Electrophotography 
Back in 1939, a scientist named Chester Carlson realized that printing could be achieved by 

harnessing the photoconducting properties of materials [3.3]. Carlson was successfully able to 

transfer electrostatically charged powder onto the surface of a metal plate coated with a 

photoconducting material by selectively exposing this plate to UV light. Carlson envisioned this 

technology to be an easy means for making copies of books and handwritten manuscripts, as 

well as a means for producing masters for lithographic techniques. This means of developing 

images was called Electrophotography. 

 

Commercially available Electrophotographical systems essentially consist of the following 

components: 

 

• A drum of photoconducting material (PC Drum) 

• A charging device for the PC drum (Charging) 

• Optics for exposing the PC drum to light (Exposure & Development)) 

• Container for the toner particles 

• Means for charging the toner particles (Charging) 

• Means of transferring the image onto the print material (Transfer) 

• Means off fusing the toner onto the print material (Fusing / Fixing) 

 

3.2.1 The PC Drum and Optics 
The PC drum consists of a thin layer of photoconducting material coated on the outer surface of a 

grounded metal cylinder. The photoconducting material is generally an insulator, but turns into a 

conductor when exposed to a suitable wavelength of light. Most commercially available PC drums 

are more complex and might consist of multiple materials coated on top of the photoconducting 

materials.  
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The surface of the rotating PC drum is charged with the help of a corona device, contact 

charging, or induction charging in the absence of light. The property of the PC material to 

discharge in the absence of light is called dark discharge [3.4, 3.5]. The rate of dark discharge of 

the PC material dictates the minimum speed at which the printing needs to be carried out. 

 

In case of laser printing, the development of the image onto the PC drum is carried out with the 

help of a laser. The means for development of the image might vary in other types of electrostatic 

printing techniques. Most of the conventional laser printing systems use a laser and a polygon 

scanning mirror for generating the latent image on the surface of the PC drum. 

 

Based on the manner in which the printed image is generated with respect to the latent image on 

the PC drum, electrophotographic printing can be classified into two types:  

 

• Discharged Area Development 

• Charged Area Development 

 

3.2.1.1 Discharged Area Development 
The toner used for charged area development bears the same signed charge as that born by the 

charged region of the PC drum (refer Fig. 3.1). In this variant of electrophotography, the laser 

traces the final image directly onto the PC drum. This leads to the grounding of the regions that 

have been exposed to the laser. Since the toner bears the same charge as the charged regions 

of the PC drum, the toner particles are attracted to the grounded regions due to the voltage bias. 

This kind of development is also called “write black” as the laser is only tracing the “black” regions 

of the paper. 

 

3.2.1.2 Charged Area Development 
In machines based on discharged area development, the laser traces the negative of the final 

image onto the PC drum (refer Fig.3.2). The toner bears a charge opposite to that on the charged 

region of the PC drum, and is it attracted to the same. This kind of development technique is also 

called “write white” as the laser traces the “white” region of the paper. 

 

3.2.2 Toner  
The toner used in electrophotographic printers is functionally similar to “ink” used in other forms of 

printing technologies. Toner used for electrophotographic printing is primarily made of a 

thermoplastic material and is generally stored as a mixture inside a toner cartridge. Based on the 

composition of the mixture, electrophotographic printing can be divided into the following types:  
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• Dual Component Systems (Mixture of fine toner particles and larger carrier particles). 

• Monocomponent Systems (Mixture consists solely of toner particles).  

• Liquid Electrophotography (Colloidal dispersion of toner particles in a dielectric liquid). 

 

3.2.2.1 Dual Component System 
A dual component system based electrophotographic printer uses a mixture of toner and carrier 

particles in the toner cartridge chamber. The function of the carrier particles in a dual component 

system is to impart a charge on the surface of the toner particles due to imbalance in the fermi 

levels of the two materials (thus causing triboelectrification) and then transport the toner particles 

into the proximity of the photoreceptor. Triboelectrification causes the carrier particles to bear a 

charge of an opposite polarity as the toner particles. This causes the adhering of the toner 

particles to the carrier particles, thus facilitating in the transport of the toner particles to the PC 

drum (refer Fig.3.3). 

 

The size of the carrier particles varies from 70µm to 600µm [3.6, 3.7, 3.8, 3.9]. Based on the type 

of carrier particles and the overall structure of the toner cartridge, electrophotographic printing 

can further be divided into the following types. 

 

3.2.2.1.1 Cascade Development 
Cascade Development is illustrated in Fig.3.4. In systems based on cascade development, the 

toner cartridge contains a mixture of toner and carrier beads (also referred to as the development 

mixture), an agitator to mix the development mixture and a PC drum assembly. The carrier beads 

in a cascade development system do not necessarily have to be metallic or magnetic in nature.  

 

The action of the agitator facilitates the charging of the toner and carrier beads through 

triboelectrification. There are different methods utilized for transporting the development mixture 

to the PC drum. One of the methods for transporting the development mixture to the PC drum is 

shown in Fig.3.4. The development mixture is then simply dropped over the surface of the PC 

drum. The toner particles are attracted to the latent image on the PC drum and transferred onto it. 

In doing so, the toner particles overcome the force of adhesion between them and the carrier 

particle. There are three different theories that explain the separation of toner particles from the 

carrier particles [3.6]: 

 

• Field Stripping: According to this theory, toner particles are separated from the carrier 

particles due to the coulombic force acting on the toner particles due to the latent image. 
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• Powder Cloud: This theory states that the toner particles are released from the surface of the 

carrier particles due to the inertial forces generated due to the collision between carrier 

particles and carrier particle-PC drum collisions. 

• Equilibrium Theory: This theory states that toner particles are removed from the carrier 

particle until the point at which the coulombic force attracting the toner particles to the latent 

image equals the force of adhesion between the toner particle to the carrier particles. 

 

It has shown that when conventional cascade development is used for solid area development, 

the toner particles collect at the borders of the latent image on the PC drum. This phenomenon is 

observed due to the equipotential region formed in the latent image region during solid 

development. In the improved cascade development systems, an electrode is placed in close 

proximity of the PC drum, and the carrier beads roll down the electrode before coming in contact 

with the PC drum. This electrode helps in establishing a uniform electric field across the entire 

latent image region, hence facilitating solid area development. 

 

Even though an electrode helps in establishing an electric field that eventually assists solid area 

development, the gravity-assisted movement of the development mixture does not assure uniform 

distribution of the mixture across the length of the PC drum. 

 

3.2.2.1.2 Magnetic Brush Development 
Magnetic brush development systems utilize a development roller consisting of a non-moving 

magnetic core and a co-axial rotating sleeve to uniformly expose the development mixture across 

the length of the PC drum. A chain of carrier particles is formed around the circumference of the 

development roller (refer Fig. 3.5). This greatly helps to tackle the problems faced by solid area 

development faced in cascade development systems. 

 

In system based on Magnetic Brush Development, the carrier particles are made of magnetic 

materials such as ferrites, magnetite, and iron/steel powders that may or may not be coated with 

insulating material. The actual toner particles used for magnetic brush development do not 

necessarily have to be magnetic or conductive in nature [3.6, 3.9].  

 

Based on the conductivity of the development mixture, magnetic brush development systems can 

be further classified into two types 
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3.2.2.1.2.1 Insulative Magnetic Brush Development  
As the name suggests, the development mixture in the case of insulative magnetic brush 

development systems, is highly insulative in nature. The carrier beads are generally coated with 

an insulating material and are more or less spherical in shape.  

 

In case of the insulative magnetic brush development, there is very little electrical contact along 

the chains of carrier beads formed around the development roller. This is partially due to the 

spherical shape of the carrier beads and the packing of the toner around them [3.6, 3.7, 3.9]. 

 

The charging of the toner takes place due to the agitation of the development mixture. The 

separation of the toner particles from the carrier particles (forces of adhesion due to coulombic 

and Van der Waals Forces) takes place due to the electrical field being generated between the 

latent image and toner particles. Amongst the three theories suggested for the separation of toner 

from the carrier particles, it has been experimentally observed that magnetic brush development 

obeys the equilibrium theory [3.6]. 

 

3.2.2.1.2.2 Conductive Magnetic Brush Development 
Conductive Magnetic Brush Development differs from Insulative Magnetic Brush Development 

due to the electrically conductive contact between the chains of carrier particles formed around 

the magnetic developer roller. 

 

The carrier beads used for conductive magnetic brush development are made of sponge iron or 

other porous irregularly shaped magnetic materials. The irregular shape of the particles increases 

their surface area and hence improves their ability to charge the toner particles. These particles 

are either totally uninsulated or possess partial coating across their surface in order to enhance 

triboelectric charging [3.9]. 

 

The conductive nature of the development mix also helps in the dissipation of the charge on the 

surface of the carrier particle which is in immediate proximity of the photoreceptor. This 

dissipation of the charge takes place through the chains of conductive carriers formed during the 

development process. The removal of residual charge from the carrier helps to reduce the 

coulombic force of attraction between the toner particle and the carrier particles.  Based on the 

equilibrium theory, as charge on the carrier particles decreases, a greater number of toner 

particles will be released from a carrier particle [3.6].  
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3.2.2.2 Monocomponent Development 
As the name suggests, the monocomponent systems consist of development mixtures made of 

just the toner material. Similar to dual component systems, the monocomponent systems can be 

divided into: 

 

• Magnetic and non-magnetic conducting toner 

• Magnetic and non-magnetic insulating toner 

 

The monocomponent systems are charged by: 

 

• Induction Charging  

• Injection Charging  

• Contact or triboelectric charging 

• Corona Charging 

 

3.2.2.2.1 Induction Charging 
Induction charging is primarily used for the charging of conductive toner. The induction charging 

of conductive toner can be carried out in both magnetic and non-magnetic toner systems. It 

needs to be noted that a purely conductive toner is not suitable for electrophotography as the 

charge on the toner can leak into the surface of the PC drum thus destroying the latent image on 

the photoreceptor surface.  

 

In case of conductive magnetic toners, the development cylinder has a stationary magnetic core 

and a rotating, concentric metal sleeve [3.6]. The sleeve is connected to a high voltage power 

source through a suitable brush. The sleeve thus imparts charge to the conductive toner particles 

upon contact (refer Fig.3.6). In case of magnetic monocomponent toner, the toner also needs to 

overcome the force of magnetic attraction between the magnetic toner and the magnetic 

development roller in addition to a coulombic force of adhesion between the toner particle and the 

development roller surface. The force on a particle charged particle, with a charge q (measured in 

Coulombs), moving through a magnetic field B (Tesla) with a velocity v (measured in m/s)is given 

as: 

( )= ×mF q v B  

Literature on the use of charging of non-magnetic conductive toner by induction charging has not 

been found. Theoretically, it should not be difficult to impart a charge to the toner as well as to 

transport the toner particles uniformly to the surface of the PC drum by using a foam roller made 

of a conducting material. It may not be suitable to use a purely conducting material for building 
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the roller, as it might generate corona discharge that might distort the latent image on the PC 

drum (generally, insulating toner has a resistivity of the order 1011Ωcm). 

 
3.2.2.2.2 Injection Charging 
Injection charging is primarily used for charging both magnetic and non-magnetic insulative 

toners. The setup and construction of the toner cartridge for magnetic toner is similar to that used 

for the charging magnetic conductive toner through induction charging (refer fig.3.6). Toner 

charging takes place due to the injection of a charge from the metal roller into the highly insulative 

toner in the presence of an electric field [3.6, 3.7, 3.10, 3.11]. The exact relationship between the 

turbulence due to agitation of the toner and charge development on the surface of the toner has 

not been fully understood. The transfer of charge along the chain of the conductive toner particles 

leads to charging of conductive particles through induction. In case of insulative toner particles 

charged by injection, the charging of particles does require the actual contact of the particle with 

the roller hence it can be assumed that the turbulence directly contributes to the charging. 

 

3.2.2.2.3 Contact Charging 
Contact charging is based on triboelectrically charging magnetic as well as non-magnetic toner 

particles [3.6, 3.7, 3.11, 3.12, 3.13]. The structure of the toner cartridge for charging magnetic 

toner is similar to that seen for injection charging of magnetic toner. The only difference being that 

the development roller does not necessarily have to be connected to a high voltage power supply. 

Secondly, the sleeve of the development roller is coated with a suitable material to assist 

triboelectric charging of the toner material. This can be considered to be similar to the charging 

taking place in cascade development systems using two component systems. 

 

The construction of the toner cartridge for handling non-magnetic toner varies from that for the 

magnetic toner. The magnetic development roller is replaced by a foam pick up roller. The roller 

generally has a metallic core shaft surrounded with polyurethane foam loaded with carbon black. 

The polyurethane foam picks up the toner particles as it rotates, The roller then brings the toner 

particles into proximity of the PC drum, thus aiding a uniform transfer across the length of the PC 

drum. 

 

3.2.2.2.4 Corona Charging 
When a high voltage is applied to a very fine wire or an electrode with extremely sharp edges; an 

electric field with very high intensities is created in the immediate vicinity of the electrode. This 

electric field causes the ionization of the gas atoms and molecules. The polarity of the electrode 

would dictate the polarity of the ions being repelled by the electrode. Upon contact, these ions are 

capable of imparting a charge to other uncharged particles or surface. 
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Corona charging has regularly been used for charging of the PC drum as well as development 

mixtures in two component system. A corona-charging device is placed inside a toner cartridge in 

order to charge toner. This method can be used for charging both magnetic and non-magnetic 

toner.  

 

3.2.2.3 Liquid Electrophotography 
Liquid Electrophotography based systems use toner systems consisting of a colloidal suspension 

of toner particles in a dielectric liquid. The fine size of the toner particles used in liquid 

electrophotography and the predictable conditions of the dielectric medium are the primary 

advantages of these systems [3.6, 3.7, 3.9, 3.14, 3.15, 3.16, 3.17]. 

 

The suspended toner particles are attracted to the latent image due to electrophoretic forces 

exerted upon them due to the electric field created by the latent image. The liquid medium used 

for liquid electrophotography is generally of a volatile nature so as to permit the immediate 

evaporation of the solution upon the completion of a printing operation. 

 

This technology was developed in the 1950s, but was not widely accepted for office or home 

applications. There has been a resurgence in the development of liquid electrophotography 

based industrial laser printers for very high speed, high resolution printing applications.  

 

3.2.3. Fusing & Fixing Cycles 
The fusing / fixing cycles used for electrophotography consist of heating and fusing the toner 

particles being printed onto the surface of the paper onto which they had been transferred. The 

fusing is carried out by radiant heating or contact heating.  

 

Conventionally, contact heating based fusing is carried out by passing the sheet with unfused 

toner particles through a pair of heated rollers. These rollers are generally compressed close to 

each other. During fusing through contact heating, the toner particles are compressed while being 

fused to assure the fusing and sticking of the particles onto the sheet of paper.  

 

3.2.4 Color Electrophotography 
Color electrophotography based printers are becoming increasingly popular in the color printing 

industry. These systems use the same principles as those used for monochrome 

electrophotography systems to print in multiple colors. Color electrophotography systems use a 

battery of three to four toner cartridges, each containing a different colored toner.  
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The toner systems used for color electrophotography are either dual component magnetic brush 

development systems or non-magnetic single component systems. The toner cartridges can be 

classified into two distinct types. 

 

3.2.4.1 Systems utilizing a single PC drum 
The toner cartridges in these systems are positioned around the PC Drum or PC Belt [3.6, 3.7, 

3.8, 3.9]. The printing of each of the toner cartridges is initiated by mechanically bringing the toner 

cartridge closer to the drum (refer Fig.3.7). Generally, the toner from each of the toner cartridges 

is first transferred onto the surface of the PC drum. This is done through separate rotations of the 

PC drum. Once all the toner is transferred on the PC drum, the complete colored image is 

transferred onto the paper with the help of a transfer drum or transfer belt. The systems utilizing 

this technique suffered due to the toner particles covering the surface of the PC drum and 

preventing the light from reaching the PC drum (hence black was the last color printed in the 

sequence).  

 

An alternative to this system was the use of a large transfer drum, capable of wrapping a 

standard sheet of paper around its circumference. The color from each toner cartridge passed 

onto the PC drum was first transferred to the paper before the PC drum could be reprocessed for 

accepting another colored toner. This assured the efficient generation of the latent image on the 

PC Drum.  

 

It needs to be noted here that, though a cost efficient means was being implemented for multiple 

color electrophotography, these systems put a limitation on the size of paper sheet which could 

be handled as well as the time required to generate a single copy.  

 

3.2.4.2 Multiple PC Drum systems 
This type of system, though more expensive than those described in the previous section, is more 

efficient in terms of the print speed, quality of the print and the size of paper that can be handled. 

Systems of this type (refer Fig.3.8) consist of multiple toner cartridges, each with its own optics, 

PC drum and transfer drum, positioned along the path of a sheet of paper [3.6, 3.7,3.8, 3.9, 3.18]. 

 

Toner from each of the colored cartridges is transferred onto the paper as it traverses the path of 

the system. The latent image for each color is generated on their individual PC drums and 

transferred onto the sheet of paper using separate transfer drums.  

 

These types of systems are generally faster than those utilizing a single PC drum, although they 

have a higher hardware cost due to the repetition of the individual hardware components. 
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3.3 Figures                     
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Fig.3.8
Multiple PC Drum based Multi-color Electrophotographic Printing system

Toner Cartridges

Laser

PC Drum

Transfer Drum

Fuser Assembly

Transfer Belt



 40

3.4 References 
3.1 Moore A D, “Electrostatics and its applications”, John Wiley & Sons, 1973 

3.2 Feynman R P et al, “The Feynman lectures on physics”, Addison-Wesley Pub. Co., 1964 

3.3 Carlson C, “ Electrophotography “,US Patent # 2297691, 1942 

3.4 Borsenberger P M, “Organic Photoreceptors for Imaging Systems”, Marcel Dekker Inc. , 

1993 

3.5 Borsenberger P M, “Organic Photoreceptors for Xerography”, Marcel Dekker Inc., 1998 

3.6 Schien L B, ”Electrophotography and Development Physics”, Springer-Verlag, 1992 

3.7 Scharfe M, “Electrophotography Principles and Optimization”, Research Studies Press 

Ltd., 1984 

3.8 Schaffert R M, “Electrophotography”, The Focal Press, 1971 

3.9 Cooper J C, “An Introduction to Dry Toner Technology”, John F. Cooper, 1992 

3.10 Nelson K C,” Electrophotographic Development Process”, US Patent # 4,121,931, 1978 

3.11 Takahashi T, et al, “Mechanism of Canon Toner Projection Development”, Photographic 

Science and Engineering, Vol.26(5), pp254-261, 1982 

3.12 Aldrich C S, et al, “ Toner Metering Apparatus”, US Patent # 5,012,289, 1991 

3.13 Nakumara S, et al, “Charging Device”, US Patent # 4,851,960, 1989 

3.14 Jones T B, “Electromechanics of Particles”,Cambridge University Press, 1995 

3.15 Detig R H, et al, “Use of a liquid electrophotographic toner with an overcoated permanent 

master in electrostatic transfer”, US Patent # 5,011,758, 1991 

3.16 Bujese D P, “Method of high resolution of electrostatic transfer of a high density image to 

a non-porous and nonabsorbent conductive substrate”, US Patent # 4,786,576, 1988 

3.17 Lampman R, “The next big Printing Technology”, 

http://www.hpl.hp.com/about/presentations/reinventingIT/video.html, Hewlett Packard  

Labs 

3.18 Tsuruya S, Suzuki J, “Image Forming Apparatus”, US Patent # 6,449,451 B2,  

 

 

 



 41

Chapter 4 
Three Dimensional Electrostatic Printing 
 
Layered Manufacturing / Rapid Prototyping is based on forming a part of desired 3D geometry by 

bonding parallel cross sectional laminas of the part. The processes discussed in this section 

directly use electrophotography or electrostatics to generate the laminas in order to form a 3D 

part. The various stages of these processes are generalized as:  

• Cleaning and charging of the photoconducting (charge bearing) surface 

• Transfer of toner onto the photoconducting surface 

• Fusing / Fixing of toner in the printed lamina 

• Pressing tacky lamina onto previously printed layers  

 

4.1. Automated Manufacturing Using Thin Sections - David Bynum 
      Date of US Patent Application :  Oct 16, 1989 
      Date of Issue of US Patent : Feb 11, 1992 
 
David Bynum’s patent is the first documented work on the application of electrophotography for 

“printing” parts through Layered Manufacturing. In his patent [4.1] titled “Automated 

Manufacturing Using Thin Sections”, Bynum describes four embodiments for manufacturing parts 

through layered manufacturing. It is only the first embodiment which addresses a layered 

manufacturing technology based on electrophotography. 

 

Fig 4.1 describes the first embodiment described by Bynum. The heart of this system, like any 

other system based on electrophotography, is the laser engine and an array of toner 

containers/cartridges. The toner containers are arranged radially along a metal drum coated with 

a suitable photoconducting material (e.g. zinc oxide, amorphous selenium) called the 

Photoconductor Drum (PC Drum). Prior to the printing of a layer, the PC drum is cleaned using 

brush and vacuum in order to remove the debris from previous prints. Residual charges on the 

PC drum are removed using a discharge lamp. A corona device imparts a uniform charge to the 

surface of the PC Drum. The charged drum is selectively discharged using a laser. The charged 

toner particles from the different toner containers are transferred to the PC drum.  

 

The toner from the PC drum is then transferred to a non-stick flexible belt. The patent describes 

this belt to be made of either polymer or metal coated with a material that is thermally stable and 

does not form a mechanical bond with the toner material. Such a material could be Teflon brand 

Fluroethylenepropylene, Polytetrafluroethylene by E.I.duPont deNemours & Co.  
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A support is essential to support the overhangs generated while sequentially printing a freeform 

geometry. Bynum has suggested supporting such geometries by simultaneously printing support 

regions in the printed laminas. The support toner is made of a material that either has a lower 

melting point than the rest of the built materials or is soluble in a solvent which has no effect on 

the remaining built materials. 

 

It needs to be noted that this process is capable of handling a plurality of materials that might 

have different melting points. These different materials are first transferred from the PC drum to 

the non-stick belt before the lamina consisting of multiple materials is transferred to the next 

stage of this process - the fusing/fixing station. 

 

Bynum has described a unique technique for fusing a lamina consisting of multiple materials 

(refer Fig 4.2). A conventional fusing system used in laser printers uses conduction for heating 

the printed toner. This would not be suitable in the case of multi-materials due to the varying 

melting point. Bynum has suggested the use of induction heating for this purpose. Different 

proportions of metal are mixed with the toner particles. The toner materials that have a higher 

melting point will have a higher amount of metal flakes dispersed in the resin. The fusing system 

utilizes induction heating in order to heat the metal flakes that heat the toner particles based upon 

the amount metal flakes present in them. Bynum’s patent has not given any experimental details 

on the deviation in the proportion of metal flakes transferred from the toner container onto the belt 

using electrophotography. Bynum has also suggested fusing through external heating and solvent 

vapor as an alternative to induction heating.  

 

The suggestion for the introduction of multiple metal flakes was for facilitating the manufacture of 

parts with functional materials gradient. It needs to be noted that metal flakes could defeat this 

purpose, as the flakes would vary the inherent material properties of the polymer in its pure state 

(example, dielectric constant). 

 

The fusing station heats the constituent materials of a lamina until they are tacky. The belt then 

moves the lamina to the pressing station. The pressing station consists of a back up plate, and a 

solenoid operated Z-axis table (Refer Fig 4.1). The backup plate and the z-axis table sandwich 

the non-stick belt. The backup plate is located on the inner surface of the non-stick belt, whereas 

the z-axis table is located on the outer surface of the belt (the lamina is printed onto the outer 

layer). Once the lamina is registered over the previously printed layer on the z-axis table, the 

solenoid under the z-axis table is activated. This fuses the tacky layer onto the previously printed 

layer. The force provided by the solenoid helps to remove any kind of deviations in the thickness 
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of the lamina. After the layer has sufficiently cooled, the solenoid retracts the z-axis table to its 

original position to release the newly fused lamina from the belt.  

 

Continuous cleaning of the debris from the belt is carried out with the help of a mechanical 

cleaning device as well as a corona discharge device. These cleaning devices are located 

anywhere between the pressing station and the laser engine assembly. Once the region has 

been cleaned, it is ready for the transfer of a new lamina from the PC drum and toner containers. 

It needs to be noted that, this is a continuous process, hence there can be multiple number of 

layers printed on the non-stick stick belt. 

 

4.2. System Method & Process for Fabrication of 3 Dimensional Objects by Static  
       Electrostatic Imaging & Lamination Device- Steven M. Penn 
       Date of US Patent Application :  Nov  9, 1994 
       Date of Issue of US Patent : Jan 14, 1997 
 
In his patent, Steven Penn has described [4.2] five embodiments for a 3D electrostatic printer. 

The embodiments include but are not limited to electrophotography as a means of transfer of built 

material.  

 

The first embodiment of Steven Penn’s patent is illustrated in Fig 4.3. The process essentially 

requires a minimum of two materials in order to manufacture freeform geometry. The sectional 

CAD data is converted into 2D laminas of uniform section by the use of a charge applicator and 

toner applicator device for the part material, and a minimum of another set of charger and toner 

applicator device for the support material. The support material is chosen such that the built 

material is insoluble in a solvent of the support material.  

 

The charge applicators selectively apply a charge on the surface of sheets of transfer material, 

which are glued onto the continuous support belt. Non-photoreceptive materials such as 

transparency material and mylar have been suggested for use as transfer material. This suggests 

the charge applicator could be an ion beam rather than a light source, as is generally used for 

laser printing. It is up to the reader to speculate if the build and support material are transferred to 

the same sheet of transfer material in a single pass.  

 

The lamina of unfused part and support powder pass over a heating apparatus. The temperature 

on the heating apparatus is supposed to be set such that, both the part and support materials are 

heated to a “sticky state”. A moving base capable of linear motion along the z-axis is used as a 

base for building the part. The “sticky” lamina is then positioned perfectly over the moving base 
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such that there is a registration between a previously printed layers and the layer on the transfer 

material.  

 

The moving base is raised such that the “sticky lamina” is sandwiched between the previously 

printed layer on the moving base and a cooled backup plate. The cooled back upplate assists the 

transfer of build and support material from the transfer material onto the built part.  

 

The cooled back up plate is part of a cooling apparatus used to cool the “sticky” lamina, the 

support belt, and the transfer material. Additional cooling apparatuses, toner applicators and 

charge applicators might be used in the event that more than two materials are used for building 

the part. The movable base is provided with linear x-traverse in cases where an additional cooling 

/ heating apparatus are needed. 

 

Transfer of laminas with a functional gradient of materials may not be possible in a single pass 

using this process. This hindrance occurs due to overlap of cross sectional regions in the case of 

functionally graded parts. This could be overcome using separate passes for every different 

material. 

 

The first embodiment suggested by Penn does not give any details on the cleanup of the residues 

from the transfer material sheets, nor does it give any specifics of the charge applicator apparatus 

being used.  

 

The second embodiment of Penn’s patent is illustrated in Fig 4.4. Similar to the first embodiment, 

this one also requires a minimum of two materials. The distinguishing factor between the two is 

the use of a continuous flexible belt that can directly be selectively charged using the charge 

applicators. The second embodiment also seems to be devoid of the cooling apparatus being 

used in the previous embodiment.  

 

This process begins with selective charge application and toner application to the flexible belt in a 

fashion similar to that described in the previous embodiment. The unfused lamina of part and 

support material are transported and registered above the movable base / z-axis table. Unlike the 

previous embodiment, the lamina is not heated prior to its arrival above the z-axis table. A heater 

apparatus is integrated into the backup plate. Upon correct registration, the movable plate 

sandwiches the unfused lamina between the backup plate and the itself, thus heating the lamina 

to a sticky state, and hence facilitating the easy transfer of the heated lamina onto the previously 

built part.  
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Additional charge applicators, toner applicators and heating assemblies can be integrated into the 

setup in order to accommodate additional materials. The addition of a heating apparatus would 

lead to a further addition to a linear X-traverse to the moving base. 

 

After the lamina is transferred onto the built part, the flexible belt is checked for residual toner 

sticking to the belt. The process begins by first fusing any residual toner sticking to the flexible 

belt using a heating apparatus. The belt is then optically scanned to detect the exact position of 

the residue. The detected residue is removed using a toner residue reclaimer. After the residual 

toner is reclaimed, a charge removal device is used to remove any residual charge from the 

surface of the flexible belt. This process is continuously repeated in order to generate the part. 

 

The third embodiment suggested by Penn has only two minor differences from the second 

embodiment. In the third embodiment, Penn suggests the use of a heated roller instead of a 

heating apparatus to fuse the residual toner onto the flexible belt. The support roller might also be 

equipped with a heater in order to preheat the flexible belt in order to facilitate the printing of two 

different materials. 

 

The fourth embodiment of the 3D electrostatic imager is represented in Fig. 4.5. The charge 

applicator and the toner applicator have been mounted on an X-Y gantry. The figure suggests 

that the charge applicator directly charges the previously deposited lamina instead of a flexible 

belt or a transfer material. The description of the invention does not throw any light on how the 

charges on the surface of a previously fused lamina are controlled. It has also been assumed that 

the movement of the X-Y gantry is fast enough to prevent the dissipation of charges prior to the 

application of toner. No details have been provided for the suggested means of fusing of the 

laminas onto the previously built part. 

 

The fifth embodiment of Penn’s patent is illustrated in Fig 4.6. The fifth embodiment, like all 

previous embodiments, requires a minimum of two materials for generating freeform geometry. 

Similar to the first three embodiments, the fifth embodiment also suggests the use of a continuous 

belt for toner transfer. The latent image of the lamina is transferred onto this belt using a charge 

applicator or an optical. The use of an optical unit suggests the photoreceptive nature of the 

continuous belt. The belt is then passed under a set of toner units. It needs to be specifically 

noted that each of the materials that compose any given lamina are individually transferred onto 

the belt through separate passes. These individual portions of a lamina can be referred to as sub-

laminas. 
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A heated drum sits between the belt and the moving base onto which the part is constructed. The 

sub-laminas are sequentially transferred from the continuous belt onto the drum with the help of 

electrostatic forces produced due to the charging of the drum. The heated drum helps to bring the 

sub-lamina to a “sticky state” before it is transferred onto the movable base.  

 

4.3. Solid Freeform Fabrication Using Powder Deposition (Freeform Powder Molding)  
       - Ashok Kumar 
      Date of US Patent Application :  Dec 11, 1998 
      Date of Issue of US Patent : May 23, 2000 
 

Ashok Kumar describes a process called “Freeform Powder Deposition” and has suggested two 

embodiments in his patent [4.3] for the construction of a  “Electrophotographic Powder Deposition 

Apparatus”. These embodiments; similar to the previously described methodologies; require the 

controlled deposition of a minimum of a part and support material. 

 

The first embodiment utilizes a continuous belt, made of a conducting material coated with a 

photoreceptive/photoconducting material on the outer side. Fig 4.7 describes this embodiment. 

The belt is first charged using a corona charging device. This establishes a uniform charge on the 

surface of the belt that passes under the corona charging device. The latent image of the region 

representing a single material is transferred onto the belt using an image projector. This region 

can be referred to as a sub lamina. It needs to be noted that either the image of the sub lamina or 

the negative of the sub lamina might be projected onto the photoreceptor belt, based on a charge 

area development or discharged area development process. 

 

The belt is cleaned prior to charging it with a corona device. The cleaning operation involves the 

removal of residual charges by exposing the belt to a powerful light source of a suitable 

wavelength. The residual toner materials on the belt are removed from the belt by physically 

cleaning them. 

 

Once a suitable image has been transferred onto the belt, the belt is passed under a set of toner 

containers. Only one of the toner containers is engaged for toner transfer onto the belt for a given 

sub-lamina. The build platform is simultaneously processed to receive the loose toner from the 

belt onto the previously built part.  

 

An electrostatic charge is required on the previously built part to permit the transfer of a sub 

lamina onto the built part. Kumar suggests connecting the built part to a voltage source in cases 

where all the build and support materials are conducting in nature.  
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Since the printing of conducting materials is not easily achievable, Kumar also suggests charging 

the top surface of the built part using a corona device. For achieving this, the entire build platform 

assembly is slightly lowered along the z-axis and translated as shown in Fig 4.7, such that the 

built part passes perfectly under a corona device which charges the top surface of the built part. 

The platform is then translated back to the original position, and the z-axis is raised in order to 

assist the transfer of toner from the belt onto the previously printed part. The built platform is 

again translated such that the entire unfused lamina is passed under a source of heat (e.g. 

heated roller) that fuses it to the built part. The build platform is lowered to accommodate the new 

layer and then brought back under the belt. This is followed by the cleaning of residual charges 

and toner from the belt. 

 

It needs to be noted that most non-conducting toners have charge control agents which regulate 

the sign of the charge taken up by the toner particles. The uniformity of the charge density over 

the surface of the previously built part needs to be studied when multiple materials (support, build 

and additional materials) are used to build parts.  

 

The second embodiment of Kumar’s work involves a belt-less process (refer Fig 4.8). This device 

consists of two powder delivery devices (toner containers) for both the support and build 

materials. These devices seem to mimic the toner cartridges found in traditional laser printers. 

The powder delivery device consists of a chamber for the powder, a photoconductor drum and a 

corona-charging device to charge the photoconductor drum. Two separate image projectors are 

utilized to transfer the sub-lamina image onto the photoconductor drum.  

 

The system engages only one of the powder delivery devices at any given time. The build 

platform is positioned below the powder delivery device and translates both along the X and Z 

axis as shown in the Fig 4.8. The motion of the build platform along the X-axis permits the 

transfer of the toner from the drum onto the X-Y plane of the build platform.  

 

Similar to the first embodiment, the transfer of the toner is assisted by the use of a voltage source 

in case of conducting toners and the use of surface charging of the built part using a corona 

device. The transferred lamina is then fused by translating the built platform under a heated roller 

that both melts and presses the new lamina onto the built part. The built platform is then lowered 

to accommodate for the newly transferred layer.  
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Kumar has also suggested the use of post-processing techniques in order to induce higher 

density, strength and toughness by compacting or sintering the part. A shrinkage compensation 

factor would be required to account for the deformities associated with such post processing. 

 

In a very recent publication [4.4], Kumar describes the development of an experimental platform 

based on the second embodiment. A Cannon laser printer with an All-In-One cartridge has been 

used for the development of the system. The voltage applied to the build table for the transfer of 

toner particles from the PC drum to the top layer of the built part has been studied with respect to 

the thickness of the built part. The system has been built for the use of non-conducting toner as 

build material. Radiant heating has been used for making the toner tacky prior to the pressing 

operation. Details on the accuracy of the parts produced through this process have not been 

made available. 

 

4.4. Layered Manufacturing Using Electrostatic Imaging & Lamination  - Juan Hai Liu; Bor  
      Zeng Jang 
      Date of US Patent Application :  Jan 17, 192001 
      Date of Issue of US Patent : April 23, 2002 
 
In all the previously studied literature, [4.1, 4.2, 4.3, 4.4] the systems have essentially consisted of 

at least two different toner materials - the built material and the sacrificial support material. The 

“Full Area Sintering Technique” (F.A.S.T.) suggested by Juan Hai Liu et al [4.5] does not 

necessarily require the building of both the part and the support material using a toner.  

 

Liu et al have suggested two embodiments for this process. The first embodiment of the process 

is illustrated in Fig 4.9. The machine set up consists of a continuous belt made of a conducting 

material whose outer side is coated with a suitable photoconducting material. The belt is driven 

by four drive rollers as shown in the figure. The residual charges on the belt are first removed 

using a UV lamp followed by a mechanical operation to remove any residual toner from the belt. 

The belt is then passed under a corona charging device to charge the surface of the belt. 

 

An image projector, projects the image of the lamina onto the surface of the belt. The toner 

delivery device transfers toner onto the exposed region of the belt to form a lamina of loose 

powder. The toner in the lamina is brought to a tacky state by a heating source or exposed to UV 

if it consists of photocurable polymer depending on the choice of toner material. This 

electrophotographically printed toner is only used as a binder material in this process. 
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The build platform consists of a z-axis platform with walls on all sides but the top. A perforated 

roller containing the body building material in a powdered form is used as a powder dispensing 

means to deposit a uniform layer of powder on top of the previously built part (refer fig. 4.9). The 

body building material forms the main constituent material of a part. This powder might also be 

charged to a polarity opposite to that of the toner powder.  

 

The printed lamina is brought to a position such that it perfectly registers above the previously 

deposited lamina on the built part. The Z-axis on the build platform is raised so the primary body 

building material deposited on top of the built part comes in close contact with the tacky binder. 

Thus the build material in the image area is bound together. This process is repeated after the 

belt has been cleaned. 

 

In the second embodiment of the process, Liu et al [4.5] have suggested a very unique alternative 

to the photoconducting belt. This system is similar to the previously described embodiment 

except that it uses a plate like charging device. The device consists of a two dimensional array of 

electrodes / cells covering its entire area which behave like micro capacitors. Each of these cells 

can be individually addressed and can be charged by applying a suitable voltage. A suitable set 

of cells are turned on in a manner such that the image of the lamina is perfectly replicated. 

 

The plate is capable of translating between the Z build platform and a bed of positively charged 

toner which also acts as a binder. Similar to build platform, the bed of toner is also capable of 

moving in the Z-direction. 

 

The process begins with the plate being cleaned by a cleaning device. The plate is brought 

exactly above the bed of toner, and the necessary cells on the plate are activated based on the 

geometry of the lamina. The bed is raised to the point where the toner particles are capable of 

jumping from the bed onto the charged regions of the plate.  

 

During this time the surface of the built part on the Z-platform is coated with the body building 

material. A suitable charge is applied to the body building material while its being deposited. The 

plate then translates to a position exactly above the build platform. While the plate translates to 

the build platform, the lamina is consolidated using either a UV source or a heating device to get 

the binder particles to a tacky state. Once the plate is perfectly registered over the built part, the 

Z-axis in the build platform is raised so that the binder transfers onto the loose body building 

material. This results in the region of the body building material in the lamina being held together. 

The plate is then cleaned and traverses back to the bed of binder. This process is repeated in 

order to build the entire part. 
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The FAST process described by Liu et al is thus not critically dependent on the type of body 

building material used. Liu has described three different types of body building material (refer Fig 

4.11).  

 

The first type of body building material consists of purely the body building material. The body 

building powder is bound purely due to the binder present in the lamina. The second type of body 

building material consists of primary body building material coated with toner binder. The coating 

of the binder on the body building material further helps to electively bind the body building 

material to the lamina of binder. The third type of body building material consists of the primary 

material along with a dispersion of the binder. This works similar to the second type of the body 

building material. 

 

Though the process is extremely capable of handling a wide variety and shapes of body building 

materials (e.g. woven fibers, metals, ceramics, thermo-plastic materials), its not capable of 

depositing a functional gradient of materials across a given layer. The variation in the composition 

of the primary build material can only be achieved across different layers. 

 

4.5. Conclusion 
Though patents have been granted for each of the processes and their embodiments discussed 

in the previous sections, very little experimental data is available on the capabilities and process 

parameters of any of the above mentioned processes has been found. 
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4.6. Figures 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.2 Fusing / Fixing Station as suggested by David Bynum 
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Fig 4.3 Steven Penn’s 3D Electrostatic Imager: Embodiment # 1   
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1. Support
3. Toner Applicator
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Fig.4.4
Steven Penn’s 3D Electrostatic Imager: Embodiment # 2
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Fig 4.5 Steven Penn’s “3D Electrostatic Imager”
Embodiment # 4
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Fig 4.6 Steve Penn’s “3D Electrostatic Imager” : Embodiment # 5
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1. Image Projector
3. Fusion / Compaction Means
5. Translation Means
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Fig.4.7
Ashok Kumar’s “Electrophotographic Powder Deposition Apparatus” :

Embodiment # 1
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Fig 4.10 Jaun Hai Liu’s “Full Area Sintering
Technique” Embodiment # 2
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Fig 4.11 Three basic types of Primary Body Building Powders in Full Area
Sintering Technique
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Chapter 5 
Proposed System 
 
In recent years, rapid prototyping technologists have been battling to develop systems which are 

cheap and systems which are capable of producing functionally graded materials (FGMs). 

Unfortunately, most of these efforts have been concentrated on developing a system which is 

either cheap or an expensive system capable of handling FGMs. 

 

The proposed system is an attempt to develop a cheap layered manufacturing technology that is 

capable of manufacturing parts in both multiple materials and colors. 

 

As shown in Fig.5.2 the proposed system can be broken down into the following components  

• Battery of laser engines & toner cartridges 

• Transfer belt 

• Transmission 

• Fusing station with an integrated Z-axis build table 

• Belt Cleaner 

 

5.1. Laser Engines & Toner Cartridges 
A minimum of two toner cartridges, one for the build material and another for the sacrificial 

support material, such as thermoplastic polyvinyl alcohol, would be essential to create a truly 

freeform part. Additional toner cartridges containing different materials based on the requirement 

can be added to battery of toner cartridges and laser engines. 

 

A conventional laser engine generally consists of a laser diode of a suitable wavelength, a 

polygon scanner mounted on a motor, an f - θ lens, and a photodetector. The difficulties 

encountered in developing this kind of a laser engine are discussed in the next chapter. An 

alternative laser engine consists of an array of Vertical Cavity Surface Emitting Lasers (VCSEL) 

[5.1]. Xerox’s Palo Alto Research Center has developed a high density VCSEL array with a 6µm 

density (refer Fig 5.1). Such VCSEL arrays may be positioned on top of the OPC drum in the 

toner cartridge. This would result in simpler control of the laser, and substantial size reduction of 

the laser engine. The implementation of a VCSEL based Laser engine could also mean a quieter 

laser engine with no moving parts 
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5.2. Transfer Belt 
Unlike commercial laser printers, the toner transferred onto each of the PC drums is transferred 

onto a continuous transfer belt as shown in the figure in separate passes. It is preferred that the 

outer surface of the transfer belt be coated with a non-stick, thermally stable material such as 

(poly)tetrafluroethylene (PTFE), polyfluroalkoxy (PFA), or silicone. It is also expected that entire 

belt be thermally stable. 

 

The printing of a lamina begins with the toner cartridge and laser engine assembly closest to the 

fixing/fusing station and sequentially moving towards the one which is farthest. This minimizes the 

chances of any residual charges on the transfer belt affecting the transfer of the toner onto the 

transfer belt. 

 

The system under development uses a 64 inch long belt of glass fiber reinforced Teflon with 8 

inch width. The belt also has a thickness of 0.004 inches, which is almost twice as thick as the 

conventionally used paper for laser printing.  

 

5.3. Transmission 
The transfer belt can be driven by a set of either four drive rollers or two drive rollers and two 

freely rotating support rollers (Refer Fig.5.2). Rollers can be powered with a single servomotor, or 

separate motors could be used for individually driving each one of them. Using separate motors 

to drive each of the rollers might help in the later development of a slip adjustment mechanism.  

 

Systems making use of only two drive rollers could be constructed using the first set of rollers and 

the drive rollers from the fuser assembly (these need to be isolated from the rest of the printer 

and driven by a separate motor). The driver rollers from the fuser assembly would need to be 

displaced to a position past the pressing station.  

 

5.4. Fixing Station 
The fixing/fusing station consists of a Z-axis build table integrated into a fusing system. The 

actual fusing cycle consists of two separate operations that can either be carried out separately or 

simultaneously. The first operation is the actual fusing operation where the printed lamina of 

loose powder is heated to a temperature where the powder becomes “tacky”. The second 

operation involves the pressing of the partially built part onto the “tacky” lamina on the transfer 

belt with the purpose of transferring the tacky lamina onto the previously built part. 

 

The fusing station also has a set of solenoid actuators based belt holders to hold down the 

transfer belt until the entire fusing cycle is completed (refer Fig.5.2). This would help to hold the 
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sheet in position as well as prevent any slipping when the Z-axis build table is being withdrawn 

after the fusing cycle is complete. The fusing zone of the transfer belt can be referred to as the 

region of the transfer belt that lies in the fusing station.  

 

The fusing can be carried out with the use of three possible techniques: 

 

• A hot plate placed below the transfer belt as shown in fig 5.2. The hot plate also acts like the 

back up plate in order to support the pressing operation. Though the hot plate is a very 

simple technique for carrying out a fusing operation, a substantial temperature gradient 

across the surface of the hot plate was observed during experimentation. Secondly, the 

amount of time required for the hot plate to heat or cool are relatively high. This might prove 

to be an impediment for not only the manufacture of FGM parts but also for the manufacture 

of parts in a single material. It needs to be noted that such kind of a contact heating 

technique would also be required to overcome the low thermal conductivity of the transfer 

belt.  

• Flash fusing or radiant energy based fusing could also be applied for the fusing of laminas. A 

radiant fusing system would bring about a slight change in the configuration of the machine. 

A back up plate would be placed below the transfer belt in the fusing zone. A retractable 

radiant heater would be located above the fusing zone of the transfer belt. The radiant heater 

would be moved such that upon retracting, it would lie out of the path of the traversing Z-axis 

build table. The flash fusing techniques has the advantage of directly heating the surface of 

the toner particles that would directly fuse with the partially built part. This technique might 

minimize the amount of toner that fuses to the transfer belt. Though this seems like a good 

alternative to a hot plate based contact charging, the efficiency of controlling the fusing of 

different types of toner particles by radiation would need to be closely studied. 

• The third type of fusing technique also uses conduction but utilizes an array of induction 

heating coils instead of the conventional heating coils (hot plates). The induction heating 

coils have been used in color laser printers and are known for their rapid warm up and 

cooling time [5.2]. The ability of induction heating coils to heat and cool down rapidly make 

them a very suitable candidate for manufacturing parts using multiple materials. The array of 

induction coils would also help in locally regulating the temperature of smaller regions across 

the surface of the entire lamina. 

 

The Z-axis build table, which makes up the pressing station, is shown in figure 5.2. The build 

table is mounted on a precision linear slide capable of moving with minimum increments of 2µm. 

Previous work on electrostatic printing based layered manufacturing have stressed the use of 

either pneumatics or solenoid based actuators for the Z-axis build table. The deformation of the 
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tacky lamina during the pressing cycle might lead to substantial deviation in the part accuracy 

along the Z-axis. The use of the suggested precision linear slide might help counter such 

variations. 

 

5.5. Transfer Belt Cleaner 
It has been observed that the electrostatic printing processes can leave behind residual toner on 

the transfer belt after the completion of the fusing cycle. A mechanical cleaning apparatus such 

as a brush or a wiper blade could be used to remove residual toner from the surface of the 

transfer belt. 

 

The build up of residual charges on the transfer belt coated with Teflon upon repeated exposure 

to print cycles has also been observed. These residual charges greatly hamper the image 

transfer onto the surface of the transfer belt. A charge neutralizing method to eliminate the charge 

induced on the transfer belt needs to be studied. Corona charging could be used for the 

neutralization of the residual charges. 

 

5.6. Preventing Delamination of Parts 
Delamination of laminas is a commonly observed phenomenon in Rapid Prototyping technology 

[5.3]. Delamination of the laminas due to intra-laminar as well as inter-laminar thermal gradients 

has also been observed in case of electrophotography based layered manufacturing (refer Fig 

5.3). Two techniques have been used in the layered manufacturing industry for countering 

delamination.  

 

• Hollowing large cross-sections and decreasing the surface area of the region which is 

actually being fused 

• Carrying out the entire process in a temperature controlled environment. 

 

Either one of these techniques or a combination of the two could be used for countering the 

problem of delamination between layers. 

 

5.7. Conclusion 
The proposed system described in this chapter is based on the concept conceived for the system 

prior to the execution of any major experiments. The next chapter describes the various 

experiments conducted to evaluate the feasibility of the proposed system. 
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5.8. Figures 
 

 
 
 
 
 
 
 

Fig 5.1
High Density Vertical Cavity Surface Emitting Laser 

Source: http://www.parc.com/groups/eml/projects/lasers/ 
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 Fig 5.3
Delamination observed in toner based layer 

manufactured part 
Courtesy: Pradeep Mahadevan 
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Chapter 6 
Testing & Results 
 

The direct application of a commercially available electrophotography system for the purpose of 

generating 2D laminas seemed to be the most feasible alternative at the beginning of these 

experiments. Commercial laser printers generally process the paper in two different fashions. 

 

• Path of the paper during laser printing can be described as a “U”. 

• Path of the paper is almost along a straight line 

 

The latter type of laser printers would form a suitable alternative for the proposed system that 

utilizes a continuous glass fiber reinforced Teflon belt (Transfer belt). The HP Laserjet 2100 

laser printer was selected for constructing elements of the proposed system due to the nature of 

the paper trajectory in this system. 

 

6.1. The HP Laserjet 2100 
 
As explained earlier, the HP Laserjet 2100 was selected for its ability to feed paper linearly from 

the front of the machine through a rear exit. The Laserjet 2100 is capable of printing at a 

maximum speed of 10 pages per minute at 1200 x 1200 dpi resolution [6.1]. 

 

For the sake of simplicity, this system can be broken down into the following components 

 

• Registration Shutters 

• Transmission and drives 

• Toner Cartridge 

• Laser Engine 

• Fuser Assembly 

• Main PCB & Power Supplies  

 

6.1.1. Registration Shutters 
Registration shutters are simple photointerruptor based devices [6.2, 6.3] used in the laser printer 

for registering the presence of a sheet of paper. They consist of infrared (IR) based 

photointerruptors with an IR diode on one end and a phototransistor on the other. A black shutter 

is used to close the path of light between the phototransistor and the IR diode. The 

phototransistor is connected as shown in the Fig.6.1. The anode of the IR diode and the collector 
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on the phototransistor are connected to a 3.525 VDC power supply. The cathode on the IR diode 

and the emitter on the phototransistor are connected to the common ground. 

 

Via measurements, it was observed that: 

• The collector measured 3.525 VDC with respect to the common ground when light from the 

photodiode was obstructed from reaching the phototransistor by the black shutter due to the 

absence of paper touching the shutter. 

• The collector measured approx 0.1 VDC with respect to the common ground when light from 

the photodiode was permitted to reach the phototransistor due to the paper displacing the 

shutter away from the path of light. 

 

There are four registration shutters located in the HP 2100 printer. Two registration shutters have 

been dedicated to check the availability of paper in the front paper feed tray and the bottom paper 

feed tray. Of the remaining two registration shutters, the first is located just prior to the region 

where the toner is transferred to the paper. This region is located after the first pair of rollers 

(refer to the section on transmission and drives). This shutter can be referred to as the “infeed 

shutter”. The second registration shutter is located in the fuser assembly and is positioned at the 

end of the fuser assembly. This registration shutter can be referred to as the “outfeed shutter”. 

The last two registration shutters serve the purpose of detecting the position of the paper in the 

printer. It also helps initiate the actual printing process as well as detect for any paper jams. 

 

6.1.2. Transmission and Drives 
The majority of the HP Laserjet 2100 transmission assembly, comprising of a stepper motor and 

an array of polymer gears, is mounted on an aluminum plate. The transmission powers the feed 

and pick up of paper sheets as well as the rotation of various rollers inside the toner cartridge. 

The entire transmission assembly is powered by a six pole stepper motor with a metal helical 

gear mounted on the shaft. The stepper motor is located on the interior of the aluminum plate and 

is inaccessible during the operation of the printer. The formatter PCB is also mounted on the 

aluminum plate (refer Fig 6.2). This PCB is connected to the rest of the circuit through a 10 pin 

flat flexible cable. The mounting of the stepper motor and the polymer gears on the aluminum 

plate can be seen in Fig.6.3 

 

The HP laserjet 2100 has two pick up roller - one for picking up paper from the front tray and the 

other for the picking of paper from the bottom tray. The pick-up rollers are mounted with cams in 

order to pick up sheets of paper and there triggering is solenoid operated.  
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Two pairs of rollers, one set situated immediately before the PC drum and the other integrated 

into the fuser assembly carry out the feeding of the paper. Three belts, also powered by the 

stepper motor, are used to pass the paper from the first pair of rollers to the second (refer 

Fig.6.4).  

 

The printing speed of the HP Laserjet 2100 is approximately 10 pages per minute. It has been 

observed that a piece of paper traverses at approximately 133.5 inches/min 

 

6.1.3. Toner Cartridge 
The toner cartridge used for the HP Laserjet 2100, the 4096A, performs the following functions: 

 

• Stores a single component, insulating magnetic toner 

• Charges the toner particles 

• Houses the PC drum 

• Charges and cleans the PC drum 

 

The printing of toner in the HP Laserjet 2100 begins with the charging of the PC drum. Unlike 

conventional corona charging based processes, the HP Laserjet 2100 uses contact charging for 

charging the PC drum (refer Fig. 6.5). The charging is carried out with the help of a Primary 

Charging Roller (PCR). The PCR is made of a conductive rubber roller with a metallic rod in the 

center [6.1, 6.4, 6.5, 6.6, 6.7]. The rubber or foam material is generally loaded with a conductive 

material like carbon black. The metallic rod is connected to a high voltage negative biased source 

with a superimposed AC field. 

 

Via experimentation, it was determined that the HP Laserjet 2100 is a Discharged Area 

Development or “Write Black” based process, hence the charging of the PC drum facilitates in the 

removal of the residual toner from its surface [6.8].  

 

The 4096A toner cartridge can actually be broken down into two components.  

• Toner storage bin 

• PC drum assembly 

 

The toner particles are delivered from the toner storage bin to the PC drum by means of a 

stationary four pole magnetic roller (refer Fig. 6.6). An aluminum sleeve called the development 

cylinder surrounds the magnetic roller. The magnetic roller present inside this development 

cylinder attracts the toner particles to its surface. Unlike the magnetic roller, the development 

cylinder rotates, thus transporting the toner particles into the near proximity of the PC drum. It 
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needs to be noted that, similar to the primary charge roller (PCR), the development cylinder is 

connected to a high voltage negative biased DC power supply which is superimposed with an AC 

field. This has been represented in the schematic diagram of the toner cartridge (Fig.6.7). The 

contact of the toner particles to the development cylinder leads to their acquisition of an 

electrostatic charge. 

 

The PC drum is selectively exposed to an infrared light, leading to the discharging of the exposed 

region. The charged toner particles are attracted to this discharged region of the PC drum. Paper 

passes between the PC drum and the transfer drum/roller. The transfer drum/roller consists of a 

rubber roller with a metallic rod at the center [6.9, 6.10]. The metallic roller is connected to a very 

high voltage positive biased DC power supply. This transfer drum helps to attract the negatively 

charged toner onto the surface of the paper. 

 

Unlike the case with Cascade Development, the presence of a uniform layer of toner across the 

entire length of the magnetic roller and the electric field formed due to the bias between the 

surface potential of the PC drum and the development roller assure the proper development of 

solid areas. 

 

It needs to be observed that Cannon Inc. has also developed a similar technology for laser printer 

cartridges [6.1, 6.7]. 

 

6.1.4. Laser Engine 
An infrared source is required for the discharging of the PC drum in the HP Laserjet 2100 Laser 

printer. A laser engine comprising of an IR laser diode, f-θ lens, a polygon scanning mirror, 

photodetector and a reflecting mirror are used.  

 

The laser diode in the laser engine acts as the primary source of light for discharging of the PC 

drum. The polygon scanning mirror consists of a regular hexagon machined out of metal. The 

mirrors are attached to a spindle motor, which attains a constant rotation speed (refer Fig.6.8).  

 

The beam emitted by the laser diode is reflected off the surface of the polygon mirror. If the beam 

bouncing off the polygon mirror is reflected onto a projection plane between the f-θ lens and the 

polygon mirror assembly; it would be observed that the traverse of the laser beam across the 

length of the plane is non-linear for every degree of rotation of the polygon scanning mirror. The  

f-θ lens linearizes the traverse of the beam on the PC drum with respect to the rotation of the 

polygon scanning mirror. In simple words, when the polygon mirror is rotating with a constant 
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speed, the amount of traverse by the laser beam on the PC drum remains constant at all times for 

one degree rotation of the polygon scan mirror. 

 

The reflecting mirror is mounted at one end of the laser engine (refer Fig.6.8), and it reflects the 

light coming from the f-θ lens at almost a 45° angle onto the PC drum.  

 

6.1.5. Fuser Assembly 
Prior to emerging out of the printer, a sheet of paper passes through the fuser assembly (also 

referred to as the fixing assembly) in order to fuse the loose toner onto the paper. The fuser 

assembly consists of a registration shutter, fusing film, pressure roller, leaf spring for electrical 

contact and a pair of compression springs 

 

The fusing film and the pressure roller form the second pair of roller described in the section on 

transmission and drives. The pressure roller forms the bottom roller and is the driven by the 

transmission assembly. The fusing film forms the top roller. The pressure roller is consists of a 

rubber roller with a central core made of a solid metal rod. The pressure roller also has an oily 

surface finish to inhibit sticking of the toner. The metal rod forming the core of the pressure roller 

is connected to a high voltage power supply with a negative bias through a leaf spring that acts 

as a brush. The voltage applied by this roller helps to hold the toner particles in place while the 

fusing operation is conducted. 

 

Though the fusing film and the pressure roller form a pair of rollers, the fusing film is not really a 

roller. The fusing film remains stationary while the pressure roller rotates. The primary component 

of fusing film is a heating foil located at the bottom of the fusing film assembly. A thermocouple is 

positioned perfectly above the heating foil and is used to monitor the temperature of the foil. A 

sleeve made of a heat resistant, non stick polymer covers the entire fusing film assembly. The 

toner particles come in direct contact with this non-stick sleeve during the fusing operation. 

Pressure is applied on the fusing film assembly by means of two compression springs located on 

the two ends of the fusing film assembly. 

 

6.1.6. Main PCB & Power Supplies 
The main PCB of the HP Laserjet 2100 is located in the base of the laser printer. The PCB 

contains the circuits for generating basic power supplies required for operating various Integrated 

Circuits and sensors on the printer. These power supplied generate voltages of 3.5VDC, 

5.10VDC and 24 VDC.  
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The PCB also performs the following functions: 

• Generates outputs for controlling the cooling fan for the printer 

• Generates outputs for controlling two solenoids for controlling the two pick up rollers 

• Generates the output for the stepper motor for the transmission 

• Generates the output for the laser Automatic Power Control (APC) circuit as well as the 

spindle motor for the polygon scanning mirror. 

• Generates output for the induction heater foil in the fuser assembly 

• Takes input from the photodetector on the laser engine 

• Takes in input from the registration shutter for the front loading paper tray 

• Takes in input for the registration shutter located on the fuser assembly (outfeed sensor). 

• Takes input for the toner cartridge loading door. 

• Takes input from the thermocouple located in the fuser assembly. 

• Communicates with the formatter PCB  

 

The main PCB also has two registration shutters for monitoring the “infeed sensor” and the 

bottom paper feed tray. The Intel 80960 JD 66MHz RISC based microcontroller used for 

controlling the HP Laserjet 2100, is also mounted on the PCB [6.1]. 

 

The PCB generates high voltage power for the four charged rollers located on the printer through 

a series of transformers and capacitor and diode based voltage multipliers. The high voltage 

generated on the PCB is transmitted to the rollers by connecting them to the PCB by means of 

four leaf springs.  

 

6.2. Experiments & Testing 
This section explores the individual experiments conducted during the duration of the study. 

 

6.2.1. Modifying and Reverse Engineering of the HP Laserjet 2100 
As has been discussed earlier, the proposition of using a commercially available laser engine to 

generate laminas to be later used towards the building of a layered manufacturing based part 

seemed promising. 

 

The proposed system involved the use of a glass fiber reinforced Teflon belt of a finite thickness. 

The HP Laserjet 2100 printer posed the problem of being capable of only printing paper sheets of 

a finite length. The registration of the paper length by the laser printer was verified by 

mismatching the length of the paper on the feed tray with the assigned size of the paper to be 

printed through Microsoft Word software. An A4 sized sheet was placed on the paper feed tray 
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while the size of the paper was indicated to be 2” x 4” through Microsoft word, on carrying out the 

print command, a paper jam signal was indicated by the printer. 

 

6.2.1.1 Over-riding the paper jam signal 
It was understood from the small experiment described above that the paper jam signal was 

triggered based on the signals received from the infeed and outfeed sensors. A likely solution to 

this problem was the study of the triggering of the infeed and outfeed sensors while printing an A4 

sized sheet of paper. These outputs were then to be mimicked while printing over the continuous 

Teflon belt, also referred to as the transfer belt. 

 

6.2.1.1.1. Measurement of the triggering of infeed and outfeed sensors 
This set of experiments describes a means devised to study the response of the individual paper 

jam sensors while printing over A4 (8.5” x 11”) sized paper sheets.  

 

It was decided to use the MicroLogix 1500 28BXB PLC by Allen Bradley to conduct these 

experiments [6.10, 6.11, 6.12]. The PLC was powered by a 24 VDC, 3.6 Amp power supply. 

 

The printer was first disassembled so as to expose the aluminum plate onto which the 

transmission assembly is mounted. A hole was drilled at a suitable location (refer Fig.6.9) so as to 

expose a plastic gear. A simple aluminum coupling and a connecting shaft were fabricated on a 

lathe to connect the moving gear to an incremental optical encoder (TRD-N/NH). As was the case 

with the PLC, the optical encoder used a 24VDC supply [6.13]. It must be noted that the formatter 

PCB was removed from the aluminum transmission assembly in order to facilitate the mounting of 

the optical encoder. 

 

The objective of this experiment was to use the output from the infeed and outfeed sensors as an 

input to the PLC. The count of the encoder under the following seven scenarios was to be noted 

 

• Prior to printing when both the infeed and outfeed sensors are not triggered 

• Only the infeed sensor is triggered. 

• Both the infeed and outfeed sensors are triggered 

• Only the outfeed sensor is triggered 

• When both the infeed and outfeed sensors are turned off after the printing 

• When the stepper motor stops rotating after the completion of the printing process 

• When the printer power is turned on, the stepper motor rotates for a small amount of time. 
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It needs to be noted from the prior section on registration shutters, that the infeed and outfeed 

shutters generate an output (at their collector terminals) of 3.525VDC in the ON position and 

0.1VDC in the off position. The PLC used for the experiment is capable of registering only a 

24VDC input as an ON indicator. For this purpose, the output from the infeed and outfeed sensor 

need to be amplified to 24VDC. 

 

The amplification of the output from the infeed and outfeed sensor was carried out by the use of 

the L293D (“Push-Pull four channel driver“) IC by SGC Thomson [6.14]. Two channels of this IC 

were enabled with help of one enable switch on the IC. The 24VDC-power supply used for the 

PLC was shared to power the chip as well as set the logic supply voltage. The output from the 

collectors of the infeed and outfeed sensors is used as two separate inputs to L293D. The 

respective outputs from the L293D are connected as inputs to the PLC. It needs to be noted that 

the input terminals on the PLC used for connecting the optical encoder can be isolated from the 

input terminals used for connecting the outputs from L293D. 

 

The printer conducts an initial purge operation every time the printer is turned on. The amount of 

rotation of the transmission assembly for this purge operation has been recorded in Table 6.1. 

Table 6.2 indicates the initiation of different states of the infeed and outfeed sensor with respect 

to the encoder count. The change in the encoder readings, when the sensors move from one 

state to another has been noted in Table 6.3.  

 

Upon the analysis of the data obtained from Table 6.3, we can conclude that: 

 

• For transition from states 00 to 10, the encoder increments an average of 8091.56 units. A 

standard deviation of 1329.6 has been observed in these readings with 16.43% error. This 

large deviation in the readings can be expected as this transition signifies the time between 

which the stepper motor is activated and the piece of paper enters the printer. The paper can 

be picked up only once during one roller of the pick up roller. Since this variation occurs 

before the printing of the toner onto to paper, it should not bear any significant problems for 

printing on a continuous belt. 

• For transition from states 10 to 11, the encoder increments an average of 6714.22 units. A 

standard deviation of 6.679 and a 0.1% error was observed. As was expected, a very small 

amount of variation is observed in these readings 

• For transition from states 11 to 01, the encoder increments an average of 18.22 units. A 

standard deviation of 0.07856 and a 4.3% error was observed in these readings. The very 

small average units observed in this transition make this transition almost insignificant. It was 
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observed that upon the change in the brand of the A4 paper, a direct transition from state 10 

to 01 was observed without any occurrence of the 11 state being registered by the PLC. 

• For transition from 01 to 00*, the encoder increments an average of 5769.78 units. A 

standard deviation of 27.7519 and a 0.481% error was observed in these readings. 

• For transition from 00* to stop, the encoder increments an average of 4363.56 units. A 

standard deviation of 7.89 units and a 0.18% error was observed in these readings.  

 

The encoder count from the point when the paper enters the laser printer to the point when the 

stepper motor stops rotating would be of interest for printing either: 

 

• Only one type of toner material 

• Multiple materials through a separate printing pass for each material. 

 

Table 6.4 gives details of the observations on the encoder count from the point the paper triggers 

the infeed sensor to the point where the stepper comes to a halt. An average of 16865.78 

encoder increments was required to complete the pass of an A4 sized sheet of paper. A standard 

deviation of 31.74 units and a 0.188% error was observed. 

 
6.2.1.1.2. Mimicking an A4 paper sheet 
It was decided to mimic the effect of an A4 paper sheet passing through the printer by trying to 

control the signal received by the collector terminals of the infeed and outfeed registration 

shutters. This section describes the various experiments conducted with the purpose of 

mimicking an A4 sized paper sheet. 

 

Based on the data observed in Table 6.3 and the averages calculated for every transition in 

states (refer previous section), it was decided to set values for the triggering of each of the states 

that were observed. The calculation is described below: 

 

M(10) = 0 + (Average transition encoder count from state 00 to 10) 

M(11) = M(10) + (Average transition encoder count from state 10 to 11) 

M(01) = M(11) + (Average transition encoder count from state 11 to 01) 

M(00*) = M(01) + (Average transition encoder count from state 01 to 00*) 

M(stop) = M(00*) + (Average transition encoder count from state 00* to stop) 

Where, 

M(10) ≡ Mimicked encoder count for triggering state 10 

M(11) ≡ Mimicked encoder count for triggering state 11 
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M(01) ≡ Mimicked encoder count for triggering state 01 

M(00*) ≡ Mimicked encoder count for triggering state 00* 

M(stop) ≡ Expected encoder count when stepper motor would be expected to stop 

 
The calculated readings can be seen in Table 6.5 
 
6.2.1.1.2.1. Relays for mimicking the triggering of the registration sensors 
Since a PLC was being used to measure the encoder count, it was decided to use the encoder 

count received from the PLC to trigger the output relays located on the PLC.  

 

The infeed and outfeed sensors located on the laser printer were first isolated from the main 

PCB. This was carried out by disconnecting the collector of the photointerruptor circuit from the 

rest of the main PCB. The 3.525VDC power supply found on the main PCB was used to mimic 

the output signal from photointerruptor. Figure 6.10 describes the connection to the PLC. The 

outputs from the relay are soldered to the main PCB of the printer at the same locations where 

the collectors from the photointerruptors were connected. From the circuit diagram described in 

Figure 6.10, it can be observed that: 

 

• When the relay switch is closed, a voltage of 3.525VDC is observed at the output from the 

relays. This mimics the output from the registration shutter when no sheet of paper is 

passing over it. 

• When the relay switch is open, the output from the relay is grounded. This mimics the output 

from the registration shutter when a sheet of paper is passing over it. 

 

A sheet of paper was placed in the front loading tray of the HP Laserjet 2100 printer. The optical 

encoder was connected to the PLC similar to the previous experiment. As explained, two output 

relays are used in order to mimic the signals experienced by the collector node of a registration 

shutter during normal operations of the laser printer. 

 

The stepper motor located on the printer is activated upon issuing of a print command from the 

computer. The movement of the stepper motor is registered by the encoder and recorded by the 

PLC. The two output relays on the PLC are activated based on the encoder readings. The 

activation of the relays is based on the encoder count dictated by different states of the infeed 

and outfeed sensors as shown in Table 6.5. 
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A print command was given to print an approximately, 2” x 4” black rectangular block in the 

middle of an A4. The triggering of the infeed and outfeed sensor was carried out in order to mimic 

an A4 paper sheet. The printer was observed to behave in an extremely erratic manner.  

 

An image was printed onto the sheet of paper during the first few attempts at mimicking the 

sensors, but the printer registered a system error upon the completion of the print. This 

occurrence also stalled the rotation of the stepper motor leading to a paper jam. This error could 

only be corrected by resetting the printer. 

 

Upon subsequent attempts to print the same image, it was observed that the transfer of toner to 

the paper sheet had totally stopped. 

 

An attempt was made to get a sheet of paper printed without any errors by changing the encoder 

count meant for triggering a change of state. It was assumed that the observed error might have 

been due to the averaged encoder counts used for mimicking (Table 6.5) the printing process. 

 

Readings from Table 6.3 were later used in an attempt to try and mimic the printing process. 

Printing errors similar to those mentioned earlier were observed once again. On this occasion, the 

encoder count at which the error occurred was also noted. Some of the observations have been 

recorded in Table 6.6 

 

If the first set of readings in Table 6.6 are observed carefully, it can be noted that the machine 

stopped and indicated a system error between state 01 and 00* of the infeed and outfeed sensors 

of the printer. This initially suggested the presence of a third sensor, other than the infeed sensor 

that was not being activated by the sheet of paper. A thorough search was carried out in order to 

locate such sensor if any, in the bed of the printer chassis; none was found. 

 

A number of combinations for the triggering of the encoder states were tried. Some of them have 

been listed in Table 6.6. Upon careful observation it was seen that the timing of the error with 

respect to the encoder was not dependent on the state of the infeed and outfeed. The error for 

the third set of readings was generated between states 10 and 11 of the infeed and outfeed 

sensors. There were variations in states of the sensors and the generation of error even within a 

set of readings (refer reading 2 – 6 in Table 6.6). The variation between the triggering of the error 

assured that the generation of the error was not dependent on triggering of the various states of 

the infeed and outfeed sensor. For this to be true, the third sensor, if any, could not be present in 

the path of the paper. 
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Other than the readings seen in Table 6.6, a number of readings were generated by: 

• Varying the number of ncoder counts for the triggering of various states with suitable 

increments. 

• Switching the photointerruptors between the infeed and outfeed sensors. 

 

6.2.1.1.2.2. Integration of the Quad Channel Photocoupler into the PLC circuit 
Based on the observation from the previous section, the possibility of a sudden voltage surge due 

to the use of relays was considered to be the cause of the errors.  

 

A suggestion was made to use a photocoupler in order to mimic the photointerruptor used in the 

photointerruptor circuit. The photocoupler comes in the form an integrated circuit. Similar to the 

photointerruptor, it consists of a photodiode and a phototransistor.  When the photodiode is 

turned on, the light from the photodiode shinning on the base of the phototransistor allows the 

flow of current from the collector to the emitter. 

 

The PLC circuit described in the previous section was replaced with the circuit defined in 

Fig.6.11. A Quad channel photocoupler by Lumex Inc (part # OCP-PCT4116/X) [6.15] was used 

as a photocoupler. A 1.5 VDC power supply with a common ground with the PLC was used to 

operate the photodiode. This power supply used to operate the phototransistor on the 

photocoupler was totally isolated from the power supply that was used for the photodiode. 

 

The phototransistor located on the infeed and outfeed sensor photointerruptor was disconnected 

from the main PCB circuit. The collector leads for the infeed and outfeed sensor on the main PCB 

are connected to the collector on the photocoupler. Similarly, the emitter leads from the main 

PCB are connected to the emitter on the photocoupler. 

 

Thus when  

• The state of the relay is closed/true, the collector lead on the main PCB is at 0.1VDC 

• The state of the relay is open/false, the collector lead on the main PCB is at 3.525 VDC 

 

Experiments were conducted to print onto an A4 sheet of paper by changing the encoder counts 

triggering the change of states as seen in the previous section. In spite of having perfectly 

mimicked the working of the photointerruptor on the main PCB, the same errors always occurred 

while trying to print over a sheet of paper. No explanation for this erratic behavior of the printer 

could be concluded upon based on the current observations. 
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6.2.1.1.2.3. Use of solenoids in order to control the shutter  
The infeed and outfeed sensors functioned based upon the obstruction caused by the shutters 

located inside the HP Laserjet 2100. It was decided to use micro pull solenoids with modified 

shutters to perform this function.  

 

The sensors had to be built back into the circuit in order to permit the printer to function normally. 

Under normal conditions, the outfeed sensor is mounted on the fuser assembly and is connected 

to the main PCB through cables. The outfeed sensor was disconnected from its position on the 

fuser assembly and was mounted off the laser printer. The shutter of the infeed sensor was fixed 

in a position such that it wasn’t blocking the light from the photodiode of the sensor from reaching 

the phototransistor. 

 

6.2.1.1.2.3.a. Solenoids mounted on main PCB 

Two C-frame pull solenoids (model number SC0323N2400) were purchased from Bicron Inc 

[6.16]. The solenoids were of size 0.28” x 0.33” x 0.91” with a stroke length of approximately 0.12” 

and operated at 24VDC. The springs on these solenoids were not rigidly mounted. Shutters to 

replace the existing shutters on the printer were machined out of acrylic sheets and covered with 

opaque black tape. They were shaped so as to permit them to move between the gap between 

the photodiode and phototransistor of the photointerruptor. 

 

A small platform was made out of styrene sheets near the location of the infeed sensor on the 

main PCB in order to mount one of the solenoids (refer Fig.6.12). An acrylic shutter was stuck to 

the plunger of the solenoid with the help of cyanoacrylate. The solenoid itself was mounted on the 

platform with the help of cyanoacrylate. Guides had to be built around the path of motion of the 

solenoid plunger to prevent the shutter from rotating around the axis of the plunger. This has 

been described in Fig.6.13. 

 

The relays were also operated using the PLC. The connection of the solenoids to the PLC has 

been described in Fig.6.14. 

 

The acceleration of the “pull” operation of the solenoids resulted in the collapse of some of the 

guides used for guiding the shutter mounted on the solenoid. This resulted in blocks in the 

rotation of the shutter along the plunger axis and blocking of the movement of the shutter.  

 

On numerous occasions, the guide limiting the forward traverse of the plunger was dislocated due 

to the forceful release of the plunger during the release operation. The plunger’s forward traverse, 

in case of the SC0323N2400 solenoid is not restricted in any manner. The absence of the guides 
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frequently resulted in the shooting of the plunger and the spring, producing not only inconsistent 

results, but also putting at risk the safe operation of the printer. 

 
6.2.1.1.2.3.b. Solenoids operating actual registration shutters 

 

It was decided to remove the acrylic shutter from the solenoid plunger used to operate the infeed 

sensor and use the solenoid to directly move the shutter of the infeed sensor that has been built 

into the printer. The solenoid was then mounted on the underside of the printer bed, perfectly 

below the transport belts (refer Fig.6.4). It was observed that the machine vibrations made the 

solenoid vibrate. This led to involuntary triggering of the photointerruptor, thus this methodology 

had to be discarded. 

 
6.2.1.1.2.3.c. Solenoids mounted on an isolated main PCB 

It was decided to isolate the main PCB assembly from the printer. This would prevent any 

machine vibrations from triggering a photointerruptor, and it  make it easy to take measurements 

at the collector terminals of the photointerruptors while the printing process was in operation.  

 

The main PCB is connected to the rest of the printer through: 

• Four leaf springs 

• One, six pin cable 

• One, five pin cable 

• One, three pin cable 

• Two, two pin cable 

• One, two pin cable for 3.5VDC power supply 

• One, two Pin connector for thermocouple 

• One, twenty seven pin flat flexible cable 

 

In order to isolate the main PCB from the rest of the printer, it was essential to extend the cables 

to approximately 4 feet in length. The connections of the cables were first studied before 

extending them by checking interconnections if any, between the various leads of the cables. 

Suitable wires were used in order to extend the lengths of the cables. The cables were rechecked 

prior to turning on the power supply to the printer.  

 

The plungers for both the infeed and outfeed sensors were outfitted with the fabricated acrylic 

shutter and mounted onto the main PCB. It was observed that the positioning of the 
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photointerruptor circuits in room lighting did not have any effect on the triggering of the state of 

the sensor.  

 

The setting for the change of state of the infeed and outfeed sensors with respect to the encoder 

count were repeated as seen in Table 6.5. Similar to observations from the previous experiments, 

it was seen that at times, the printing process was terminated with a system error. Zero percent 

transfer of toner onto the sheet of paper was also observed on a regular basis. 

 

While performing close inspection of the transmission assembly, it was observed that substantial 

amount of slippage was occurring between the shaft and coupling assembly and the optical 

encoder. This observation challenged the credibility of the readings in Table 6.2 for the change of 

state. Though the deviation in the observations of Table 6.2 were minimal, it was decided to 

enable the normal functioning of the printer and repeat the experiments described in section 

6.2.1.1.1.  

 

No system error or abrupt stopping of the printer was observed. The zero transfer of toner from 

the PC drum to the paper was also observed on an almost regular basis during these 

observations. Table 6.6 gives an account of the occurrences of different types of error with 

respect to the encoder counts and change of states of the sensors. No fixed pattern was 

observed from these readings. The analysis of the causes of the errors observed both in Table 

6.5 and 6.6 will be carried out later in this chapter. 

 

It can also be noted in Table 6.6 that the state 11 is not triggered in this set of readings. The 

machine directly transitions from state 10 to 01. 

 

6.2.1.1.3. Disabling the fuser assembly 
The fuser assembly performs the role of both fusing the loose toner onto the surface of the paper, 

as well as pushing the paper out of the printer. Since, the objective of the system was to use an 

existing commercial printer engine to print a lamina onto the surface of a continuous Teflon belt, it 

became imperative to disable the heating foil. This could be carried out by the following two 

means: 

 

• Remove the entire heater assembly from the printer chassis but keep it connected to the 

main PCB 

• Only disable the heating coil by fooling the thermocouple. 
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Initially, the latter option appeared more feasible, as it would permit the use of both sets of built-in 

rollers to be used efficiently to drive the Teflon belt. Upon further study, the following problems 

were encountered: 

• Difficulties in overriding both the thermocouple and the induction heater. 

• Difference in the operating speeds of the two sets of rollers lead to slippage problems (refer 

section 6.2.1.1.3) 

• The induction-heating coil in the fusing film is coated with a Teflon sheet. A very strong 

electric field is applied to the pressure roller to hold the particles to the sheet of paper during 

the fusing cycle. The printing of a solid black square onto a Teflon sheet through conventional 

laser printing led to the transfer of all the toner particles from the sheet of Teflon to the Teflon 

film covering the fusing film. 
 
6.2.1.1.4. Evaluating Slipping of the Teflon Belt 
From previous sections, its evident that consistent transfer of toner onto any sized sheet of paper 

by mimicking an A4 sized sheet of paper was not achieved. In spite of this inconsistency, an 

attempt was made to transfer toner onto a continuous Teflon belt  [6.17]. Two sets of experiments 

were carried out to check the feasibility of using continuous belts. 

 

• The fuser assembly was merely connected to the main PCB and the rollers used for pushing 

out a sheet of paper were disabled. 

• The fuser assembly was used as is found in a regular printer with only the induction heaters 

being disabled. 

 

In the first configuration, it was observed that the first set of drive rollers were incapable of 

pushing the Teflon sheet without the assistance of a second set of rollers. The slippage of the 

Teflon belt between the rollers could be visually observed. While being passed through the 

rollers, the Teflon belt also exhibited a tendency to move sideward.   

 

In the later configuration it was observed that, there was a build up of slack in the Teflon belt 

between the first and the second roller. This suggested further investigation into the speed at 

which each of the two sets of rollers operated. 

 

Table 6.7 represents the length measured by monitoring the encoder increment at which the 

leading and trailing edge of an A4 sheet of paper enters and leaves the infeed sensor. It was 

observed that near the infeed sensor, an average of 6732.44 increments were required for the 
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passage of the entire sheet of paper. A standard deviation of 6.654 and a 0.098% error was 

observed.  

 

Table 6.8 represents the length measured by monitoring the encoder increment at which the 

leading and trailing edge of an A4 sheet of paper enters and leaves the outfeed sensor. It was 

observed that near the outfeed sensor, an average of 5788 increments were required for the 

passage of the entire sheet of paper. A standard deviation of 29.512 and a 0.51% error was 

observed. 

 

Conventionally, 11” long paper is fed into the paper in a portrait format. Thus from the results 

observed in Table 6.7, we can conclude that the sheet is moving through the first set of rollers at 

an average rate of 0.0016339 inches per encoder increment. Similarly from Table 6.8, we can 

conclude that the paper moves through the rollers in the fuser assembly at an average rate of 

0.0019 inches per encoder increment. The variation in these observed speeds indicate that the 

sheet of paper might have moved slower when passing under the first set of rollers than it took for 

the same sheet of paper while passing through the fuser assembly.  

 

The purpose of this difference in the speeds of the two rollers might have been to provide enough 

tension in the sheet of paper to assist accurate registration of the toner particles.  

 

These readings dispute the observation of the slack observed between the two rollers. This can 

only be explained by the assumption that the first set of rollers had very little or no influence in 

pushing the Teflon sheet in comparison with the influence of drive rollers located in the fuser 

assembly. 

 

6.2.1.2. Reverse Engineering the Laser engine of the HP Laserjet 2100 
In the second phase of experimentation, it was decided to reengineer the printer to facilitate total 

control of the laser engine, transmission and charging process. 

 

In spite of the complications that lay ahead, it was decided to go ahead with this option, as it 

would create a test-bed while experimenting with: 
• Different materials 

• Different operating speeds of the transmission 

• Different operating speeds of the laser engine 

• Control over the internal structure of the laminas being printed 

 



 86

Each of the primary components of the system discussed in section 6.1, was to be studied in 

detail and then reverse engineered. 

 
6.2.1.2.1. Reverse Engineering the Laser Engine 
The laser engine is responsible for what is traced on the surface of the PC drum. As discussed in 

section 6.1.4, the laser engine consists of a laser diode, photodetector, polygon scanning mirror 

an f-θ lens and a reflecting mirror.  

 

The objective was to control the laser diode based on the feedback received from the 

photodetector. The photodetector generated a signal based on the laser reflected onto it due to 

the polygon-scanning mirror. 

 

This section describes the different experiments conducted in order to reverse engineer the laser 

engine. 

 

6.2.1.2.1.1. Determining the Wavelength of the light emitted by the laser diode. 
The PC drums used in laser printers are sensitive a to a specific wavelength of light. In order to 

reengineer the laser engine, it became essential to figure out the wavelength of the light emitted 

by the laser diode in the HP Laserjet2100 laser engine. 

 

The commonly used PC drums are responsive in either the visible band (violet, 400nm 

wavelength) spectrum or the infrared spectrum (780nm to 900nm wavelength) [6.18, 6.19], 

although PC drums sensitive to infrared light seem more popular. 

 

The protective plastic cover covering the laser engine was removed, and a command to print an 

entirely black sheet of paper was signaled in the presence of room light.  No visible light was 

seen being emitted from the laser diode. This experiment was repeated in a dark room to verify 

the emission of non-visible light by the laser diode. Once again, no visible light was observed. 

 

It was suspected that an infrared source was being used in the laser engine. An infrared light 

detection card by Edmund Optics Inc [6.20] meant for viewing low powered sources was held in 

front of the laser diode under lighted and dark conditions. No phosphor emission was observed 

from the card upon exposure to light emitted by the laser diode. This observation raised doubts 

about assumption on the wavelength of the light emitted by the laser diode. 

 

It was decided to verify the response of the PC drum to red and infrared light emitted by a 

different source. The laser engine was dislocated from its position in the printer while 
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simultaneously maintaining its connections to the main PCB. The opening in the toner cartridge 

for exposing the PC drum with the laser light was masked with a black insulation tape. A small 

opening was made available for positioning an alternative light source. 

 

A red LED emitting light at 700nm wavelength and using a 2.5V power source was placed in the 

small opening in the insulation tape over the opening to the PC drum. A print command was sent 

to print an entirely black region over an A4 sized paper sheet. It was observed that the paper 

passed through the printer without any toner being transferred to the paper. 

 

Since the PC drum was not sensitive to red light, an infrared LED emitting light at 940nm 

wavelength and 7mW intensity was placed over the insulation tape. A print command was issued 

similar to the last experiment. On this occasion it was observed that a substantial quantity of toner 

was transferred onto the piece of paper. The location of the transferred toner over the paper was 

not isolated over the small opening in the insulating tape. The cause for this spread of toner could 

be due to the reflection of the light in the toner cartridge and the spread of light due to the nature 

of the LED.  

 

6.2.1.2.1.2. Running the Polygon Scanning Mirror & photodetector. 
As seen in Fig.6.8, the polygon scanning mirror is a hexagonal mirror mounted on a spindle 

motor. The motor stator is directly mounted onto the PCB, and the magnetic rotor is free to rotate. 

The motor RPM is controlled by the M56750FP, 3 phase brushless motor driver IC by Mitsubishi 

[6.21]. The datasheets for the above mentioned IC were not commercially available through any 

distributor or the manufacturer. This caused a substantial amount of delay in progressing with 

controlling the motor. 

 

During this idle time, small experiments were conducted to determine the RPM achieved by the 

motor during the printing process. The simplest means of determining the spindle RPM was to 

measure the frequency of the triggering of the photodetector present in the laser engine. 

 

The photodetector is connected to the main PCB through a 3.525 VDC, a machine ground lead 

and a sensing lead. The sensing lead is generally at 3.525VDC, but in the presence of a suitable 

wavelength of light the voltage on the lead drops to 0.1VDC. In case of the HP Laserjet 2100 

laser engine, the photodetector would be triggered six times during every rotation of the polygon 

scanning motor. 

 

A Textronix 2236 oscilloscope was used to measure the change in the states of the 

photodetector. The analog nature of the oscilloscope did not provide an accurate result on the 
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frequency of variation of the photodetector. The photodetector seemed to be changing states 

approximately once ever 350µs.  

 

On a later occasion, a Textronix 11410 digitizing scope was used to more accurately measure the 

change of states of the photodetector. The photodetector was changing states once every 371µs. 

It was also observed that the state indicating the change of state lasted 2µs. 

 
Based on this result, it can be concluded that the motor was completing one rotation every  

 

371 x 6 = 2226µs. 

 

Hence the RPM of the motor would be  

 

60 / (2226 x 10 –6) = 26954.17 RPM 

 

Four cables from the main PCB connected to the smaller PCB onto which the polygon scanning 

motor and the 3-phase brushless motor driver were located. Upon closely observing the circuit 

and the PCB, it was seen that: 

• The first cable provided a continuously supply of 24VDC to the M56750FP IC. 

• The second cable switched between 5VDC and 0VDC during the printing process (primarily 

maintaining itself at 0VDC) 

• The third cable potential, varied between 0VDC and 5VDC during the printing process 

(primarily maintaining itself at 5VDC) 

• The fourth cable potential was continuously maintained at the machine ground. 

 

Once the datasheets of M56750FP were made available, it was determined that the first cable 

was the power cable for the IC, the second lead was the ACC  (Inverse Acceleration), the third 

cable was DEC  (inverse deceleration) and the fourth cable was the machine ground. 

 

A circuit was built using the PLC to drive the spindle motor for the polygon scanning mirror (refer 

Fig.6.15). The M56750FP IC was connected to the same 24VDC-power supply as the PLC. The 

ACC  signal was generated by inverting the DEC  signal through the 74F04PC high-speed 

inverter. As explained earlier the ACC  and DEC  signals need to be at 5VDC. The high-speed 

inverter is capable of handling a maximum of 2.2VDC, hence a Push-Pull driver circuit was used 

to amplify the signal to 5VDC. When the output relay of the PLC was closed, ACC  was false and 
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DEC  was false, leading to the acceleration of the motor. The open relay led to ACC  being true 

and DEC  being converted to false and thus decelerating and finally stopping the motor. 

 

It was observed that the amount of time taken by the motor to reach full speed varied. In the 

experiments conducted through the PLC, a maximum speed of 34,000RPM was attained. Since 

the datasheets of the M56750 FP IC were printed in Japanese, it was difficult to determine the 

factors affecting the RPM of the speed. It was being that motor RPM was dependent on the 

capacitors present on the PCB onto which the M56750FP was mounted and the current rating of 

the 24VDC-power supply.  

 

Further experiments could not be conducted using the M56750 FP controller, as the IC was 

destroyed due to a latent charge stored on the chip. Since the HP Laserjet 2100 has been 

discontinued by HP, it was difficult to locate a replacement laser engine. 

 

6.2.1.2.1.3. Operating the Laser Diode 
The Laser Diode was connected to the main PCB through an Automatic Power Control (APC) 

through a cable consisting of seven wires. The APC circuit primarily consisted of the 

SN65ALS543 IC by Texas Instruments Inc [6.22]. Initially, no relevant datasheets for the above 

mentioned IC was available, nor was it commercially available through any distributor of Texas 

Instruments. 

 

The laser diodes used in laser printing consist of a laser diode and a photodiode. The photodiode 

is used as a feedback mechanism, where it checks the amount of light being emitted by the laser 

diode. The laser diode modules are available in different configurations based on the manner in 

which the laser diode and photodiode are connected. Upon observing the laser diode module 

used in the HP Laserjet 2100, it was seen that the COMM terminal of the laser diode was always 

at a higher potential with respect to the photodiode and laser diode terminals (refer Fig.6.16). 

 

Since the details of the SN65ALS543 were not immediately available, it was decided to evaluate 

the actual printing process by monitoring the changes in the potential of the COMM, laser diode 

(LD) and photodiode (PD) terminal of the laser diode module. A rectangular black print of size 

8.5” x 11” was printed on a sheet of paper and the changes on the potentials of COMM, LD and 

PD terminals were noted. 

 

It was observed that: 

• The COMM terminal is maintained at 5VDC 
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• The potential across the laser diode terminal changes from 4.07VDC to 3.12VDC when the 

laser is turned on 

• The potential across the photodiode changes from 0VDC to 1.54VDC when the laser is 

turned on 

 

It was seen that the laser was not turned on to print over the sheet till the motor spindle reached 

the required RPM. It was seen that the laser was turned on for the purpose of registering with the 

photodetector present in the laser engine. It can be seen that the laser was turned on for 

approximately 238µs while printing over a length of 8.5 inches (refer Fig 6.17, Fig.6.18). It was 

also observed that while the motor was decelerating, the laser was intermittently turned on to 

register the scans with the photodetector, till the motor was completing one rotation every 2ms. 

 

Since the final aim was to reengineer the laser engine, it was decide to verify the linearity of the 

spindle motor with respect to the traverse of the laser over the PC drum. A simple experiment 

was carried out to check the linearity. Three vertical black columns about one inch wide and 11 

inches long placed parallel to each other were printed on a piece of A4 sized paper. It was 

observed that the amount of time for which the laser was turned ON to print each of the columns 

remained constant. This proved that the f-θ lens linearized the laser light finally received by the 

PC drum. 

 

Upon receiving the datasheets for the SN65ALS543 APC circuit, it was possible to back trace the 

circuit and determine the individual connections of the seven wires connecting to the PCB. It is to 

be noted that the SN65ALS543 is capable of modulating at a maximum operating frequency of 

100MHz. It was determined that: 

• The first wire is connected to the CONTROL0 terminal, also referred to as CTRL0 terminal. 

The voltage at this terminal switches from 0 VDC to 3.5 VDC. 

• The second wire is connected to the CONTROL1 terminal, also referred to as CTRL1 

terminal. The voltage at this terminal switches from 0 VDC to 3.5 VDC. 

• The third wire is connected to the machine ground 

• The fourth wire is connected to the DATA  terminal. The voltage at this terminal switches 

between 2.1 VDC and 1.2 VDC . 

• The fifth wire is connected to the DATA terminal on the APC. The voltage at this terminal 

switches between 2.1 VDC and 1.2 VDC. 

• The sixth wire is connected to the machine ground 

• The seventh connects the APC IC to a 5 VDC power supply. 
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Table 6.9 evaluates the truth table for controlling the laser diode using the SN65ALS543APC.  

 

It was observed that the operation of the CTRL0 and CTRL1 buttons was not dependent upon the 

profile that was being printed. The voltage profiles obtained across the CTRL0 &  CTRL1 

terminals of SN65ALS543 have been shown in Fig.6.19. 

 

On observing the DATA andDATA  it was noticed that these terminals are activated only when 

the actual profile is being traced on the PC drum and not during the registration routine for the 

photodetector. The Fig.6.20 indicates the amount of time for which the DATA  and DATA 

terminals are activated while printing a 6” x 11” black rectangle on an A4 sheet paper. It was seen 

that the laser traced across 6” of the PC drum within 180µs.  

 

Fig.6.21 shows the manner in which a PC drum is scanned as paper is being printed upon. As 

seen earlier, the printer takes approximately 30µs to scan an inch of the paper. Thus the entire 

width of the paper (8.5 inches) would be scanned in 255µs. One scan of the polygon scanning 

mirror is covered in approximately 371µs, hence for every scan of the mirror, there is 

approximately 116µs of idle traverse by the mirror.  

 

The paper is printed upon at a rate of 113.5 inches/min (refer section 6.1.2), or approximately 

2.25 inches/sec. Thus during every horizontal sweep of 8.5 inches of the laser, the paper moves 

forward by  

 

2.25 x 255 x 10-6 = 6.375 x 10-4 inches = 16.2µm. 

 

During the idle scan of the mirror, the paper moves ahead by the distance 

 

2.25 x 116 x 10-6 = 2.61 x 10-4 inches = 6.63µm. 

 

This resolution seems to be smaller than the resolution claimed by HP of 1200dpi = 21.67µm. It 

can be further calculated that, for the laser to provide a resolution of 1200dpi, it would have to be 

modulated at 

 

1200 / (30 x 10-6)  = 40MHz. 

 

Upon extracting this data, an attempt was made to run the laser using the SN65ALS543 based 

APC circuit. Three different power supplies of 5VDC, 3.5VDC and 2.5VDC were used to run the 
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circuit. The polygon scanning mirror was manually rotated and the photodetector was used to 

detect any possible emission from the laser. For undetermined reason, the laser did not work as 

expected. The possible reason behind the failure of the laser could be the insufficient amount of 

current that could be drawn from the power supplies. 

 

It was decided to disconnect the laser diode module from the existing APC circuit and connect it 

with a commercially available APC PCB. The NS102 APC by NVG Inc was selected for this 

purpose [6.23]. This Fig.6.22 shows schematic diagrams and pictures of the NS102. 

 

A 4.5 VDC power-supply was used for powering the NS102 APC. Fig.6.23 shows the manner in 

which the laser diode from the laser engine of the HP Laserjet 2100 and the NS 102 APC were 

connected through the PLC. The laser was made operational by tuning the trim pot located on the 

NS102. Unfortunately, modulating of the laser led to the burnout of the APC circuit.  

 

6.2.1.2.1.4. Controlling the transmission 

The development of a testbed system would require controlling the speed at which laminas could 

be printed. In order to do so it was decided to develop means to manually control the speed at 

which the Teflon belt could be fed through the laser printer.  

 

It was first required to estimate the rate at which paper was passed through the printer under 

normal conditions. The upper output delivery roller [6.1] (refer Fig.6.24) was the only roller 

accessible for taking a measurement of the speed at which paper was passing through the printer 

(the optical encoder was not available for making measurements during this period).  

 

A custom made tachometer was used to measure the RPM of this roller. It was determined that 

the roller rotated at 90.4 RPM. Based on the diameter of the roller, it was determined that the 

paper was passing through the printer at 133.5 inches/min. It needs to be noted here that, based 

on the observations of section 6.1.2, it could be assumed that the paper is passing through the 

printer at different speeds at different locations in the printer. It was assumed that the paper was 

passing through the upper output delivery roller at the same speed as it did when it passed 

through the fuser assembly. 

 

The stepper motor used to power the printer was not easily accessible for manual control. The 

motor was removed from an aluminum assembly mounting plate, and the helical metal gear 

mounted on the shaft of the motor was removed.  
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The helical gear coupled to another stepper motor was externally mounted onto the printer in 

order to drive the transmission assembly. A hole was drilled into the aluminum transmission 

assembly plate at the location where the original stepper motor was mounted (refer Fig.6.3, 

Fig.6.9).  

 

It was decided to control the stepper motor using a PLC. A Gecko stepper drive, model 6210 was 

used to interface the stepper motor with the PLC. It was observed that the upper output delivery 

roller was rotating at approximately 90.4 RPM when the frequency for driving the stepper motor 

was set at 4500Hz. 

 

6.2.1.2.1.5. Power supplies for charging, transfer and fixing 
As discussed in section 6.1.3 & 6.1.6, The HP Laserjet 2100 printer utilizes four separate high 

voltage power supplies for carrying out: 

 

• The charging of the PC drum with the help of a PCR roller. 

• The transfer of toner from the PC drum to the paper with the help of a charged transfer roller. 

• The charging of toner particles through the development roller/cylinder. 

• Holding the toner particles onto the paper sheet during the fusing operation by establishing 

an electric field through the pressure roller. 

 

These power supplies are located on the main PCB of the laser printer and are connected to the 

toner cartridge, fuser assembly and transfer drum through leaf springs.  

 

6.2.1.2.1.5.1. Measuring voltages generated by the power supplies 
Initially, an attempt was made to measure the voltages generated by the high voltage power 

supplies using the Textronix 2236 oscilloscope. Due its maximum range of 500V, this 

oscilloscope was not found to be suitable for the purpose. Next, attempts were made to measure 

the voltages using a Textronix 11401 digitizing oscilloscope with the P6109B probes. Under these 

conditions, the oscilloscope is capable of measuring a maximum of 1500V with a 100V/Div.  It 

was thus decided to use the FLUKE 80K-6 high voltage probe along with the Textronix 11401 

digitizing oscilloscope in order to measure the potentials of the high voltage power supplies. 

 

The FLUKE 80K-6 high voltage probe was calibrated by measuring the standard 120V AC power 

supply. It was seen that the high voltage probe measured 112mV RMS for a 120V RMS signal. 

Thus the scaling factor would be 1071.42:1. 
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The voltages generated by each of these power supplies while printing a fully black page as well 

as during the printing of a fully white page were noted (refer Tables 6.10 – 6.13). It can be seen 

that the voltages generated by the power supplies were not affected by the contents of what was 

being printed.  

 
6.2.1.2.1.5.2. Reverse Engineering the power supplies 
The high voltage power supplies used in the HP Laserjet 2100 form an indispensable component 

of the laser printer, thus it was essential to reverse engineer the power supplies in order to 

reverse engineer the entire Laserjet 2100 printer. 

 

The main PCB of the laserjet 2100 was studied in order to understand the functioning of the 

power supplies. It was seen that the power supplies were constructed from an array of voltage 

multipliers and transformers. It was assumed that, it might be possible to trigger the power 

supplies by understanding the inputs driving them, unfortunately the complexity of the main PCB 

made it difficult to understand the details of the functioning and triggering of the power supplies. 

 

For preliminary testing, the proposed electrophotography based layered manufacturing system 

needs a minimum of three power supplies for charging the PCR, connecting to the development 

cylinder, and powering the transfer cylinder. Since a conventional fuser assembly was not 

suggested for use in the proposed system, an integrated power supply was not needed in the 

fuser assembly. 

 

In order to simplify the experiments, it was decided to use power supplies with a pure DC output 

based upon the results seen in Table 6.11, 6.12 and 6.13. Though low power high voltage power 

supplies are commercially available, due to financial constraints, it was decided to use high 

voltage AC power supplies. 

 

One 3000V (model MINMAX3) and two 2000V (model MINMAX2) power supplies were 

purchased from Information Unlimited Inc. These power supplies are similar to the high voltage 

power supplies used in conventional neon signs and produce an AC output at approximately 

45KHz. 

 

Figure 6.25 represents the bridge rectifier based set up for obtaining a DC output from an AC 

input signal. The bridge rectifiers constructed for the MINMAX2 power supplies, were made using 

packaged bridge rectifiers [6.25, 6.26].  
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Tables 6.14 through 6.17 represent the outputs from the AC power supplies with respect to the 

DC input voltage. Tables 6.15, 6.17 represent the outputs across the bridge rectifier without a 

capacitor. Tables 6.16 and 6.17 represent the outputs across the bridge rectifier with a 270pF 

capacitor across the outputs. The outputs observed in Table 6.15 and 6.17 are not similar to what 

would be conventionally expected after an AC signal rectification by a bridge rectifier. 

 

An attempt was made to see the transfer of toner onto a sheet of paper using the constructed 

power supplies. A piece of paper was fed through the re-engineered printer at the speed of 133.5 

inches/min. A masking tape was applied to the opening in the toner cartridge to receive light, in 

such a manner that only selected portion of the PC drum was exposed to the light emitted by the 

laser diode in the laser engine. The laser engine was manually controlled using the PLC to shine 

the IR laser continuously.  

 

The two MINMAX2 power supplies were used in combination with a bridge rectifier and the 270pF 

capacitor to connect to the PCR and development roller. It needs to be noted that the negative 

output from the bridge rectifier is used for this purpose. 

 

The MINMAX3 power supply was used in combination with the bridge rectifier and 270pF 

capacitor to power the transfer drum. It needs to be noted that the positive output from the bridge 

rectifier is used for connecting to the transfer drum. 

 

Table 6.18 describes the transfer of toner to the sheet of paper in relation to the input voltages to 

the power supplied connecting to the PCR, development roller, and transfer drum. 

 

It needs to be noted that the quality of print obtained through these experiments is not 

comparable to that obtained through the conventional printing. This could be due to the minimal 

nature of control over the output from the power supplies. Another interesting observation was the 

inability of the printer to print using a remanufactured toner cartridge using similar input voltage 

settings for the power supply. It can be visually seen that the material of the PC drum in the 

original and remanufactured toner cartridges differed.  

 

6.3. Experiments with Materials 
A number of experiments were conducted using the conventional HP Laserjet 2100 printer with 

the objective of: 

• Testing the possibility of printing different materials 

• Testing the feasibility of different materials to be printed upon 
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6.3.1. Printing onto different materials 
Two different materials were used as transfer belt materials - fiber glass reinforced Teflon and 

non-stick aluminum foils.  

 

6.3.1.1. Printing onto fiberglass reinforced Teflon sheets 
During initial development of the system, it was decided to use Teflon as the material for the 

transfer belt. Teflon was selected due to its heat resistance and non-stick properties. Glass fiber 

reinforced Teflon belt and sheets were purchased from Greenbelt Industries (product code 

Flurofab # 100-4) [6.17]. The glass fiber is laid in the sheet such that multiple bunches of fibers 

run parallel to both X and the Y axis, forming a sort of a grid. The sheets used were of size 8” x 

10” with a 0.004” thickness (conventional laser printer grade paper is 0.002”). Teflon is also 

known to have one of the lowest dielectric constants amongst polymers of 2.0 (Electric field inside 

a material is inversely proportional to the dielectric constant), and is also known to be one of the 

most triboelectrically negative materials (tends to attract electrons during contact charging).  

 

It was observed that during a complete regular printing cycle (fusing cycle included) over the 

Teflon sheet described earlier, all the toner powder which was transferred onto the Teflon sheet 

during the transfer operation jumped off of the Teflon sheet and onto the fusing film. Thus, no 

toner powder was found to be adhering to the Teflon sheet after the completion of the fusing 

cycle. This could be attributed to the electric field around the pressure roller located in the fuser 

assembly. 

 

Degradation in the quality of the print was observed over time. The Figure 6.26 shows a picture of 

a densely filled Teflon sheet the first time the toner was printed onto the Teflon (without fusing 

cycle). Figure 6.27 shows a picture of toner transferred onto a sheet of paper without the fusing 

cycle. The picture represents the interface between the region to be printed with toner and region 

without toner. As can be seen in Figure 6.27, there is a very distinct interface between the region 

with and without toner in case of paper. In case of Teflon, a distinct hallow effect was seen 

around the region where the toner was supposed to be transferred. The Fig.6.28 represents the 

same Teflon sample when it was lit from the top. 

 

Upon closer observation, it can be seen that the hallow formation is in the region where bunches 

of reinforcing glass fiber bundles intersect. In case of Teflon sheets, the density of the toner in 

the region where the toner was supposed to be transferred during the first print operation is 

comparable to that transferred onto a sheet of paper (refer Fig.6.27 & Fig.6.29). 
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The loose toner on the sheet of Teflon was completely wiped out using regular paper napkins. 

Upon repeatedly printing on the same sheet of Teflon, it was seen that the manner in which the 

toner was transferred changed. Fig.6.30, Fig.6.31 & Fig.6.32 show a sheet of Teflon after eleven 

consecutive prints. It can be seen that there was a substantial decrease the uniformity of the 

toner being transferred over the rectangular region (refer Fig.6.31). Upon closer observation it 

can be seen that toner transfer was concentrated at the points of intersection of the bundles of 

reinforcing glass fibers (refer Fig.6.32). It can thus be concluded that the transfer of toner is 

facilitated in the region on the Teflon sheet that has a higher concentration of glass fiber. 

 

Though the property of the glass fiber to facilitate transfer of toner was understood (gradient in 

dielectric constant due to the variation in compositions), the reason for the regular degradation of 

the quality of the print could not be understood. 

 

A simple experiment to check the development of residual charges on sheets of Teflon was 

conducted. Two sheets of Teflon were passed through the HP Laserjet 2100 eleven times. On all 

the eleven occasions, the toner was transferred onto the very same region of the sheets. The 

sheets were then held very close to each other, with the top surface of the two sheets facing each 

other. No attraction or repulsion between the two sheets due electrostatic charges was observed. 

This might have been due to need for the electrostatic forces to counter the weight of the sheets. 

A surface potentiometer might help measure any possible residual charges developed on the 

surface of the Teflon sheet.  

 

Since the degradation in the amount of toner being transferred was more evident in the regions 

where no glass fiber existed, it was concluded that this phenomena was observed due to material 

properties of Teflon. 

 

In order to remove any possible degradation of the Teflon sheets, the following procedures 

were tried: 

• Teflon sheet was placed in the post curing UV apparatus (3d Systems 400W UV source) for 

45mins. Upon reprinting over the Teflon sheet, no improvement in the quality of the print was 

observed. 

• The Teflon sheet was placed in an induction oven at 200°C for 25 minutes [6.27]. Upon 

printing on the Teflon sheet, no improvements in the quality of the print were observed. 

• The sheet was passed between two grounded plates. No improvement in the quality of the 

print was observed. 
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• The Teflon was passed through the printer by reversing the side of the sheet facing the top. A 

substantial improvement in the quality of print was observed. This process was repeated by 

reversing the side on which printing occurred after each printing operation. Upon regular 

operation, degradation in the quality of the print was observed. 

 

6.3.1.2. Printing onto non-stick aluminum foil 
An attempt was made to print onto the surface of a non-stick aluminum foil (“New Release Non-

Stick Aluminum Foil by Reynolds Wrap) as an alternative option to glass reinforced Teflon 

sheets. A 5” x 7.5” sheet of non-stick aluminum foil was stuck onto the surface of an A4 sized 

paper with the help of masking tape. 

 

A successful transfer of toner (fusing cycle eliminated) onto the aluminum foil with very distinct 

interface between the printed and non-printed region was observed (refer Fig 6.33and Fig.6.34 ). 

The repeated printing of the toner onto the same aluminum foil was not conducted due to the 

delicate nature of the sheet. Another shortcoming of this methodology was the embossing of the 

company logo on the surface of the aluminum foil: this created a defect in the transfer of the toner 

in that region.  

 

6.3.2. Printing Different Materials 
One of the aims behind development of an electrophotography system was to develop a rapid 

prototyping system capable of depositing multiple materials, thus it became necessary to 

evaluate the feasibility of printing a variety of materials using a conventional laser printer. 

 

6.3.2.1. Printing Polyvinyl Alcohol 
During the early stages of development, an electrophotography based layered manufacturing 

system seemed appealing due to the possibility of developing a powder delivery system based on 

all-in-one toner cartridge technology. As suggested in Chapter 5, an electrophotography based 

system would be required to handle a minimum of two different materials - a building material and 

a sacrificial material. 

 

It was decided to use a water-soluble Polyvinyl Alcohol (PVA) as the sacrificial support material. 

Based on toner cartridge refilling procedures, PVA was loaded into the toner cartridge and printed 

onto a paper with a black background, under normal printing conditions for transmission speed, 

charging and transfer voltages and laser exposure.  

 

The PVA powder used for the experiments had particle sizes varying from 5µm to 400 µm with 

irregular shape. Upon printing, it was observed that, the PVA was transferred only to the charged 
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regions of the PC drum (unlike the to toner which is transferred to the discharged region of the 

PC drum). This simplifies the generation of supports in the proposed system as the need for a 

separate image generation process for the supports is eliminated.  

 

Since the PVA is non-magnetic in nature, the development roller of the HP Laserjet 2100 printer 

cartridge was of no use in assuring uniform distribution of the PVA powder across the length of 

the roller. The coating of PVA onto the surface of the development roller was purely due to 

electrostatic and Van der Waals forces.  

 

Fig.6.35 shows the distinct separation of PVA on the piece of paper based on latent image 

generated on the surface of the PC drum. Fig.6.36 shows the distribution of PVA that was 

transferred to the piece of paper at 4X magnification. Upon conversion of this image to a purely 

black and white image, it could be approximated based on the image histogram generated 

through Adobe PhotoShop that of the 307,200 pixels that made up the image; 224,697 pixels 

were white, thus representing the percentage of PVA. Thus it can be approximated that an 

efficiency of approximately 73.14% was achieved in the transfer of PVA (refer Fig.6.37). 

 

6.3.2.2 Printing other materials 
Since the ultimate aim of this project is to make the system capable of printing multiple materials, 

an attempt was made at adapting the system to print different materials. Attempts were made to 

print bronze(2µm-30µm, rounded irregular), fused silica (2.3µm-4.5µm, rounded), polyethylene 

glycol (0.8µm-5µm, irregular), glass powder (maximum size of 2µm), and zircon (0.8µm-3µm, 

spherical) using a conventional HP Laserjet 2100 printer. Since all these materials were non-

magnetic in nature, these powders had to solely rely on their ability to stick to the development 

roller in the toner cartridge by virtue of electrostatic attraction or Van der waals forces. There was 

also the possibility of the particles being removed from the surface of the development roller due 

to the wiper blades present in the cartridge (toner used with the Hp Laserjet 2100 had size 

varying from 4µm - 12µm). 

 

It was thought that a development roller made of a porous surface might help in transporting the 

alternative toner material into the proximity of the PC drum. For this purpose, an aluminum rod 

was machined to mimic the shape of the magnetic development roller. The diameter of the 

aluminum rod was machined approximately 3mm smaller than that of the development roller. A 

layer of polyurethane was cast around the aluminum rod by using a silicone rubber mold of a 

suitable size. The foam was machined out on the lathe, so that the rod perfectly matched the 

outer diameter of the development roller. The non-magnetic polyurethane coated development 
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roller (refer Fig.6.38) was loaded into the toner cartridge. Upon closer observation, it was seen 

that the modified development roller did not greatly aid the loading of the alternate toner material. 

 

The printing of the above-mentioned alternate materials was carried out with the help of the 

conventional magnetic roller under the normal operational conditions of the HP Laserjet 2100. It 

was observed that the particles did not distinctly respond to the exposed region of the PC drum, 

but the general concentration of the deposited material indicated a tendency of the above 

mentioned materials to respond to the latent image.  

 

6.3.2.3 Experiments with Single Walled Carbon Nanotubes 
Carbon Nanotubes posses various interesting directional properties like strength and conductivity 

[6.28, 6.29, 6.30]. The size of these molecules of carbon varies between 4-30nm in diameter and 

up to 1µm in length. Dielectrophorosis has been used for the formation of single walled carbon 

nanotube (SWNT) microwires. These experiments were conducted using a solution of single 

walled carbon nanotubes in water [6.31].  

 

An experiment was conducted to explore the feasibility of liquid electrophotography to print single 

walled carbon nanotubes. A glass slide coated with two bands of gold along the edge in order to 

form electrodes was used. The gold electrodes were 20nm thick and spaced 0.295 inches apart. 

A drop of colloidal solution of single walled carbon nanotubes in water was placed between the 

two electrodes and covered with a cover slip.  

 

A potential of 30VDC was applied across the two electrodes. It was observed that due to 

electrophoresis, the SWNTs moved towards and deposited onto the electrode that was not 

grounded (refer Fig.6.39).  

 

The electrolysis of water was also observed under the application of a DC bias across the 

electrodes. This methodology needs more exploration in order to study the behavior of carbon 

nanotubes under the influence of varying voltages, concentrations, dielectric solutions, separation 

gap between electrodes with respect to the conductivity, polarity, size, pitch, alignment of the 

nanotubes, that are transferred to the electrode. Since liquid electrophotography systems are 

based on electrophoresis, this type of system might be feasible in a real liquid electrophotography 

setup. 

 

6.4. Fusing Cycle 
Since fusing is one of the most critical operations in electrophotography, the fusing cycle of the 

HP Laserjet 2100 was monitored. The temperature and pressure exerted by the fuser assembly 
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onto the printed sheet of paper were studied. An Omega HH12 probe was used to measure the 

temperature of the fuser coil during the fusing cycle of the printer. It was observed that the fusing 

film attains a temperature of 110°C during the fusing cycle. The complete fusion of toner particles 

was during the regular printing cycle (refer Fig.6.40) 

 

As mentioned in section 6.1.5, pressure on the sheet of paper is exerted by means of two 

compressed springs. The amount of force exerted by these springs was calculated by first 

measuring the amount of compression on each spring when the fuser assembly is in its 

assembled state. The springs were then removed from the fuser assembly and compressed to 

the same height as found in the assembled state of the fuser assembly with the help of a load 

cell. It was observed that a load of approximately 17 pounds was exerted by each spring. It needs 

to be noted that the contact region of the fusing film with the paper is not circular but planar of 

size 0.775” x 8.89”, thus a force of approximately 5PSI is exerted on the toner during the fusing 

operation.  

 

For the testbed system, it was decided to use a standard hot plate (Manufacturer: Corning) for 

heating the toner to a tacky state. The surface of the hot plate was divided into a grid with a pitch 

of approximately one-inch. Temperatures on the hot plate were measured at all the points on the 

grid for settings three and  (refer Fig.6.41 and Table 6.19) setting four (refer Fig.6.42 and Table 

6.20). A substantial thermal gradient was observed across the surface of the hotplate. The 

gradient on the surface of the hot plate is unacceptable for the purpose of development of a 

fusing system for the proposed system. 
 

A 0.76” ground steel plate was placed on top of the surface of the hot plate. The purpose of this 

was to regularize the temperature across the surface of the entire plate. It was observed that the 

temperature across the entire surface of the steel plate at hot plate setting 3 was maintained at 

97°C (+3°C). Similarly at hot plate setting 4, the temperature across the surface of the steel plate 

was maintained at 119°C (+ 3°C). This small amount of deviation would be permissible for the 

development of a test bed system. 

 

6.5 Conclusion and results 
The following results and conclusions were based upon the experiments conducted so far. 
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6.5.1 Possible Configurations for building of the testbed 
Three alternative testbed systems are suggested for experimental purposes. Two of these 

configurations are based on the idea of mimicking an A4 sized sheet and one on the use of glass 

fiber reinforced Teflon sheets instead of the continuous belt has been suggested. 

 

The first configuration bears resemblance to the proposed system in chapter 5. The system 

utilizes a continuous Teflon belt. The fuser assembly is separated from the main printer body, 

and the rollers are used to independently drive the belt. This system uses the conventional HP 

LaserJet 2100 printer by mimicking an A4 sheet. The fusing is carried out with the help of a hot 

plate and the pressing is carried out with the help of a pneumatic cylinder (refer Fig.6.43). 

 

The second configuration suggests the use of an additional axis to the first configuration. The 

pressing station is mounted onto an X-axis (refer Fig.6.44). This would help in adjusting for any 

variations in the position where the unfused lamina stops after the printing is complete (refer 

Table 6.3). This compensation can be adjusted for based on the encoder counts after the printing 

of a layer is complete. 

 

The third configuration suggests the use of Teflon sheets instead of a continuous Teflon  belt. 

A conventional HP Laser jet 2100 is used to print unfused toner powder onto Teflon sheets by 

disabling the fuser assembly (refer Fig.6.45). This eliminates the need for mimicking the A4 sized 

paper sheet. The fusing is carried out at a separate fusing workstation. A fusing and pressing 

station utilizing a conventional hot plate and a pneumatic cylinder have already been constructed 

(refer Fig.6.46). 
 

6.5.2 Failure of attempts to mimic an A4 paper sheet 
During the attempts to mimic the A4 sized sheet, two problems were observed 

• A sheet of paper would pass through the printer without transfer of any toner. 

• A sheet of paper experienced a system error during the printing process. 

 

Other than this, a static shock after the completion of the printing process was also observed from 

the body of the HP Laserjet 2100. Though the cause of the static shock could not be initially 

evaluated, upon careful observation, it was seen that the connector connecting the main PCB to 

the aluminum mounting panel for the transmission assembly was broken (refer Fig.6.2). 

 

It was earlier assumed that the discharging of the stored charge in the PC drum to the earth 

ground took place through conventional wires. Based on the above observations it can be 
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concluded the mechanical fixturing of the aluminum panel to the main PCB also served as a 

conduction path for the discharging of the PC drum to the earth ground. The disruption of this 

conduction channel prevented the formation of the latent image. Since the HP Laserjet 2100 is 

based on discharged area development, no toner was transferred to the paper under these 

circumstances.  

 

The generation of the system error could be accounted for by the existence of a third sensor. The 

third sensor was the photodetector located inside the laser engine. This sensor did not behave 

like a conventional dual state sensor. This sensor permitted the controller of the laser printer to 

monitor the speed of the polygon scanning mirror. The printer initiated the pick up and printing of 

a sheet of paper only when the necessary RPM of the polygon scanning mirror was achieved. 

Once the polygon scanning mirror reached the necessary speed, the sheet of paper triggered the 

infeed and outfeed sensors. It can be assumed that the system error was generated when the 

infeed sensor was manually triggered with the PLC before the polygon scanning mirror had 

attained the necessary speed. 

 

6.5.3. Mounting of the built part 
Preliminary experiments were conducted to build parts using a variant of configuration # 3. Hand 

pressure was used instead of the pneumatic cylinder to press the built part onto the lamina on a 

Teflon sheet. It has been suggested that part be built over a sheet of paper fixed to a base 

plate. The outer surface of this sheet of paper is coated with Polyvinyl Alcohol and the sheet of 

paper is attached only to the sides of the base plate. This would permit the easy removal of the 

part from the base plate by simply tearing off the sheet of paper and then dipping the sheet in 

water in order to dissolve the PVA coating on the paper.  
 

6.5.4 Cost effective laser engine 
On three occasions, one of the components of the HP laserjet 2100 laser engine failed during 

experimentation. Any small failure renders the entire laser engine useless, as the laser engine 

has not been designed for interchanging parts. It has been suggested that an alternative laser 

engine be constructed for the experimental setup.  

 

A PIC16F876 microcontroller and evaluation board has been acquired for controlling the laser 

and monitoring a photodetector. The purchase of a polygon scanning mirror, a high modulation 

frequency APC and a suitable laser diode, coupled with the optics from an existing HP Laserjet 

2100 laser engine might help solve this problem. 
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6.5.5 Modifications to toner cartridge for handling multiple materials 

The HP Laserjet 2100 toner cartridge has been developed to handle only one type of 

monocomponent magnetic toner. In order to experiment with different build materials, it is 

essential to modify the HP Laserjet toner cartridge in order to handle a broader range of material 

types. 

 

It has been suggested that a foam based development roller with a metal core be used for 

experimenting with non-magnetic dry toner powders. The material properties of this foam roller 

could vary based on the powder that is being printed (refer Fig.6.47). This would help in uniformly 

positioning the toner particles in close proximity of the PC drum. 

 

It might be possible to accommodate liquid toner in the HP laserjet 2100 toner cartridge by 

dripping it over the surface of the developer roller such that a meniscus is formed between the PC 

drum and the developer roller. The toner would then be transferred to the latent image due to 

elecrophoretic forces (refer Fig.6.48). 

 

6.5.6 Power supplies and transfer belt 
Based on current experiments, it is essential to acquire controllable pure DC power supplies for 

powering the developer drum, PCR and transfer drum. Means of generating a controllable AC 

bias over the DC output of the power supply also need to be explored. 

 

Experiments need to be conducted on the feasibility of anti-static Teflon  belts as well as 

silicone belts as well as their behavior and techniques for discharging them. Surface coating 

different materials with non-stick temperature resistant materials like Teflon need to be studied. 
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6.6 Tables  
 

No. Encoder count

1
2
3
4
5
6
7
8
9
10

7924
7934
7944
7936
7942
7945
7936
7933
7944
7940

Table 6.1 Encoder
count upon turning on

the printer prior to
printing

 
 

 

Sensor
States

00 10 11 01 00* stop

No.

1
2
3
4
5
6
7
8
9

0
0
0
0
0
0
0
0
0

9377
6874
5988
6446
9137
8838
8722
9905
7537

16095
13585
12715
13150
15852
15557
15436
16610
14252

16113
13604
12733
13168
15870
15574
15454
16630
14270

21933
19413
18471
18906
21644
21350
21223
22391
20013

26302
23768
22836
23269
26026
25706
25580
26751
24378

00  = State at the beginning of printing: infeed and outfeed not triggered
10  = Infeed triggered, outfeed not triggered
11  = Both infeed and outfeed triggered
01  = Only outfeed triggered, infeed not triggered
00* = Both infeed and outfeed not triggered after printing is complete
stop = Stepper motor stops rotating

Table 6.2
Encoder count Vs. States of the infeed and outfeed sensors
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Sensor
States

00-10 10-11 11-01 01-00* 00*-stop stop

No.

1
2
3
4
5
6
7
8
9

9377
6874
5988
6446
9137
8838
8722
9905
7537

6718
6711
6727
6704
6715
6719
6714
6705
6715

18
19
18
18
18
17
18
20
18

5820
5809
5738
5738
5774
5776
5769
5761
5743

4369
4355
4365
4363
4382
4356
4357
4360
4365

26302
23768
22836
23269
26026
25706
25580
26751
24378

Table 6.3
Encoder count for transitions between different states of the sensor

00  = State at the beginning of printing: infeed and outfeed not triggered
10  = Infeed triggered, outfeed not triggered
11  = Both infeed and outfeed triggered
01  = Only outfeed triggered, infeed not triggered
00* = Both infeed and outfeed not triggered after printing is complete
stop = Stepper motor stops rotating

 
 

No. Encoder count
10 – stop

1
2
3
4
5
6
7
8
9

16925
16894
16848
16823
16889
16868
16858
16846
16841

Table 6.4
Total encoder counts

from the moment paper
enters printer till the
stepper motor stops
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Sensor
States

M(00) M(10) M(11) M(01) M(00*) Paper-
stop

Error Previous
state -
Error

Set No.

1 – 1
1 – 2
1 – 3
1 – 4
1 – 5
1 – 6
1 – 7

2 – 1
2 – 2
2 – 3
2 – 4
2 – 5
2 – 6
2 – 7
2 – 8

3 – 1
3 – 2
3 – 3
3 – 4

4 – 1

5 – 1
5 – 2
5 – 3
5 – 4

0
0
0
0
0
0
0

0
0
0
0
0
0
0
0

0
0
0
0

0

0
0
0
0

9377
9377
9377
9377
9377
9377
9377

6874
6874
6874
6874
6874
6874
6874
6874

9377
9377
9377
9377

6874

5988
5988
5988
5988

16095
16095
16095
16095
16095
16095
16095

13585
13585
13585
13585
13585
13585
13585
13585

16095
16095
16095
16095

16095

12715
12715
12715
12715

16113
16113
16113
16113
16113
16113
16113

13602
13602
13602
13602
13602
13602
13602
13602

13602
13602
13602
13602

16113

12733
12733
12733
12733

21933
21933
21933
21933
21933
21933
21933

19413
19413
19413
19413
19413
19413
19413
19413

21933
21933
21933
21933

19413

18471
18471
18471
18471

26302
23602
23602
23602
23602
23602
23602

23768
23768
23768
23768
23768
23768
23768
23768

23602
23602
23602
23602

23768

22836
22836
22836
22836

20053
19898
19995
19889
20002
19774
20063

13297
13305
13300
13300
13306
13603
13314
13305

15810
15819
15810
15805

20025

12406
12414
12426
12423

3940
3785
3882
3776
3889
3661
3950

6423
6431
6426
6426
6432
6729
6440
6431

6433
6442
6433
6428

612

6418
6426
6438
6435

Table 6.5
Study of sensor states and the triggering of error

00  = State at the beginning of printing: infeed and outfeed not triggered
10  = Infeed triggered, outfeed not triggered
11  = Both infeed and outfeed triggered
01  = Only outfeed triggered, infeed not triggered
00* = Both infeed and outfeed not triggered after printing is complete
error = encoder count when error is triggered
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Sensor 
State 

00 10 11 01 00 stop Remark 

No.        
1 0 4630 -- 11266 17080 21433 error 
2 0 4487 -- 11152 16951 21321 error 
3 0 4603 -- 11293 17079 21452 error 
4 0 4517 -- 11191 16919 21271 error 
5 0 4973 -- 11649 17444 21822 perfect 
6 0 5147 -- 11798 17509 21859 perfect 
7 0 4797 -- 11484 17236 21609 error 
8 0 4944 -- 11591 17348 21722 perfect 
9 0 6147 -- 12815 18554 22919 perfect 

10 0 4645 -- 11347 17133 21499 error 
11 0 13773 -- 20432 26094 30463 perfect 
12 0 4188 -- 10849 16623 20986 error 
13 0 5316 -- 11965 17739 22097 perfect 
14 0 4912 -- 11558 17325 21679 perfect 
15 0 4888 -- 11568 17453 21821 error 
16 0 5270 -- 11917 17789 22153 perfect 
17 0 4114 -- 10788 16600 20961 error 
18 0 4897 -- 17170 17208 21579 perfect 
19 0 3479 -- 10127 15973 21899 error 
20 0 3697 -- 10378 16134 20511 error 
21 0 5335 -- 12001 17820 22177 perfect 
22 0 4952 -- 11600 17373 21748 perfect 
23 0 5748 -- 12377 18139 22504 perfect 
24 0 4615 -- 11275 17015 21381 error 
25 0 5628 -- 12273 18049 22416 perfect 
26 0 4911 -- 11552 17299 21656 perfect 
27 0 4905 -- 11563 17329 21684 perfect 
28 0 4716 -- 11385 17104 21486 error 
29 0 4588 -- 11221 16969 21323 error 
30 0 4311 -- 10951 16702 21052 error 
31 0 4240 -- 10881 16638 20993 error 
32 0 4295 -- 10960 16719 21071 error 
33 0 3182 -- 9846 15593 19995 error 
34 0 4617 -- 11260 17038 21383 error 
35 0 5953 -- 12603 18376 22733 perfect 
36 0 5767 -- 12422 18161 22522 perfect 
37 0 4734 -- 11401 17178 21530 error 
38 0 5985 -- 12647 18432 22804 perfect 
39 0 4590 -- 11234 17010 21356 error 
40 0 6324 -- 12995 18753 23101 perfect 
41 0 6059 -- 12702 18456 22807 perfect 
42 0 4310 -- 10984 16719 21079 error 

Table 6.6 
Encoder count Vs. States of the infeed and outfeed sensors 

Second set of readings 
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43 0 6884 -- 13539 19271 23630 perfect 
44 0 5331 -- 11982 17731 22099 perfect 
45 0 5123 -- 11774 17543 21896 perfect 
46 0 5098 -- 11746 17494 21850 perfect 
47 0 4464 -- 11121 16886 21235 error 
48 0 4926 -- 11585 17355 21715 perfect 
49 0 5886 -- 12537 18288 22654 perfect 

 

 

 

 

 

 

 

 

 

 

 

No. Encoder count
10 – 01

1
2
3
4
5
6
7
8
9

6736
6730
6745
6722
6733
6736
6732
6725
6733

Table 6.7
Paper length in terms

of encoder count
measured using infeed

sensor

 

No. Encoder count
11 – 00*

1
2
3
4
5
6
7
8
9

5838
5828
5756
5756
5792
5793
5787
5781
5761

Table 6.8
Paper length in terms

of encoder count
measured using
outfeed sensor

 

00  = State at the beginning of printing: infeed and outfeed not triggered 
10  = Infeed triggered, outfeed not triggered 
11  = Both infeed and outfeed triggered 
01  = Only outfeed triggered, infeed not triggered 
00* = Both infeed and outfeed not triggered after printing is complete 
stop = Stepper motor stops rotating 
Remark = “Perfect” for regular printing and “Error” for zero toner transfer 

Table 6.6 (Continued) 
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CTRL 1 CTRL 0 DATA DATA Laser Diode (LD)

L
L
L
H
H

L
H
H
L
H

---
H
L
---
---

---
L
H
---
---

OFF
ON
OFF
ON
OFF

Table 6.9
Truth Table for SN65ALS543 APC

 

Printing
Conditions

DC
Component

AC Component

High Low Frequency Type
Black Paper
White Paper

-321.43 V

-321.43 V

-214.28 V

-214.28 V

-428.56 V

-428.56 V

60 Hz

60 Hz

Sine Wave

Sine Wave

Table 6.10
Power Supply to Pressure Roller in the Fuser Assembly

 
 

 

Printing
Conditions

DC
Component

AC Component

High Low Frequency Type
Black Paper
White Paper

- 653.57 V

- 653.57 V

+ 428.57 V

+ 428.57 V

- 1741.05 V

- 1741.05 V

723 Hz

723 Hz

Sine Wave

Sine Wave

Table 6.11
Power Supply to the Primary Charging Roller in the Toner Cartridge
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Printing
Conditions

DC
Component

AC Component

High Low Frequency Type
Black Paper
White Paper

- 492.85 V

- 492.85 V

+ 375.00 V

+ 375.00 V

- 1328.56 V

- 1328.56 V

2.6 KHz

2.6 KHz

Square Wave

Square Wave

Table 6.12
Power Supply to the Development Cylinder in the Toner Cartridge

 
 

Printing
Conditions

DC
Component

AC Component

High Low Frequency Type
Black Paper
White Paper

+ 2142.84 V

+ 2142.84 V

--N/A--

--N/A--

--N/A--

--N/A--

--N/A--

--N/A--

--N/A--

--N/A--

Table 6.13
Power Supply to the Transfer Drum/Roller

 
 

Input
Voltages

Output Voltage Frequency

Min Max
12VDC -609V 791V 50KHz

9VDC -594V 580V 50KHz

7.5VDC -513V 490V 50KHz

6VDC -437V 420V 50KHz

4.5VDC -320V 310V 50KHz

3VDC -230V 220V 50KHz

1.5VDC -98.5V 100V 50KHz

Table 6.14
Outputs of the MINMAX2 transformer Vs. Input Voltages
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Input
Voltages

Output Voltage Frequency

Min Max
12VDC -750V -465V 50KHz

9VDC -560V -543V 50KHz

7.5VDC -460V -381V 50KHz

6VDC -400V -322V 50KHz

4.5VDC -295V -232V 50KHz

3VDC -215V -162V 50KHz

1.5VDC -100V -68V 50KHz

Table 6.15
Outputs across the negative terminal of bridge rectifier

Vs. Input voltages to the MINMAX2 power supply

 
 
 

Input
Voltages

Output Voltage Frequency

Min Max
12VDC -604V --592V 50KHz

9VDC -529V -507V 50KHz

7.5VDC -450V -430V 50KHz

6VDC -388V -371V 50KHz

4.5VDC -285V -273V 50KHz

3VDC -204V -195V 50KHz

1.5VDC -89V -84V 50KHz

Table 6.16
Outputs across the negative terminal (with 270pF capacitor connected)

bridge rectifier Vs. Input voltages to the MINMAX2 power supply
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Configurations Output Voltage Frequency
Min Max

Output across transformer at 12VDC input
voltage

-1714V 2245V 45KHz

Output across the positive terminal of bridge
rectifier without capacitor at 12VDC input
voltage

1607V 3321V 45KHz

Output across the negative terminal of bridge
rectifier without capacitor at 12VDC input
voltage

-3214V -964.3V 45KHz

Output across the positive terminal of bridge
rectifier with 270pF capacitor at 12VDC input
voltage

2250 3857V 45KHz

Output across the negative terminal of bridge
rectifier with 270pF capacitor at 12VDC input
voltage

-3214V -1071V 45Khz

Table 6.17
Outputs of the MINMAX3 transformer at 12VDC input voltage
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Input voltage
of the power

supply
connecting to

the PCR

Input voltage of
the power

supply
connecting to

the development
roller

Input Voltage of
the power

supply
connecting to
the transfer

drum

Observations

< 4.5 Volts 12 Volts 12 Volts Toner transfers across the

entire surface of the paper,

irrespective of the exposure of

the PC drum

4.5 Volts 12 Volts 12 Volts Toner selectively transfers to

the paper sheet based on PC

drum exposure

> 4.5 Volts 12 Volts 12 Volts No transfer of toner is

observed

Table 6.18
Transfer of toner to a sheet of paper in relation to input voltages to power supplies
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TEMPERATURE VALUES AT SETTING = 3
YAXIS GRID POINTS

1 2 3 4 5 6
X AXIS GRID

POINTS
0” 1” 2” 3” 4” 5”

1 0” 30 34 36 36 34 30

2 1” 39 57 60 63 58 39

3 2” 56 76 90 95 79 46

4 3” 57 80 87 102 86 46

5 4” 56 80 95 108 86 52

6 5” 52 76 80 94 77 42

7 6” 40 57 56 67 62 35

8 6.625” 32 38 40 36 34 27

Table 6.19
Temperature distribution across the surface of the hot plate without steel

plate : at hot plate setting 3
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TEMPERATURE VALUES AT SETTING = 4
YAXIS GRID POINTS

1 2 3 4 5 6
X AXIS GRID

POINTS
0” 1” 2” 3” 4” 5”

1 0” 45 57 58 60 53 47

2 1” 66 100 101 108 106 66

3 2” 82 144 157 157 152 94

4 3” 93 160 167 170 150 94

5 4” 94 163 160 165 148 86

6 5” 85 143 150 153 136 81

7 6” 62 97 104 100 100 55

8 6.625” 47 60 61 59 60 43

Table 6.20
Temperature distribution across the surface of the hot plate without steel

plate : at hot plate setting 4

 
 
 
 
 



 117

6.7 Figures  
 

Collector 

Emitter/GND 

Anode 

Cathode/ 
GND 

Fig 6.1
Infrared Photointerruptor 

 
 

Fig 6.2
Transmission Assembly : Front View

 

 

Fig 6.3
Transmission Assembly : Inner View 

Stepper Motor 
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Fig 6.4

Transmission : Inside the Printer Chassis
 

 

Fig 6.5
Toner Cartridge

PC Drum Section
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Fig 6.6
Toner Cartridge

Toner Container Section
 

 

Magnetic
Monocomponent
Toner

IR Laser

Transfer Drum

Paper

Toner Agitator

Magnetic Roller

OPC Drum

Fig. 6.7
The HP Laserjet 2100 Toner Cartridge

Primary Charge Roller

~

~
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Fig.6.8
Laser engine of HP Laserjet 2100

 
 

Fig.6.9
Modified Transmission Assembly Panel
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Common GND (PLC &
HP Laserjet 2100)

To collector
of infeed
sensor

3.525 VDC Source

Fig.6.10
Relay Circuits for mimicking registration shutters

10 MΩ

Relay
from
PLC

Relay
from
PLC

10 MΩ

To collector
of outfeed
sensor

 
 

 

Photocoupler

HP Laserjet
2100 GND

PLC GND

PLC
Relay

Fig.6.11
Integration of the photocoupler into the PLC circuit for

mimicking infeed and outfeed sensor states

1.5VDC
Power
Supply

Emitter lead on
photointerruptor

Collector lead on
photointerruptor
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Fig.6.12
Solenoid mounted on main PCB

 

Pull Type SolenoidPhotointerrupter

Guides

Flap

Anode Collector

Schematic of a
Photointerruptor

Fig.6.13
Arrangement of Solenoids &
Photointerruptors in order to
generate false signals to the

printer  
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Solenoid
Acrylic
Shutter

PLC GND

Output
relay from

PLC

Plunger

24VDC
Power
Supply

Fig.6.14
Connection of solenoids to PLC

 
 

 

 

 

 

NOT Gate

Output
relay from

PLC

GND

3VDC
Power
Supply

Fig.6.15
Connection of polygon scanner mirror

spindle motor to PLC

Push
Pull
Driver

M56750FP

3 phase
brushless

motor driver

24VDC

GND 5VDC

10MΩ

ACC

DEC

 
 

Laser Diode Photo Diode

Fig.6.16
HP Laserjet 2100 Laser Diode module

COMM (positive potential)
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238µs112.5µs

12µs

371µs

a
Actual printing

b
No printing but spindle motor ON

3.12VDC

3.12VDC

4.07VDC

4.07VDC

Fig.6.17
States of Laser “laserdiode” terminal while printing 8.5” x 11” black block

 

237µs112.5µs

12µs

371µs

a
Actual printing

b
No printing but spindle motor ON

GND

GND

1.54VDC

1.54VDC

Fig.6.18
States of Laser Photodiode terminal while printing 8.5” x 11” black block
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260µs

110µs

12µs

371µs

a
CTRL0 while printing

b
CTRL1 while printing

GND

GND

3.5VDC

3.5VDC

Fig.6.19
States of the CTRL0 & CTRL1 terminals on SN65ALS543 while printing
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180µs

190µs

190µs

a
DATAwhile printing

b
DATA while printing

1.2 VDC

1.2 VDC

2.1 VDC

2.1 VDC

Fig.6.20
States of theDATA  & DATA terminals on SN65ALS543 while printing

180µs
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8.5”

Direction
of Paper
Feed

8.5” x 11”
paper

116µs

255µs

Fig.6.21
Representation of laser tracing across A4 sheet of paper

Laser
Trace
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a
Picture of the NS102 APC

b
Front view of the APC c

Rear view of the APC

Fig.2.22
NS102 Laser Diode Driver

Source: http://www.nvginc.com/ns102dri.htm
 

 

GND

Output
relay from

PLC
Laser Diode Module

4.5 VDC
Power
Supply

Fig.6.23
Connection of NS102 to PLC

NS102
COMM

PD

LD
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Fig.6.24
Setup for measuring transmission

speed of HP Laserjet 2100
 

 

 

 

High
Voltage AC

Power
Supply

Positive DC
Output

Negative DC
Output

Fig.6.25
Circuit for generation of a high voltage DC  output using a bridge rectifier
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Fig.6.26
Transfer of toner onto a Teflon sheet for the first time

 

Fig.6.27
Transfer of toner onto a Teflon sheet for the first time at 10X magnification
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Fig.6.28
Transfer of toner onto a Teflon sheet for the first time at 10X magnification

Illuminated from the top  
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Fig.6.29
Transfer of toner onto a sheet of paper at 10 X magnification
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Fig.6.30
Degradation of print quality over a Teflon sheet after eleven consecutive

prints  
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Fig.6.31
Distortions in the transfer of toner onto a Teflon sheet for the eleventh time at

4X magnification
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Fig.6.32
Transfer of toner onto a Teflon sheet for the eleventh time at 10X

magnification  
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Fig.6.33
Loose toner printed onto non-stick Aluminum foil
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Fig.6.34
Loose toner printed onto non-stick Aluminum foil at 10X magnification

(sample illuminated from top)
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Fig.6.35
Deposition of PVA at the boundary of the image region at 4X magnification
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Fig.6.36
Density of PVA within the negative of the image region at 4X magnification

 

Fig.6.37
Black and White image of Fig.6.36 used for the estimation of PVA

density in a given print
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Fig.6.38
Polyurethane foam coated non-magnetic development roller
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Fig.6.39
Electrophoresis of Single Walled Carbon Nanotubes in water
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Fig.6.40
Transfer and fusing of toner onto a transparency at 40 X magnification
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Fig.6.41 
Setting 3 of Hot Plate
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Fig.6.42
Setting 4 of Hot Plate
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Laser Engine

Non-Stick Teflon Belt

Pneumatic
Cylinder for Z-
axis control

Built Part
Unfused Laser
Print

Fuser Assembly

Drive Rollers

Discharge Rollers

Fig.6.43
3D Electrophotographic Printer: Configuration # 1

Drive Rollers

 
 

 

Laser Engine

Non-Stick Teflon Belt

Pneumatic
Cylinder for Z-
axis control

Built Part
Unfused Laser
Print

Fuser Assembly

Drive Rollers

Discharge Rollers

Fig.6.44
3D Electrophotographic Printer: Configuration # 2

Drive Rollers
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Manual Transfer
of Teflon Sheet to
Fuser Assembly

Pneumatic
Cylinder for Z-
axis control

Built Part

Unfused Laser
Print

Fuser Assembly

Commercial Laser
Printer, Without Fuser
Assembly

Printing of Unfused
Toner onto a Teflon
Sheet

Fig.6.45
3D Electrophotographic Printer: Configuration # 3

 
 

 

Fig.6.46
Pressing and fusing station for experimental setup (configuration # 3)
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Non-Magnetic
Monocomponent Toner

IR Laser

Transfer Drum

Paper

Toner Agitator

Foam Roller with
Metal Core

OPC Drum

Fig.6.47
Suggested Modification to Laserjet 2100 Toner Cartridge to print Non-Magnetic Dry Toner

Primary Charge Roller

 

 

IR Laser

Transfer Drum

Paper

Roller with Metal Core

OPC Drum

Fig.6.48
Suggested Modification to Laserjet 2100

Toner Cartridge to Print Liquid Toner

Primary Charge Roller

Liquid Toner
Dispenser
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Chapter 7 
Conclusion, Future Work & Possibilities 

 

7.1. Conclusion & Future Work 

The initial approach towards the development of an electrophotography based layered 

manufacturing system was to use an existing laser printing machine and mimic an A4 sized paper 

sheet while printing onto a continuous transfer belt.  Upon conducting initial experiments, it was 

concluded that the reverse engineering of the basic components of the laser-printing machine 

would provide additional insight and understanding necessary for the development of a test bed 

system. 

 

Based on the available infrastructure, an attempt was made to reverse engineer the laser printing 

system. This experience provided essential groundwork towards the development of a fully 

functioning system.  

 

It can be concluded that with a suitable experimental setup, it would be possible to develop a belt-

based 3D electrophotographic printing system. 

 

The realization of such a system could entail: 

 

• Development of precision DC power supplies with varying AC bias (AC voltage component 

and frequency). Using this power supply, experiments on the charging of the PC Drum, toner 

transfer, charging methods of the toner powder and residual charge removal from the transfer 

belt by varying the DC bias, and the AC bias and the frequency at the high voltage sources 

would be conducted. 

• Development of fusing cycles for different materials. This would require the development of 

arrays of induction heaters in order to create different temperature zones across the work 

area of the fusing station.  

• Carrying out the entire process under controlled temperature in the build environment to 

minimize warping during fusing. 

• Developing the means for mechanical cleaning as well as residual charge removal over the 

Flurofab # B100-4 (Green Belting Industries) transfer belt. 

• Experiments on printing over belts made purely of Teflon and non-stick silicone belt (high 

dielectric constant). Different materials coated with Teflon can also be tried.  
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• Modifications to the toner cartridges so that they can handle non-conducting magnetic and 

non-magnetic toners, conducting non-magnetic toners as well as liquid toners made of 

colloidal nanoparticles suspended in dielectric fluid. 

• Developing a laser engine that uses Vertical Cavity Surface Emitting Lasers. 

• Developing the means to control a conventional laser engine consisting of a polygon 

scanning mirror. This can be carried out using a combination of high speed APC circuit and 

high speed microprocessor such as those provided by Intel and Microchip. 

• Studying process parameters for printing a wide array of materials ranging from magnetic and 

non-magnetic metals, biopolymers, proteins, engineering polymers and semiconductors. 

 
7.2. Possibilities 
During the investigation on the development of electrophotography based layered manufacturing, 

it was realized that the process might have capabilities that were not envisioned during the 

conception of this system. 

 

7.2.1. Particle orientation 
When particles are placed in an electric (or magnetic field in case magnetic particles), they are 

known to align themselves in the direction of the field. This property opens up interesting 

possibilities for particles that possess directional properties. Electrophotography needs to be 

explored as a means of depositing and orienting particles with irregular shapes or with directional 

properties. 

 

7.2.2. Printing nanomaterials  
As explained in the previous section, an attempt was made to study the behavior of single walled 

carbon nanotubes under the influence of DC electric field. Nanoparticles are generally available 

as suspended particles in a colloidal solution.  

 

It was also observed [7.1, 7.2, 7.3, 7.4] that Cadmium Selenide nanoparticles could be melted 

and recrystallized under 400°C as opposed to the melting point of 1500°C in its bulk form. This 

extreme depression in the melting points of materials might permit the processing of metals and 

other high temperature materials in the presence of conventional engineering polymers.  

 

7.2.3. Circuit printing using electrophotography 
Electrophotographic printing has been used to print conductive toner with the aim of printing 

circuits. Paralec Corporation has even commercialized a conductive toner technology called 

Paramod specifically for printing circuits [7.5, 7.6] .  
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Gleskova et al [7.7, 7.8] have successfully demonstrated the use of electrophotographic printing 

for the printing of capacitors and masks for printing large are circuits using amorphous silicon. 

 

The delivery of nanocrystalline, polymer or amorphous semi-conductors using embossing, ink-jet 

printing, dewetting and spincasting has been studied by numerous researchers as means for 

developing large area circuits [7.9, 7.10, 7.11, 7.12, 7.13, 7.14, 7.15]. So far no literature has 

been located on the direct processing of semiconductor materials using electrophotography. 

 

Another unexplored topic is the exploration of printing of biomolecules and proteins. It might be 

possible to print proteins such as Ferritin; commonly referred to as the Iron Storage Protein 

[7.16]. The integration of the printing of proteins along with the printing of circuits might open up 

interesting avenues for research in biosensing. 

 

7.2.4. Personal Fabrication 
A “Personal Fabricator” has been described by Wired Magazine [7.17] as one of the top five 

technologies that would redefine the future. A Personal Fabricator could also be referred to as a 

“do it all” or a “Santa Claus” machine [7.18]. This technology would enable a cheap way of 

fabricating articles of any shape, on demand, from the comfort of ones home or office. It has been 

envisioned that the Personal Fabricators would eventually be capable of making parts with 

electronics integrated into them. 

 

Based on the state of available technologies, freeform fabrication can only be achieved through 

layered manufacturing. Hence, all the layered manufacturing techniques are currently being 

looked upon as future personal fabricators. The biggest hurdle in achieving layered 

manufacturing based personal fabrication is the high cost of today’s commercial layered 

manufacturing technologies. 

 

There have been numerous ventures in the field of mass personalization [7.19] aimed at general-

purpose applications. These service providers depend on machines located in a centralized 

facility for the production of customized articles. The centralized location of the manufacturing 

facility leads to geographical barriers, eventually leading to a communication barrier between the 

end user and the service provider.  

 

A laser printing based personal fabrication system would greatly help reduce the cost of the 

layered manufacturing machine, thus brining the manufacturing setup to the end user. The future 

might hold possibilities in peer to peer product development where there the internet could be 

looked upon as a direct means of conversion of information (bits) to products (atoms) without the 
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need for corporate organization or individual product developers to actually manufacture the 

developed products [7.20, 7.21, 7.22].  
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