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1. Introduction  

1.1 Problem Statement 

Three dimensional printing is the latest form of printing in the modern world technology. The 

demand for 3D printers in professional and educational institutions has been high ever since its 

invention. 3D printers offer a variety of advantages over traditional printer technologies such as 

dot matrix printers etc. Many engineering, medical and industrial applications require more than 

just a 2-dimensional view. This is the primary reason for the advent of 3-D printing technology. 

For example in mechanical applications, softwareôs such as SolidWorks and Autocad develop 3-

D images on the computer but the older printing technologies only provide a 2-D printing 

advantage which is not enough for critical applications like building machine parts for airline 

industry. Also, in medical application especially in the area of artificial organs, 3-D view of the 

models is very crucial to the applications before production. 3-D printing technology provides an 

excellent diagnostic tool for professionals developing such designs and will save them an 

immense amount of time and resources.  This method of printing is relatively new compared to 

other means of printing and has room for big improvements. Our goal for the final design project 

is to make a fully operational three-dimensional printer that creates three-dimensional objects by 

layering and connecting successive cross sections of material. The specific goals of our project 

are as follows: 

 To identify the best suited material for the creation of the 3-D objects 

 To determine the components and dimensions of the printer for optimum performance 

 To develop an affordable product with user friendly interface 
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1.2 Motivation  

There is an increasing demand for 3-D printer technologies in the market. The current printers 

available are expensive and complicated to use. Apart from being expensive, previous means of 

producing a prototype took a long time, many specialized tools and skilled labor. Developing a 

printer which uses rapid prototyping technology would drastically reduce the time, money and 

man-hours for production of a prototype. The main motivation for this project is to develop a 

cost effective solution for printer requirements for laboratories in schools as well as in machine 

shop. Another factor which also motivated us to do this project is that it involves a lot of 

mainstream mechanical engineering subjects such a Materials, Heat Transfer, Programming, 

System Dynamics, Modeling and Designing. Also, we aim to develop a user interface which can 

also be used by personnel who are not very familiar with computer software.  Since 3-D printing 

is relatively new in printer technologies, it has a greater scope for development in the areas of 

design and marketing.  A successful completion of this project can lead to the creation of a new 

product with a good potential to be launched in the market. 

1.3 Literature Survey 

A review of relevant terminology and previous work in the design of three dimensional printers 

is presented in this section. Taking that into consideration this section will cite definitions of 

which are relevant to our project outcomes, these definitions serve as a guide and introduction to 

the readers unfamiliar to the rapid prototyping. It is an engineer obligation to state the origin of 

this information which is cited at the end of the section and contained in the reference section of 

this document. 

Physical models of machines have played an important role in the history of engineering for 

teaching, analyzing, and exploring mechanical concepts. Many of these models have been 
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replaced today by computational representations, but new rapid-prototyping technology allows 

reintroduction of physical models as an intuitive way to demonstrate mechanical concepts. The 

use of physical models in engineering has had, until the last quarter century, a long and useful 

history. This is especially true in machine design and engineering. Filippo Brunelleschi (1377-

1436), the architect and engineer of the Duomo in Florence is known to have created 

construction models, including machines.  

Although physical models of machines were prevalent in early exhibitions and universities, their 

use has been largely replaced today by CAD models and simulations. These computational 

models are more versatile and of lower cost, but they lose the physical embodiment that is 

essential for an intuitive appreciation of many critical concepts of motion and force, such as 

friction, hysteresis, compliance, geometric tolerances, and dynamics. However, new rapid-

prototyping technology allows reintroduction of physical models as an intuitive and simple way 

to demonstrate these fundamental mechanical concepts. We now use the web to integrate both 

these textual and artifact collections on the history of machines and mechanisms. Besides reading 

textual descriptions, viewing pictures and videos, and interacting with simulations, visitors may 

now also download, 3D-print and interact with their own fully functional physical replicas. We 

expect that as rapid-prototyping becomes more commonly available such forms of 

documentation will become increasingly prevalent. 

There are several rapid prototyping technologies, including laminated object manufacturing 

(LOM), selective laser sintering (SLS), photo Stereolithography (SLA), and fused deposition 

modeling (FDM). Laminated Object Manufacturing (LOM) was developed by Helisys Inc. In 

this technology paper, plastic or metal is coated with adhesives and glued together on top of each 
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other. Once the solid block is made, it is cut into the desired shape using a laser cutter. The 

following is the methodology of the process: 

The sheet is glued on to the surface and subjected to a heat roller on which the dimensions of the 

prototype are traced on using a laser. The unwanted parts of the material are discarded and the 

completed layer moves down to facilitate laying of the next layer. New material is put in position 

and the platform is raised to receive the new layer and this process is repeated as many times as 

required. The main advantages offered by this technology are its low cost due to easy availability 

of raw material and easy construction of large parts as no chemical reactions are involved. The 

main disadvantage of this method is that it provides less dimensional accuracy then some other 

technologies like Stereolithography. 

 

Figure 1: Laminated Object Manufacturing (LOM)  [12] 
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SLS was developed and patented by Dr. Carl Deckard at the University of Texas at Austin in the 

mid-1980s.  SLS uses a machine called SLS systems. The most popular model of SLS is the 

Sinterstation SLS system.  SLS fuses small plastic, metal, ceramic or glass powder particles into 

a desired 3-Dimensional shape using a high power laser. It uses digital data such in the form of a 

CAD file or scan data to generate cross sections over which a laser is selectively scanned to fuse 

the powdered material. Once the current layer has been scanned completely, the powdered bed is 

lowered by a thickness of one layer which allows for deposition of new material on the top 

following which the same procedure is repeated.   

The following are some advantages of SLS technology over other contemporary technology 

1. It can easily make complex geometries because of its compatibility with digital data such 

as CAD or CAM. 

2. It has very rapidly progressed into being used in limited-run manufacturing to produce 

end-user parts. 

3. SLS does not require support structures because of the absence of any sintered material 

when the part is being constructed which is not the case with other technologies like 

Stereolithography and fused Deposition modeling. 

4. SLS is able to produce parts using a wide range of commercially available materials like 

polymers (nylon, also glass-filled or with other fillers, and polystyrene), metals (steel, 

titanium, alloy mixtures, and composites) and green sand.  

5. SLS can use different methods to physically melt, such as full melting, partial melting, or 

liquid-phase sintering.  
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6. Using this process, it is possible to achieve up to 100%  density  with respect to material 

properties which  is absent in its contemporary technologies. 

7. It also allows for high productivity in many situations by packing a large number of parts 

within the powder bed.  

 

Figure 2: SLS Technology [12] 

The FDM process was used in this study to reproduce several Reuleaux-Voigt kinematic models. 

The process creates a sequence of thermoplastic layers from a filament wound coil that is heated 

and extruded through a nozzle. The trajectory of the nozzle is derived from the triangle mesh, to 

scan and fill solid volumes. In order to create functioning mechanisms, a second, water soluble 

release material is placed in the gaps between the movable parts. The basic material used was 

Acrylonitrile-Butadiene-Styrene (ABS). Information on these materials can be obtained from 

Montero et al (2001) as well as from the manufacturer. 

Kinematic mechanisms such as a Geneva mechanism and a planetary gear device have been 

created before and featured on the manufacturerôs web site. Similarly, simple joints and 

preassembled robot morphologies have been printed before such as Lipson and Pollack, 2000; 
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Mavroidis et al, 2001. Several pre-assembled, fully-functional historic mechanisms have been 

reproduced using rapid prototyping such as early straight line mechanisms, ratchets, pumps, and 

clock escapements, including various kinematic components such as links, joints, gears, worms, 

nuts, bolts, and springs. The following different models are shown in Figures 3,4 and 5:  

Å A slider crank allowing multiple inversions  

Å A double slider crank 

Å A ratchet mechanism with three spring-loaded stoppers  

 

 

Figure 3: Slider-Crank (a) Original Reuleaux Model (b) Rapid Prototype Model [25] 

 

 

 

Figure 4: Double Slider-Crank (a) Original Reuleaux Model (b) Rapid Prototype Model [25] 
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Figure 5: Ratchet Mechanism (a) Original Reuleaux Model (b) Rapid prototype model [25] 

Rapid-prototyping systems, both electric and mechanical, work by incrementally and selectively 

depositing material from a source onto a substrate. The machines read data describing slices of a 

computer model and, using one of several methods, lay down successive thin layers of liquid or 

powdered polymers, ceramics, or metals. The solid-freeform systems are commonplace tools for 

industrial designers. They are used mostly by automakers to create prototypes of car parts, from 

engine blocks to side-view mirrors; by appliance manufacturers to model products such as air 

conditioners and microwave ovens; and by consumer electronics companies to model Bluetooth 

headsets, cell-phones, and other products. The industrial rapid-prototyping systems use inks, 

pastes, and suspensions that are combinations of filaments, powders, flakes, precursors, cross-

linkers, binders, solvents, dispersants, and surfactants, whose propertiesðincluding viscosity, 

density, melting point, and surface tensionðare tailored to particular applications.  

One of the major differences between the FDM copies and the originals is the clearance between 

moving parts. The printing process cannot directly leave a zero-width gap. Instead the process 

either leaves an air gap, if possible, or puts in waste material: Water-soluble material that is later 

washed away, or for stereo lithography processes, wax-material that is melted or etched away, or 

un-sintered particles in selective sintering processes. The clearance between parts is on the order 

of 0.4 mm in our case, a rather large gap ï an order of magnitude greater than the originals. The 

large gaps affect the rigidity of the mechanism, add hysteresis effects, and become detrimental 
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when tight surfaces are critical for functionality, such as in pumps. This necessity for large gaps 

originates from several reasons:  

Release: Ensuring the surfaces do not fuse together while printing.  

Warping: Because the prototype is built up of many layers, each originating as a molten liquid, 

there is the problem of thermo-elastic warping. Thus maintenance of plane surfaces in the case of 

joints with tight clearance is a problem.  

Friction: The FDM models do not have any lubrication, so a large gap helps minimize friction. 

This is especially true for processes that have low surface finish.  

Etching pathways: Most Rapid prototyping processes require secondary processes for removing 

support material, either using solvents, melting, blowing or etching. If gaps are too tight, these 

solvents cannot reach the material to be removed and/or the dissolved material cannot flow out. 

Consequently, the design is typically modified to allow easy pathways for removal of release 

materials. 

Another issue is the strength of the rapid prototyping material itself. For example, Reuleauxôs 

brass handles on his models have a beautiful shape that is fragile in the ABS plastic. Several 

aspects affect the strength of the printed mechanism:  

Material: Various materials can be used, affecting the durability of the resulting mechanism. A 

typical ABS product is far weaker than the original. Weak points and stress concentration points 

may need to be reinforced.  

Deposition pattern: Because the deposition processes is layered and, with FDM processes also 

fibered, the materialôs mechanical behavior approximates laminated material (e.g. composites) or 

fibrous material (e.g. hardwood) more than it does a solid material. Thus the original material 
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properties specified by the manufacturer may be somewhat deceptive, and the true properties end 

up being largely dependent on the orientation of the part and exact deposition pattern. It is 

therefore desirable to set the mechanism at a state such that it may be printed with fibers along 

the length of load gradients. New materials and deposition processes may alleviate this need in 

the future.  

Compliance: The elasticity of the material may be useful when printing compliant mechanisms 

such as springs. However, in such components the geometry interacts with the material 

properties, so that the geometry must be changed to achieve certain kinematic behavior. This is 

demonstrated in the printing of the spring loaded-ratchet mechanism, in which leaf-springs 

lengths and width needed to be adjusted to produce the proper functionality. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Misalignment Caused by Large Gap Requirements: (A) A Loaded Shaft Printed with Gaps Filled with Support 

Material, (b) Misalign when Support Material is Removed. (c) Shaft Misalignment is Pre-Compensated so that (d) Final 

Functioning Model is Correctly Alligned. [25] 
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Currently, rapid prototypes can fashion plastics, ceramics, and certain metals into almost any 

kind of mechanical structure, including sliding and rotary kinematic joints, links, springs, gears, 

ratchets, nuts, and bolts, with quality good enough for functional testing. Many solid prototypes 

incorporate a tough, rigid plastic, called acrylonitrile-butadiene-styrene (ABS). Electronics 

maker Logitech Inc., in Fremont, Calif., used a solid-freeform machine from Stratasys Inc., in 

Eden Prairie, Minn., to make an ABS prototype of its Bluetooth headset and then attached 

weights to the boom microphone to test the design for strength. Another Stratasys customer, 

Diebold Inc., in North Canton, Ohio, builds automated teller machine prototypes made of ABS 

or polycarbonate and tests their endurance in rain, sleet, snow, and extreme temperatures. Grotell 

Design Inc., in New York City, makes prototypes of all its watch components, from bracelets to 

bezels, using thermoplastics, natural and synthetic waxes, and even fatty esters in desktop solid 

free form fabricators made by Solidscape Inc., in Merrimack, N.H. Like countless other 

technologies, rapid-prototyping systems are getting faster, cheaper, and better.  

Todayôs machines have several obstacles to overcome before they can become general-use home 

fabbers. For one thing, rapid prototyping is something of a misnomer: with typical printing rates 

of about 1 cubic inch per hour, it can take as long as a day to produce even a simple plastic shape 

representing a toaster in one of todayôs solid-freeform fabrication systems. And the systems are 

difficult to use, requiring a fair amount of specialized knowledge. Plus, they cost anywhere from 

US $15,000 to $750,000. Furthermore, a single freeform machine cannot make parts composed 

of different materials. And even if a machine existed that could handle multiple materials, the 

commercial software needed to tell the tools when to apply, say, plastic on one layer and metal 

on the next doesnôt exist yet. Finally, the range of materials rapid-prototyping systems can work 

with, while expanding, still does not include materials that produce motion in response to 

electrical impulses, and chemical systems and separators that can be used to make batteries. 
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Three-Dimensional Printing functions by building parts in layers. From a computer (CAD) 

model of the desired part, a slicing algorithm draws detailed information for every layer. Each 

layer begins with a thin distribution of powder spread over the surface of a powder bed. Using a 

technology similar to ink-jet printing, a binder material selectively joins particles where the 

object is to be formed. A piston that supports the powder bed and the part-in-progress lowers so 

that the next powder layer can be spread and selectively joined. This layer-by-layer process 

repeats until the part is completed. Following a heat treatment, unbound powder is removed, 

leaving the fabricated part. 

 

Figure 7: Stages In the Process of Rapid Prototyping [25] 

The 3DP
TM

 process combines powders and binders with unprecedented geometric flexibility. 

The support gained from the powder bed means that overhangs, undercuts and internal volumes 

can be created (as long as there is a hole for the loose powder to escape). 3D Printing can form 

any material that can be obtained as a powder - which is just about any material. Further, because 

different materials can be dispensed by different print heads, 3D Printing can exercise control 
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over local material composition. Material can be in a liquid carrier, or it can be applied as molten 

matter. The proper placement of droplets can be used to create surfaces of controlled texture and 

to control the internal microstructure of the printed part.  

 

Figure 8: MIT Alpha Machine  [24] 

 

 

 

 

Figure 9: Printed Part Emerging from Powder [24] 

The 3DP
TM

 process surpasses conventional powder processing because while the 3DP
TM

 

components rival the performance of those made by conventional methods, there are no tooling 

or geometric limitations with Three Dimensional Printing. Because of its great flexibility in 

handling a wide range of materials and because of the unique ability to locally tailor the material 

composition, Three Dimensional Printing offers potential for the direct manufacture of structural 

components with unique microstructures and capabilities. Three-Dimensional Printing is also 

readily scaled in production rate through the use of multiple nozzle technology which has been 

commercially developed for printing images on paper.  

Three-Dimensional Printing has led the field of Rapid Prototyping (RP) in the creation of 

functional parts and tooling directly from a CAD model. It was the first technology to achieve 

the fabrication of ceramic parts, and pioneered the direct fabrication of ceramic molds for 
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casting. Three- Dimensional Printing was a leader in the creation of metal parts directly and in 

the use of these parts for dies. Most recently, MIT has pioneered the fabrication of structural 

ceramic parts using the 3DP
TM

 process.  MIT has licensed the 3DP
TM

 technology to six 

companies in diverse fields of use: ExtrudeHone, Soligen, Specific Surface Corporation, TDK 

Corporation, Therics, and Z Corporation. Three-Dimensional Printing can substantially reduce 

the time to market for new products, enhance product quality by improving the coupling between 

design and manufacturing, and lower product cost by reducing development and tooling costs. 

Furthermore, the flexibility of the process makes totally new technologies and applications 

possible and has already generated novel solutions to engineering problems. 3D Printing is at the 

forefront of the coming revolution in manufacturing brought about by Rapid Prototyping.  
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2 Project Formulation  

2.1 Overview 

In this section we have explained our goals and objectives of the project in detail. We are also 

covering design specifications, constraints and other considerations which include cost analysis, 

different kinds of materials used and dimensions of the parts used to make the 3-d printer.   From 

the analysis of all the printer technologies available in the market and their  respective 

advantages and disadvantages, we are going to focus on two technologies which have offer a 

promising future  in development and design of 3-D prototypes. The first technology we are 

going to use is the fused decomposition modeling (FDM) concept.  

The (FDM) Prototyping printer can be used for creation of 3D objects. It uses computer based 

models to fabricate 3 dimensional objects.  This machine offers self replicating ability which 

allows for creation of complex structures and artifacts without the use of industrial infrastructure 

which also highlights its economic potential. 

The other technology which we are going to explore is a device which operates like a 2- 

dimensional printer but the additional designing will allow it to move about the vertical axis 

which can lead to the creation of 3-dimensional final product which is the primary goal of this 

project. The biggest challenge for the development of this device is the type material which has 

to be used in building the product. 

2.2 Project Objectives 

The primary objective of our final senior design project is to build a working model of a three 

dimensional printer which is affordable, compatible and as precise as possible. Extensive 

research was done on the premise of two different technologies. The first technology that we are 
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looking into is in which molten plastic is extruded from an extruder and the other technology is 

one in which parts are made out of plastic powder. The main priorities for building our project 

are as follows:  

· Select the technology best suited for our project obligations 

· Find the best suited material to make 3-dimenstional parts 

· Build and test a prototype then make improvements 

2.3 Design Specifications 

As of this point there is no specified design for our three dimensional printer, that will come in 

the developing portion of this project. What will be incorporated into this printer is what all 3-D 

printers have in common; a planer robotic arm run by two prismatic joints that draw each layer 

and a platform that moves away from the arm allowing the next layer to be drawn. Outside from 

these two configurations we are free to design the machine in ways as to reduce size and cost but 

without sacrificing precision. 

2.4 Constraints and Other Consideration 

This product is intended for consumer use rather than just purely industrial use. With that taken 

into consideration, two things become apparent; first, it must be more economical than the five 

thousand dollar models that are being sold today and secondly it must be small enough to be 

place on a desk. Our aim for this project is to develop a product that will be priced fewer than 

one thousand dollars at the retail stores. Also, the product will be about the size of a desktop 

copier, 25x20x20 inches, this will make it small enough to fit on a desk yet large enough to 

create reasonably sized prototype parts. Being a consumer based product it will have to be ñuser 
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friendlyò so that anyone without any prior knowledge of the technology itself can use it with 

ease. 

3. Design Alternatives  

3.1 Overview of Conceptual Designs Developed 

Engineering design is an iterative process and can further be classified into a feasibility study or 

conceptual design, preliminary design, and detail design. At the conceptual design stage, one 

needs to validate the customersô needs, and based on the needs to produce a number of solutions, 

and evaluate the solutions mainly based on functionality and cost. At the preliminary design 

stage, a feasible solution is further developed. The problem requirements are further defined in 

greater detail, more information is gathered, critical parameters are being quantified to establish 

the optimal solution, the function, and strength, spatial compatibility, and financial viability of 

the product are evaluated. The detail design makes a complete engineering description of a tested 

and producible product. At this stage, the form, dimensions, tolerances, surface properties of all 

individual parts, specific materials, and manufacturing processes are determined. Most technical 

problems have alternative solutions, and often there are several solutions and trade-offs 

associated with each solution. A viable solution is simple, easy to produce with good quality, and 

low cost.  

Product prototyping can be used as an evaluation tool in the engineering design process. 

Prototyping plays a key role in product innovation, and helps to quickly develop a product by 

providing a good tool for problem solving and can validate a concept. Also a prototype can play 

a vital role in innovation because it can be used as a visual to help communicate the productôs 

purpose and feel. By doing this, different teams can look at the prototypes and use them as a 

stepping stone to further develop new products. 
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The critical issues in innovation are related to cost, quality, and time-to-market. Product 

definition is key to the success in the product development process, and among the activities, 

prototyping is the most time-consuming task. Design is an iterative process in which two or more 

iterations may be needed. This makes the prototyping task even longer. It is therefore very 

critical to be able to reduce prototyping time to shorten the entire product development cycle. 

Rapid Prototyping can be defined as the process of constructing physical objects automatically 

by making use of solid free-form fabrication. The initial techniques regarding prototyping came 

to fruition in the late 1980s, and have helped pave the way for producing prototype parts and 

models. Rapid prototyping is effective in the means of accelerating the product development 

process, as well as increasing the visualization capability during the early phases of design by 

using rapid physical models. It can test and improve design before the manufacture of tooling. 

 

Rapid Prototyping (RP) has become a new trend to produce a physical prototype for testing. RP 

is based on layered manufacturing, which builds a part in a layered fashion, typically from the 

bottom-up. A layer of material is printed or laid down on a substrate with careful control. When 

various layers are stacked together, it forms a 3-D object. Conceptually, it is like stacking many 

tailored pieces of cardboard on top of one another. Part geometry needs to be sliced, and the 

geometry of each slice determined. It is computer controlled and fully automated, and therefore, 

it is fully compatible with the CAD system for concurrent product development.  The conceptual 

designs taken into consideration revolve around three separate rapid prototyping technologies. 

The technologies involved provide a platform for design optimization as well as a foundation for 

further understanding of three-dimensional printing. The three concepts take into account the 

technologies of Stereolithography, inject-based liquid processing, and extrusion-based 

processing.    
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The Stereolithography Apparatus process is the first commercialized RP process, and is the 

representation of the stereolithography process. Patented in 1986, stereolithography started the 

rapid prototyping revolution. It works on the principle of solidifying a photosensitive resin using 

UV laser light layer-by-layer to develop a 3D object. Stereolithography uses a photo-curable 

resin that can be classified as an epoxy, vinylether, or acrylate. Acrylics only cure about 75% or 

80% since curing stops as soon as the UV light is removed. Epoxies continue to cure even after 

the laser is not in contact. The device as shown in Figure 10 consists of a platform that is moved 

down as each layer is formed in the tank containing the resin.  

 

Figure 10: Schematics of a Stereolithographic Apparatus 

The laser light is moved in the XïY plane by a positioning system. In some cases a support 

structure has to be created to support the overhanging parts. The stereolithography process 

converts 3D computer image data into a series of very thin cross-sections, much as if the object 

were sliced into hundreds or thousands of layers. A vat of photosensitive resin contains a 

vertically moving platform. The part under construction is supported by the platform that moves 

downward by a layer thickness (typically about 0.1 mm or 0.004 in.) for each layer. The device 

as shown in Figure 10 consists of a platform that is moved down as each layer is formed in the 

tank containing the resin.  
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Figure 11: An Illustration of the SLA process 

A laser beam then traces a single layer onto the surface of a vat of liquid polymer as shown in 

Figure 11. The ultraviolet light causes the polymer to harden precisely at the point where the 

light hits the surface. The model is built upon a platform situated just below the surface in a vat 

of liquid epoxy or acrylate resin. A low-power highly focused UV laser traces out the first layer 

solidifying the modelôs cross-section while leaving excess areas liquid. The UV laser is 

controlled by a galvanometer scanner to generate XïY motion, and thus the table does not need 

to move in the x and y directions. Next, an elevator incrementally lowers the platform into the 

liquid polymer as the laser is tracing from the left. A sweeper recoats the solidified layer with 

liquid, and the laser traces the second layer atop the first.  

This process is repeated until the prototype is complete. Afterward, the solid part is removed 

from the vat and rinsed clean of excess liquid. In all cases when a part is built, there is a small 

structure attached to the bottom called the supports. Their purpose is to raise the part off the 

platform and provide a bridge type structure that only touches the part by small points. This 
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structure is removed after the part is completed. Supports are broken off and the model is then 

placed in an ultraviolet oven for complete curing. 

 

Figure 12: Stereolithography Process Step-by-Step: (a) A Layer of Resin to be Solidified on a Platform  

(b) UV Laser Selectively Traced out the First Layer; (c) Second Layer with Laser Tracing from the Left; (d, e) 

Repeat to Build the Rest of the Layers; (f ) The Final Part After the Support Structures are Removed [23] 

The uniqueness of this process is its resolution and accuracy. The end product is a very close 

physical model, or prototype, of the 3D drawing;  giving designers, engineers, manufacturers, 

sales managers, marketing directors, and prospective customers the opportunity to handle the 

new product, or prototype. In this way, design iterations can be made quickly and inexpensively, 

guaranteeing companies the best product possible, in the shortest time possible. It is very 

important for an RP process to be very stable, and Stereolithography is a process that has the 

feature of an unattended building process; once it is started, the process is fully automatic and 

can be unattended until the process is completed. It also has good dimensional accuracy.  

The process is able to maintain the dimensional accuracy of the built parts to within ±0.1mm. 

Due to liquid properties, the product produced has good surface finish, on the top surfaces of the 

part glass-like finishing can be obtained. One disadvantage is that water absorption into the resin 

over time in thin areas will result in curling and warping. The system cost is relatively high, and 
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the material available is only photosensitive resin. Often, the parts cannot be used for durability 

and thermal testing. The parts in most cases have not been fully cured by the laser inside the vat. 

This is due to the fact that when a laser is curing a spot, the energy is a cone shape and during 

processing there are some uncured regions throughout the part, and thus a post-curing process is 

normally required. The costs of the resin and the laser gun are very expensive. Furthermore, the 

optical-sensor requires periodic fine-tuning in order to maintain its optimal operating condition, 

which will be quite expensive, as are the labor requirements for post-processing, especially 

cleaning. 

One representative of the inject-printing process is Three-Dimensional Printing technology 

(3DP), originally developed at Massachusetts Institute of Technology (MIT) in 1993. 3DP forms 

the basis of Z Corporationôs prototyping process. Inject printing technology creates 3D physical 

prototypes by solidifying layers of deposited powder using a liquid binder. This technology is 

very similar to laser sintering technology, but instead of using a laser, it uses the printing 

technology to bind powder together and thus can operate at very high speeds and low costs. In 

the inject printing process, after exporting a solid file from a 3D modeling package, users can 

open the file and virtually section the solid object into digital cross-sections, or layers, creating a 

2D image for each slice along the z-axis, and then send 2D images of the cross-sections to the 

3D printer via a standard network.  

The inject-printing process uses standard inkjet printing technology to create parts layer-by-layer 

by depositing a liquid binder onto thin layers of powder. Instead of feeding paper under the print 

heads like a 2D printer, a 3D printer moves the print heads over a bed of powder upon which it 

prints the cross-sectional data. The system requires powder to be distributed accurately and 

evenly across the build platform. As shown in Figure 12 a, 3D printers accomplish this task by 
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using a feed piston and platform, which rises incrementally for each layer. A roller mechanism 

spreads powder fed from the feed piston onto the build platform; intentionally spreading 

approximately 30% of extra powder per layer to ensure a full layer of densely packed powder on 

the build platform. The excess powder falls down an overflow chute, into a container for reuse in 

the next build. Once the layer of powder is spread, the inkjet print heads print the cross-sectional 

area for the first, or bottom slice of the part onto the smooth layer of powder, binding the powder 

together as shown in Figure 12 b. A piston then lowers the build platform, and a new layer of 

powder is spread on top. The print heads apply the data for the next cross-section onto the new 

layer, which binds itself to the previous layer. This process is repeated for all of the layers of the 

part.  

The 3Dimensional printing process creates an exact physical model of the geometry represented 

by 3D data. Process time depends on the height of the part or parts being built. Typically, Z 

Corporationôs 3D printers build at a vertical rate of 25ï50 mm/s. When the 3D printing process 

is complete, loose powder surrounds and supports the part in the build chamber. Users can 

remove the part from the build chamber after the materials have had time to set, and return 

unprinted, loose powder back to the feed platform for reuse. Users then use forced air to blow the 

excess powder off the printed part. This technology does not require the use of solid or attached 

supports during the printing process, and all unused material is reusable. Z Corporation uses 

inkjet print heads with a resolution of 600 dpi, and focuses on a drop-on-demand approach. The 

technology allows printing of multiple parts simultaneously, while only adding a small amount 

of time to the print time for one part. In printing, especially 3D printing, the accuracy of the 

models depends on the ability to jet when and where required. This is a function of jet size and 

motion control. 
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Figure 13: (a) Spread a Layer of Powder, (b) Print Binder on the Cross-Section. [23] 

The software processes data in parallel with the printing of the part. Unlike the other processes, 

while the 3D printer deposits the first layer, the software slices and processes the fifth layer. 

Although the processing time may seem to be fast, it is often only a fraction of the total time it 

takes to build the part. It can actually take up to an hour to prepare a job with multiple parts 

using some additive technologies. Inject printing technology printers produce very little waste. 

The unprinted powder surrounds and supports complex parts during printing. Users can reuse all 

unused support powder. Thus, printed-part volume becomes the basis for all part-creation costs. 

The use of an off-the-shelf print head allows for inexpensive, quick replacement of the systemôs 

primary consumable component. The application of modular design techniques to the printerôs 

electronics, printing, and maintenance components makes the printers efficient to maintain with 

minimum downtime, further reducing costs. 

Unlike a liquid-based process, which changes material from liquid into solid state, an extrusion-

based process feeds material in solid wire form and then melts it into a shape and forms a solid. 

The Fused Deposition Modeling (FDM) process was originally developed by Advanced 
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Ceramics Research in Tucson, Arizona, but the process has been significantly advanced by 

Stratasys, Inc. of Minneapolis, Minnesota. FDM is a non-laser filament extrusion process that 

utilizes engineering thermoplastics, which are heated from filament form and extruded in very 

fine layers to build each model from the bottom up. The models can be made from acrylonitrile 

butadiene styrene (ABS), polycarbonate, polyphenylsulfone (PPSF), and various versions of 

these materials.  

Furthermore, the models are tough enough to perform functional tests. The extrusion-based 

process utilizes filaments of molten thermoplastic that are extruded from a heated tip to build up 

layers comprising the physical model. Figure 14 is a depiction of the head and process in which 

the material is pulled off the spool, heated just above the melting temperature, and deposited at 

the desired location. The key steps begin with the filament being fed into the drive which forces 

the filament into the liquefier. Next the heater block melts the filament and the solid filament is 

used as a linear piston. Finally, the melted filament is forced out through the tip. 

 

Figure 14: FDM Drive System [2] 
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The material used is fed into the head in solid wire form and then liquefied in the head and 

deposited through a nozzle in liquid form. The extrusion head is able to move in the XïY plane 

and is controlled to deposit very thin beads of molten material onto the build platform to form 

the first layer. The platform is maintained at a lower temperature to ensure the deposited 

thermoplastic hardens quickly in 0.1 s. After the platform lowers, the extrusion head deposits a 

second layer upon the first. The material then cools and solidifies in place. The speed of the drive 

wheels can determine the width of the extrusion path that is controlled using the software. The 

build process lays down both modeling and support material in separate steps for one layer at a 

time. To switch between modeling and support material, one nozzle will raise up so it will not 

interfere with the material being laid down.  

 

Figure 15: FDM X-slice and Two Nozzles (Model and Support)  [2] 

The appropriate amount of Z-axis movement is determined by a setting within the software. The 

heads are moved in the XïY plane by a set of linear motors to improve resolution, which hang 

from the machine ceiling. Figure 16 shows a typical extrusion-based process, where plastic 

filament is used as the material for deposition and is supplied from a coil. This plastic filament 
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passes through an extrusion nozzle that is maintained at a temperature high enough to melt the 

plastic filament as shown in Figure 16a. This nozzle is attached to an XïY positioning system or 

the stage system. As the extrusion nozzle melts the plastic film, the stage moves the nozzle, 

depositing the material in a layer. Once a layer is complete, indexing is done in the Z-direction 

and the process is continued.  

 

Figure 16: An Extrusion-Based Process [2] 

An advantage of the extrusion-based process is that it does not waste much material during or 

after producing the part. It is also easy to use and safe, uses inexpensive materials, fits on a 

desktop, produces non-fragile parts, and even uses water-soluble support material. But, it should 

be noted that the water requires heat, circulation, and also sodium hydroxide for the support 

structure to dissolve. The ABS materials used are very cost effective. It is also easy to change 

materials, and uses relatively inexpensive binders. Due to nozzle diameter, accuracy can be 

limited compared to the liquid-based processes and is difficult to build parts with complicated 

details. The disadvantages are limited materials, limited size, and unpredictable shrinkage.  
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3.2 Design Alternate 1  

The first design is a product of stereolithography, and contains a significant amount of 

complexity. Keeping with the concept of the stereolithography apparatus, a high end laser and 

ultrasensitive lenses are required. A steerable mirror is also customary in the design of the 

apparatus. The dimensions of the apparatus would fall along the lines of 20òx20òx25.ò The goal 

that must be reached is designing a three-dimensional printer that is not only user-friendly but 

also visually appealing. By keeping within the design constraints we can ensure that the 

stereolithography apparatus is not too bulky and can be from one location to another with little 

difficulty. The platform must be able to descend the z-direction and the vessel must be able to 

withhold the liquid polymer.  

 

Figure 17: Conceptual Design of Stereolithography Apparatus 
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3.3 Design Alternate 2 

The second conceptual design centers on the technology of inject-based printing. The design 

created is preliminary and very bland in detail. The enclosure is used to keep the printer 

aesthetically simple to the user and the powder particles from being dispersed into the air. The 

printer is also subject to a platform that descends incrementally in the z-direction after each layer 

has been printed. The dimensions of this printer should also fall along the lines of 20òx20òx25.ò  

The printer head moves in the same fashion as a traditional printer, along the x-direction and y-

direction. The adhesive material is fed through the printer head as opposed to ink in a traditional 

printer. The powder is kept in storage housing and is evenly spread over the printing canvas after 

each layer is joined. After a part is printed the remaining powder is separated from the model and 

restored to the storage housing via a removable tray. 

 

Figure 18: Conceptual Design of Inject-Based Printer 
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3.4 Design Alternate 3  

Conceptual design number three uses the technology of extrusion-based printing. The assembly 

is rather skeletal however it is very efficient in terms of material application. There are several 

rods and shafts that make up the composition of the frame. Through static and dynamic analysis 

we will be able to construct the printer in the most efficient configuration. At this stage, the 

printing canvas will be designed to descend in the z-direction while the printing head will be 

given the option of moving along both the x-axis and y-axis. Movement of the printing head will 

be controlled by several microcontrollers and powered by two stepping motors. The printing 

canvas will also be controlled by a microcontroller and stepping motor. To ensure that each 

component moves incrementally in an accurate fashion, several belts will be put into place. The 

printer dimensions will roughly be about 18òx18òx20.ò 

 A shell encasing may be developed to better facilitate the printing process and provide the 

consumer with a visually appealing product.  

   

 

 

 

 

 

 

 

 

Figure 19: Conceptual Design of Extrusion-Based Printer 
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3.5 Feasibility Assessment 

New product development is a complex, costly, and time-consuming process. There are many 

challenges and obstacles to overcome in the designing of a three-dimensional printer, namely 

time constraint and sufficient finance allocation. Fortunately, there is a variety of software and 

hardware resources available in this branch of research, so our lack of knowledge in the fields of 

electrical and computer engineering may not be much of a shortcoming. Designing products for 

printing should be relatively simple based on our expertise in SolidWorks however; we must 

learn how to prepare the files to be printed. 

As for deciding on the rapid prototyping options that we are given, it is necessary to take into 

account the advantages and disadvantages of each system. For design alternate 1, the 

stereolithography apparatus allows for a large build area, good accuracy, and low maintenance 

supervision. However, the complexity of the system along with the fact that the resin used needs 

post-processing curing and creeps over time, makes the system non-feasible in our case. Design 

alternate #2, which is inject-based printing, seems feasible as it is not highly priced as far as 

assembly is concerned. The design is also fast when it comes to printing models and is 

compatible in office workspaces. The major disadvantages of the system include the fact that 

there is no functional testing and the printed models are fragile until being post-processed. The 

final alternative is extrusion-based printing which is the third design. The system appears to be 

the most feasible because not only is the assembly reasonably priced, there is no post-processing 

required for printed models and the parts can be printed for functional use. The only 

disadvantages of the system are the slow speed of the printing process and the thermoplastics 

that the material is limited to. 
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3.6 Proposed Solution 

After a critical breakdown between the inject-based and extrusion-based printing processes, the 

extrusion-based system appears to be the most feasible design. The major problem at this stage is 

that it is nearly impossible to create a unique fully-functional rapid-prototyping machine given 

the time constraints. To help expedite our design goals a foundation platform for the extrusion-

based printing process is used, and the necessary steps in research and analysis to optimize the 

system are made. The foundational platform also appears skeletal in design; in order to make the 

system appealing to the consumer we would like to design a shell encasing. 

3.7 Discussion  

There are many other types of RP machines in the market. Since a physical part can be quickly 

produced in a few minutes or a few hours, RP technology has greatly impacted the product 

development process. These prototypes can be used to evaluate design changes by producing 

free-form prototyping for complex object visualization. They can serve as a quick and simple 

communication of design ideas. They can be used for verification of form and fit of a design. For 

example, a prototype can be used to test the fitting for product packaging, test styling, and 

ergonomics. With increasing prototyping technology, it has become easier, faster, and cheaper to 

build a prototype, whether it be on a computer screen, or a physical prototype model. Innovations 

in prototyping stem from the advanced technologies to form prototypes. These state-of-the- art 

prototyping technologies have great potential to be used to significantly shorten the product 

development process. RP processes can be very effective in quickly producing parts. However, 

they are not without limitations. Some general RP cautions include being cautious of possible 

limitations in building thin walls and small features, as well as ensuring the multiple part 

assemblies fit together accurately by considering the shrinkage effect.  
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4. Project Management  

4.1 Organization of Work and Timeline 

 

Figure 20: Gantt Chart 1 

 

Figure 21: Gantt Chart 2 
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4.2 Breakdown of Responsibilities among Team Members 

As a team we decided to involve ourselves into every possible aspect of developing the 3D 

printer so that we all have an equal understanding of the project.  However, due to the 

considerable challenge involved in this project and the heavy workload we undertook individual 

responsibilities to make sure we focus on every feature minutely and precisely. The 

responsibilities in which we divided ourselves are as follows:  

Keith Richardson: Constructing Hardware, Component Selection and Maintenance (Hardware 

Manager) 

Karan Sujan: Network correspondent (Information / Research Analyst), Prototype Building, 

Prototype testing  

William Mendez: Implementing and researching everything related to software interface 

(Interface Developer), Prototype development enhancement (Project Manager), Prototype 

Analysis and Design 
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5. Engineering Design and Analysis  

5.1 Dynamic Analysis of the System  

The dynamical system describes the time dependence of a pointôs position in its ambient space.  

A mathematical model has been created to describe the behavior of the main elements of the 

three dimensional printer.  At any given time a dynamical system has a state given by a set of 

real numbers which can be represented by a point in an appropriate state space Small changes in 

the state of the system correspond to small changes in the numbers. The evolution rule of the 

dynamical system is a fixed rule that describes what future states follow from the current state. 

The rule is deterministic: for a given time interval only one future state follows from the current 

state.  

The evolution rule of dynamical systems is given implicitly by a relation that gives the state of 

the system only a short time into the future. The relation is either a differential equation, 

difference equation or other time scale. To determine the state for all future times requires 

iterating the relation many timesðeach advancing time a small step. The iteration procedure is 

referred to as solving the system or integrating the system. Once the system can be solved, it is 

possible with a given initial value to determine all its future value. 

5.1.1Description of the System:  

The structure of the axis belt System is shown in Figure 22. The system consists of a set of 

pulleys, belt drive and the printer head or mass. The belt drive is used for the transformation of 

the rotational motion of the motor into the linear motion of the printer head the printer head 

serves as load of the system. 
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Figure 22: Conceptual Design of the Top of the Three-Dimensional Printer  

 

For the sake of simplifying our system we will make a few assumptions: 

1. The z axis travel will not be taken into consideration because it will only be actuated after 

each layer has been constructed and x and y travel has stopped, making it an independent 

system. 

2. Both remaining motors will not move at the same time, therefore travel in X and Y 

direction can be analyzed as an independent system as well. 

Out of the two pulleys for each belt system only the one attached to the motor will be considered, 

the other will only transfer the energy and its friction or inertia will be considered negligible. 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: Linear Belt Drive System 
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5.1.2 State Variable System Representation  

Linear graph system models provide a graphical representation of a system model and the 

interconnection of its elements. A set of differential and algebraic equations which completely 

define the system are derived from the linear graph model [2]. The schematic representation of 

the main elements of the thee-dimensional printer shown in the above Figure 23 is represented in 

the graph system characterized by Figure 24. Graphical techniques are widely used to aid the 

formulation of models of dynamic systems. Linear graphs represent the topological relationships 

of lumped element connections. As we can observe on the following Figure 25 linear and angular 

velocities are affected by the position of the mass or printer head respecting time; this proposed 

model can be considered as a spring-mass model. This model has two types of linear system, 

rotational and translational; the constant K1 and K2 are called translational spring constants
1
. 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 24: Spring Model of Belt Driven Servomechanism 

 

                                                 
1
 The translational springs are considered to be energy storage elements, in which the stored energy may be 

expressed as a function of the through variables such as force, torque, current, volume flow rate and heat flow rate. 

The rotational as well as translational are part of mechanical system in system dynamics. In the mechanical system 

the velocity drop of an element is the velocity difference across its terminals.  

                                                                                          V 

         

                                             K1 

       Ts         Ý1      V1                             V2                                                                                                       V2 = R2.Ý2= V3 

                                                                                M 

                           B1                                                                 B2 

 

        Jm           R1                                                                                                              R2 

                                                                                                                                            

                                                                                   V4                                K2 

 

   

V1 = V4 = R1.Ý1                        V3 
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5.1.3 Belt Drive Parameters  

Table 1: Nomenclature of Parameters Belt Drive Involved 

Description Symbol Units 

Force F [N] 

Torque T [N-m] 

Velocity Difference v [m/s] 

Angular Velocity Different  [rad/s] 

Radius of Rotational Inertia r [m] 

Rotational mass J [kg-m
2
] 

Mass M [kg] 

Spring Coefficient K [N-m] 

Damping Bearing Coefficient  B1 [N-m-s/rad] 

Translational Friction Coefficient B2 [N-s/m] 

Force F [N] 

Torque T [N-m] 
 

 

The derivation of the state equations is based on the use of the system linear graphs model. The 

structure of the linear graphs describe the elements involve in the model and how they relate to 

each other. A linear graph with b branches represents b system element, each with a known 

elemental equation or source function. The graph also represents the structure of the elements 

interconnections in terms of the continuity and compatibility constrains equations [2]. 

There are B-S elemental equations relating the across and through variables for the passive 

branches. The total set of equations from the continuity, compatibility and elemental equations 

can be algebraically manipulated to produce the state and output equations. The total set of 

available equations can be pre-determined by the considerations of the number of sources in the 

system as well as the nodes, branches and parts
2
. 

                                                 
2
 The model presented in this project has a number of parts equal to four and it can be seen in the following figure. 

This model was reviewed by the Chair and Professor of the department of the Mechanical Engineering program  at 

The Florida International University Dr. Cesar Levy   
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5.1.4 System Graph  
 

 

 

 

 

 

 

 
Figure 25: System Graph of the Mathematical Model 

5.1.5 Elemental equations  

Upon finalizing the linear graphs the next step is to determine the number of Elemental 

Equations. This is found by analyzing the graphs and establishing the number of branches (B) as 

well as the total number of sources (S) and with the given equation: 

                                                             (i) 

The value shown above represents the total amount of Elemental Equations which should be 

included for this particular system. Equations (E1) ï (E8), shown below represent transformation 

equations between different energy domains: 

                                                                    (E.1) 

                                                                    (E.2) 

                                                                    (E.3) 

                                                                    (E.4) 

                      Ý1                       V1                   V2 = V            Ý2              V3                      V4 

 

 

       -ÝTs                     J1       b1  

T4            Ts                 T1         F1      b2      m   F2            T2         T3               F3                F4 

 

 

 

 

 

              

               Rotational                             Linear                     Rotational                    Linear 
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In the set of equations from (E.1) ï (E.4), the velocity is directly related to the radius of the 

pulleys R1 = R2 = R, multiplied by the respective angular velocity Ý (rad/sec). 

The following set of equations (E.5) ï (E.6), shows the relationship between the force, torque 

and the radius of the pulley. From this it can be seen that the size of the pulley plays a vital role 

when determining the amount of force and torque required.  

                                                               (E.5) 

                                                               (E.6) 

                                                               (E.7) 

                                                               (E.8) 

Finally, in the block of elemental equations we set the fundamental equations of the elements 

involve in the system in terms of a derivative of a particular variable or a physical constant. 

                                                              (E.9) 

                                                              (E.10) 

                                                              (E.11) 

                                                           (E.12) 

                                                           (E.13) 

                                                            (E.14) 
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5.1.6 Node or Vertex equations  

The continuity or vertex law specifies constrains on the through- variables, such as force or 

torque, in a linear graph that may be related to physical laws governing the interconnections of 

the system [1]. The number of node or continuity equations can be determined by observing the 

number of nodes N and the part of the system P, related into the following form: 

                                                             (ii)  

In this manner we can state that the sum of through variable flowing into any close contour 

drawn on a linear graph is zero. Next equations are derived from our model, 

                                                    (N.1) 

                                                              (N.2) 

                                                              (N.3) 

                                                              (N.4) 

                                                              (N.5) 

                                                              (N.6) 

5.1.7 Compatibility or Path equation  

The compatibility law represents a set of constrains on across-variables, such as velocity or 

angular velocity difference, that may be related to physical laws that govern the interconnection 

of lumped elements. This law may be stated as the sum of the across variable drops on the 

branches around the any closed loop in a liner graph is identically zero
3
. To determine the 

                                                 
3
 A compatibility equation may be written for any closed loop in a graph, including inner loops or outer loops. 

Because the arrows on the branches indicate the direction of the across-variable drop, they are used to assign the 

sign terms in the summation [4]. 
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number of compatibility or path equation we relate the number of branches B, nodes N and parts 

P of our mathematical model as next:   

ɀ ɀ                                           (iii)  

The nine compatibility equations are described as follows: 

                                               (C.1) 

                                                             (C.2) 

                                                             (C.3) 

                                                             (C.4) 

                                                             (C.5) 

                                                             (C.6) 

                                                             (C.7) 

                                                             (C.8) 

                                                             (C.9) 

5.1.8 State Variable Equations  

From the elemental equations, we identified any elements which were time dependent, thereby 

determining our state variables: 

State Variables:  ɱJ1 , Fk1 , Vm , Fk2 

Sources: Ts 

The state equations are formed in two basic steps: 



56 

 

1. Derivation of the set of differential equations and algebraic equations in terms of the 

primary variables only by starting with the passive elemental equations and continuity 

equations to eliminate all secondary variables. 

2. Algebraic operation of the set of equations E(1-4), N(1-6) and C(1-9), to generate the n 

differential equations in the n state variables and the S specified source variables. 

For this section only one of the derivations will be proposed, the other three can be found on the 

appendix of this report [A.3]. 

 

 

 

 

                                               (S.1) 

Equation S.1 represents the first state variable equation of the mathematical model of the three 

dimensional printer and it is expressed only in terms of state variables. Similarly, the other three 

state variables equations are derived as follow: 

                               (S.2) 

                                     (S.3) 

                                              (S.4) 
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For the solving of this mathematical model we have utilized the fourth order Runge-Kutta 

method for numerical integration. Each Runge-Kutta method is derived from an appropriate 

Taylor method in such a way that the step error is of order O( hN ) . A trade-off is made to perform 

several function evaluations at each step and eliminate the necessity to compute the higher 

derivatives. These methods can be constructed for any order N. The Runge-Kutta method of 

order N = 4 is most popular in the field of numerical methods due to its high accuracy, stability, 

and the simplicity of its algorithm.  

Most authorities proclaim that it is not necessary to go to a higher-order method because the 

increased accuracy is offset by additional computational effort. If more accuracy is required, then 

either a smaller step size or an adaptive method should be used, such as the Runge-Kutta 

Fehlberg. For this reason we have selected this method for the development of this dynamic 

system. The fourth-order Runge-Kutta method (RK4) simulates the accuracy of the Taylor series 

method of order N = 4. The method is based on computing yk+1 as follows: 

                                                 (R-K.1) 

Where,  

                                    (R-K.2) 

Where k1, k2, k3, and k4 have the form 

                                               (R-K.3) 

                                 (R-K.4) 

                                 (R-K.5) 
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                                            (R-K.6) 

Where  

                                               (R-K.7) 

h = the step size of the solution, 

After writing the algorithm for four state variables [A.2] we have changed several parameters of 

the design in order to obtain the optimum dynamic response of the system (refer to tables 3, 4 

and 5). Since all the state variables change with relation to a specific time in the system, the 

Runge-Kutta method is formulated to accommodate the desired amount of variables. The Runge-

Kutta equations utilized for the state variable equations are written as follows:  
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Where H represents the step size; f, g, h, and j are the numerical expressions of the four state 

variable equations; x is angular velocity ɱJ1, y is initial tension Fk1, z is the mass velocity Vm, 

and w is the initial tension Fk2 and t represents the time.  
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We decided to change the parameter values for the radius of the pulley, the input torque and the 

mass of the printer head. Also, we have converted our input source from a constant value to 

function in terms of the time. This relationship is described as follows: 

, Nm                                                 (iv) 

Where A = Ts, Nm, B = kA, Nm, ʖ = mʌ rad/sec, m = 0.4, 2, k = 0.3 

We can examine in our results that the final chosen values have greatly improved the dynamic 

response of the system. We can see on the set of result graph of the mechanism that the initial 

tensions as well as the velocity oscillate until they reach a steady state region. We appreciate, for 

example, that the first radius selected for the driving pulley at 0.5 meters disturbs the behavior of 

the velocity of the mass. As we improved this radius to a more reasonable value the velocity of 

the printerôs head or Vm became more stable. We can also observe the presence of the over shoot 

effect in the majority of the state variables on the first instants of the model. This region of chaos 

reduces considerably as the parameters of the design are changed. Finally, after selecting the best 

possible values for the design the input function was also changed. The changes are presented in 

the section of graphs for which no major changes were observed. 
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5.1.9 Initial Variable Conditions  

Table 2: Constant Values for the Mathematical Model 

Parameters Symbol Units Value 

Damping  Coefficient Due to Bearing b1 N-m-s/ rad 2 

Friction Coefficient b2 N-s/ m 1 

Rotational Mass J1 kgm
2
 5 

Spring Coefficient k1 N/m 2 

Spring Coefficient k2 N/m 62 
 

Table 3: Case 1 Varying Assumptions 

Varying Parameter; R (m) 

 
Radius (m) Mass (kg) Torque (Nm) 

Trial 1  0.5 0.3 2 

Trial 2  0.05 0.3 2 

Trial 3  0.025 0.3 2 
 

Table 4: Case 2 Varying Assumptions 

Varying Parameter; M (kg) 

 
Radius (m) Mass (kg) Torque (Nm) 

Trial 1  0.025 1.2 2 

Trial 2  0.025 0.5 2 

Trial 3  0.025 0.3 2 
 

Table 5: Case 3 Varying Assumptions 

Varying Parameter; T (Nm) 

 
Radius (m) Mass (kg) Torque (Nm) 

Trial 1  0.025 1.2 20 

Trial 2  0.025 0.5 10 

Trial 3  0.025 0.3 2 
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Figure 26: State Variable Response of the Initial T ension due to The State Variable Fk2, Initial Assumed Values 

 

 
 

Figure 27: State Variable Response of the Initial Tension due to The State Variable Fk2, Optimum Values Obtained 

 

 
 

Figure 28: Comparison between the Initial Values Assumed and the Optimum Values Obtained 
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Figure 29: State Variable Response of the Initial Tension due to The State Variable Fk1, Initial Assumed Values 

 

 
 

Figure 30: State Variable Response of the Initial Tension due to The State Variable Fk1, Optimum Values Obtained 

 

 
 

Figure 31: Comparison Between the Initial Values Assumed and the Optimum Values Obtained 
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Figure 32: State Variable Response of the Printer Head due to an Initial Torque Applied, Initial Values A ssumed 

 

 

Figure 33: State Variable Response of The printer Head due to an Initial Torque Applied, Optimum Values Obtained 

 

 
Figure 34: Comparison Between the Initial Values Assumed and the Optimum Values Obtained 
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Figure 35: State Variable Response Angular Velocity, Initial Values Assumed 

 

 

 
Figure 36: State Variable Response Angular Velocity, Optimum Values Obtained 

 

 

 
Figure 37: Comparison Between the Initial Values Assumed and the Optimum Values Obtained 
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Figure 38: State Variable Response Respect to Time with a Constant Source Ts 

 

 
 

Figure 39: State Variable Response Respect to Time with a Variable Source in terms of Time TS(t) = A + B.sin(wt) 
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Using the Runge-Kutta method, we have determined how the system would perform by changing 

the various initial conditions. It should be noted that the velocity of the mass is most affected by 

the radius of the pulley; from the equation V= RÝ it clearly shows the relationship between the 

Radius and the angular velocity. After finding suitable values for the pulleyôs radius, the mass of 

the nozzle is then altered which in turn decreased the stabilization time even further. Last of the 

cases to be modified was the Torque with respect to time, in this case it was taken to be A+B 

sin(Ý x t) where (A) is the amplitude of the source strength and (B) is the variation of the source 

strength. The results obtained in this section are really valuable for the designs parameters and 

constrains of the three-dimensional printer. 

A computer program was written for the numerical analysis solver [A.1], which allowed for the 

easy manipulation of the data and the solving of the four differential equations
4
 that are difficult 

to be solved analytically. A numerical method was considered due to the complexity of the 

differential equations derived from the system graphs. In this case a numerical method can be 

used by means of arithmetic operations in order to understand the behavior of the system [3]. 

After the execution and analysis of the state variable response, we have found a set of parameters 

that will allow for an optimum design of a three-dimensional printer. This set of values is given 

as follows: an approximated pulleyôs radius equal to 0.025m, an input torque stepper motor of 20 

N.m, and a printer head with a mass in a range of 0.2-0.5 kg. 

 

 

 

                                                 
4
 An equation involving the derivatives or differential of the dependent variables is called differential equation. 

Ordinary differential equations are classified according to their order, linearity and boundary conditions [3]. 
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5.2 Software and Hardware Integration 

5.2.1 Rapid Prototyping  

There are three main different types of fabrication processes [27] as we can see in Figure 40. The 

processes are subtractive, additive and formative. A majority of forms of the rapid prototyping 

processes fall within the additive fabrication procedure.    

 

 

Figure 40: Types of Fabrication process, A) Subtractive, B) Additive and C) Forming [27] 

All the different types of Rapid Prototyping (RP) follow a basic approach; they are described as 

follows: 

1. A part model or element is made on a Computer Aid Design (CAD) system. The part 

which characterizes the physical model to be manufactured must be represented as a set 

of closed planes that ambiguously defines an enclosed volume. This requirement assures 

that all horizontal cross sections that are essential to the RP are enclosed curves to create 

a solid model. 

       A-Type                               B-Type                              C-Type 
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2. The solid model is next converted into a computer format named STL (StereoLitography) 

which is a 3D file generated by the CAD program. The STL file approximates the 

surfaces of the model by creating groups of polygons. As the presence of curves in the 

part increase, the number of polygons also increases which implies that the size of the file 

increment when the number of curves in the part augment.  

3. A computer program converts the STL CAD file into a readable format for the hardware 

that allows it to build the part by layers. The cross sections are systematically recreated 

throughout the solidification of molten plastic or other materials, to form a 3D model.    

The following flow chart illustrates this process:  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41: Typical Processes to Make Material Parts by RP Techniques [28]. 

5.2.2 Implementation  of CAD 

The process of Rapid Prototyping begins with the Computer Aided Design. The most important 

characteristic of the CAD software is its fully three dimensional, associative, centralized and 

integrated data base. This database is continuously rich in information needed for both the design 
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and the manufacturing process. The significance of this database centers on the fact that any 

change or addition to a geometric object or model in one of the views is automatically reflected 

in the existing views or any other views that may be defined later. Based on their elements, CAD 

tools can be defined as the interception of three sets [29]: geometric modeling, computer 

graphics and designs tools. 

 

 

 

 

 

 

Figure 42: Definition of CAD Tools Based on their Elements: A) Computer Graphics Concepts, B) Design Tools: Analysis, 

codes, Beuristics, etc, C) Geometric Modeling, D) CAD Tools [29]. 

The CAD implantation is possible thanks to these different elements that have evolved 

throughout the years. The fundamental process of any CAD software lays on its graphics system 

and the management of its data base. 

 

 

 

 

 

 

 

 

 

Figure 43: Organization of Typical CAD Software [29] 
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The Computer Aided Design has been delivered thanks to the computer sciences and the 

implementation of mathematical algorithms. This means that for the development of any CAD 

software, there are several topics related to these fields that the software developer must know in 

order to create a functional and reliable package; these topics can be classified into two main 

categories, one related to management of information, or structure, and a functional related to the 

numerical algorithms and logical operations developed by the mathematicians, scientists and 

engineers. The combination of these two groups makes the architecture of the program and they 

determine its efficiency. 

The structural part of the software relates to the way that the information is organized and 

delivered by the software. This structure must be standard, especially when it comes to the 

graphic implementation. The need of the graphic standards has been obvious ever since the first 

period of development of CAD software between 1963 and 1974 [29]. The following are some of 

these needs: 

1. Application Programs Portability: This prevents from hardware dependency of the 

program. 

2. Picture Data Portability: Storage and description of pictures should be independent of 

different graphic devices. 

3. Text Portability: This refers to capability of the reading of text related with graphics that 

can be done independently of the hardware being used. 

4. Object Data Base Portability: This refers to the sharing of data between independent 

software e.g. the importing of model or parts from SolidWorks to ANSYS. 

The basic definitions and concepts needed to be applied in order to elaborate the structure of 

CAD program are given as follows [29]: 
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Data Structure: The data structure definition from a CAD point of view can be given as the 

scheme, logic or sequence of step developed to achieve a certain graphics, non graphics and 

programming goal. 

Data Base: From a software development point of view the objective of the database is to collect 

and maintain data in a central storage so that it will be available for operations and decision-

making during the execution of the different function properties of the software. 

Data Base Management System (DBMS): A DBMS is the software that permits access to use 

or/and change date stored in the data base. 

Database Coordinate System: there are three coordinate systems that are needed to be 

developed for any CAD software. The Working Coordinate System (WCS), the Model 

Coordinate System (MCS) and the Screen Coordinate System (SCS)
5
.   

All the functions and features of the software such as rotation and displacement of the object, 

zoom in/out of the screen, lofting, extrusion and many others, are delivered by the numerical 

techniques or algorithms developed by computer scientist and solved by mathematical 

implementation. These features and their algorithms are described in the field of computer 

graphics. For the basic mathematical definitions and computer implementation in the CAD 

software refer to the appendix section [A 7.5]. 

 

                                                 
5
 The MCS is defined as the reference space of the model with respect to which all the model geometrical data is 

stored. The WCS is the coordinate system defined by the user in Cartesian coordinate type, coincident the desired 

plane of construction. The SCS is defined as a two dimensional device-dependent coordinate system whose origin is 

usually located at the lower left-corner of the graphic display [29].  
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5.2.3 The STL CAD File 

For the Rapid Prototyping process, the CAD programs cannot directly interface with the rapid 

prototyping machine. For this process, the developed part in the CAD software e.g. SolidWorks, 

needs to be sliced into a set of X and Y intersection contours before it can be utilized to make a 

RP object [31]. This coordinate intersection of the sliced part is obtained with a CAD file type 

named STL. The STL file is the first step in the process of interfacing the CAD program and the 

RP systems. The STL file is created from the CAD database via an interface on the CAD 

program [27]. The file consists of an unordered list of a mesh in a triangular form symbolizing 

the exterior face of the object as it is shown in Figure 44. The figure shows a gear created in 

SolidWorks and its graphical representation when it is saved as an STL format. The STL files are 

represented in two different systems, the ASCII and the binary format. The two formats are 

different in type, being the ASCII larger than binary. 

  

Figure 44: STL Graphic Representation of a Part Created Using CAD 

The triangular facets of the STL CAD file are formed by a set of X, Y and Z reference 

coordinates for each of the three vertices and a unit normal vector as indicated in Figure 45. The 



74 

 

code to the right of the figure represents the computer code for the generation of each triangle. 

One of the main advantages of the STL format is that it provides a simple method of representing 

3D CAD data. One of the main disadvantages of the STL file is that it is many times larger than 

the original CAD data file for a gine accurcy parameter.  

The STL files contain no topological connection information and they are just approximations of 

their CAD models. For this reason some error can be introduced during the process and 

sometimes cannot be avoided [28]. These problems are encountered due to the difficulties in 

tessellating trimmed surfaces, intersection of planes and the process of controlling the numerical 

errors.  

 

 

 

 

 

 

 

 

 

 

Figure 45: Triangular Facets of Each of the Polygons Generated by the STL File and its Computer Representation or 

Code 

Tessellation is the technique of mapping a triangular mesh over a solid model [33]. This method 

has been taken by more than one RP manufacturer; the following Figure 46 shows this principle. 

Tessellation implies approximating three dimensional shapes with a layer or triangular patches. 

This carpet is produced with a level of accuracy or offset parameters given by the designer.  
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          facet normal 0.0 1.0 0.0  

            outer loop  

              vertex 0.0 0.0 2.0  
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This value has no relevance for the cube, which is made of plane faces and the theory of 

tessellating such an object for file  gets efficiently transferred to the three dimensional printer. In 

contrast, as it is shows in 46, the sphere shows a totally different spectrum, in which a high 

accuracy requirement will end in a very large file. The majority of the design will fall between 

these two examples. 

 

Figure 46: The Principle of Tessellation [7] 

There are several programs that convert the STL file into a readable format for any rapid 

prototyping equipment. The software takes the STL file from the CAD software and it detects 

any possible problem given by the binary file, within the problems that can be detected, we can 

mention the following [28]: 

1. Gaps (crack, holes, punctures) that is missing facets. 

2. Degenerate facets  

3. Overlapping facets. 

4. Non-manifolds topology conditions. 
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Figure 47: Some Possible Errors in STL Files: (a) Vertex Error; (b) Normal Direction Error; (c) G ap (Shaded Area) 

between Triangle Facets; (d) Orphan Triangle Facet (Shaded Area) [2]. 

The following is an example of the software implemented in the Marketable 3D printer to 

evaluate and correct the possible errors prior to the process of printing. Once the file is evaluated 

and the part is corrected by the user, the CAD designed part can be safely converted into a 

numerical control file. G-code is an example of a numerical control file which makes it possible 

for the RP to produce the desired piece. G-Code works in conjunction with the MiniMagics STL 

file reader software. 
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Figure 48: MiniMagics Diagnose to the Part Prior to be Sent to the Marketable 3D Printer. 

5.2.4 The Numerical Control Implementation for RP Systems 

The typical RP hardware consists of a three axial mechanism with a printing head. In the 

manufacturing industry this type of robotic configuration is called Cartesian Coordinate [32], as 

shown in Figure 49.The printer head can be defined as the tool that ñprintsò the material and 

forms the object. The printing head follows the contour of the cross section areas of the part 

while it adds the necessary amount of material to build it. The printing head is controlled by a 

moving platform capable of moving in two directions; generally X and Y. The part that is being 

built lays on a printing bed that moves in the z direction, see Figure 50. The motion in the X, Y 

and Z directions are produced by three stepping motors, one per axis. The motors are controlled 

by a Computer Numerical Control (CNC) program. The fundamental function of the CNC 

program is to control the machine tool or printer hardware [32]. 
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Figure 49: Robot Physical Configuration for a Three Dimensional Printer [6]. 

 

Figure 50: Marketable 3D Printer Preliminary Design 
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Efficient execution of the CNC results in the conversion of the part program instructions and 

relays it throughout a computer interface and the servo-system. In order to achieve satisfactory 

results during the CNC operation, a basic computer language for numerical controlled system is 

used, as mentioned before the G-code. 

The G-code or preparatory machine function, is a basic programming language that manages the 

position of the tool and controls the motion of the servo-mechanism. The G-code has been under 

development since the 1960ôs, and has been standardized by ISO under RS274D. The G-code 

works with a Cartesian coordinate system for each axis when they are linear, for axial rotation 

they can be a mix of radii. In addition, the G-code supports millimeters or imperial inches. This 

means that there wonôt be any errors when building a part in CAD software using either one of 

the unit systems. The G-code is one of the most popular programming languages utilized for 

programming CNC machinery. The g code language has several words that are used to assign a 

desired motion to the machine tool [A7.6]. 

After the CAD STL file is made, a computer program is used to create a G-code from the 

coordinates generated by the STL file. In the case of the Marketable 3D printer the G-code is 

created by using a STL file converter. The software saves the G-code as a transferable file and it 

is safely allocated in the microprocessor of the printer. Depending on the changing of the cross-

sectional area of the part, the code will change the commands in order to meet the new 

coordinates of the printing process. This can be seen in Figure 51 and Figure 52. The changing of 

the coordinates is seen as the cross sectional area changes its shape. 
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Figure 51: Change of Cross Sectional Area as the Part is Being Built, Y Axis Progress. 

 

 

 

Figure 52: Change of Cross Sectional Area as the Part is Being Built, Z Axis Progress. 

It is important to mention that all the parts built in the Marketable 3D printer are created by 

incremental addition along the cross section on the Z axis. In the above sample Figure 51, the 

illustration was given to show the typical cases of printing, one when the cross sectional area is 

uniform, and two when the cross sectional area is non-uniform Figure 51. The part to be created 

is always allocated with respect to the Z axis in the first of the cases, or Figure 52. 
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5.3 Material and Parts Selection 

5.3.1 Printing  Material Selection  

The selection of the material for support is important. The use of water-soluble material is very 

convenient as it is easy to remove those structures. This process is office friendly, does not make 

noise during build, produces parts with comparable speeds, and very small parts can be 

manufactured. In recent years improvements in the surface finish have also been obtained. The 

ultrasonic-based water-soluble material is very noisy, and thus should be placed in an isolated 

room. Although this process is classified as a solid process, due to the nature of the material, the 

process actually lays down ribbons of material creating a secure bond from layer-to-layer. The 

extrusion-based process is widely used in almost every industry: automotive, aerospace, 

business, commercial machines, medical, consumer products, architecture, etc. The advantages 

of the extrusion-based process include functional materials, including ABS and medical ABS, 

investment casting wax and elastomer, as well as multiple material colors and no exposure to 

toxic chemicals, and thus it can be run in an office environment. The current versions can build 

with polycarbonate, a durable high performance plastic, and polyphenylsulfonen, a durable high 

performance plastic typically used for medical applications. 

In the case of extrusion-based printing there are a wide variety of thermoplastics to choose from. 

The thermoplastic that best fit the marketable 3-Dimenional printer was ABS plastic. ABS is 

short for Acrylonitrile-Butadiene-Styrene, and it is ideal for structural applications that require 

impact resistance, stiffness, and strength. Chemically, this thermoplastic family of plastics is 

called "terpolymers", in that they involve the combination of three different monomers to form a 

single material that draws from the properties of all three [34].  The selection was made based on 
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the plasticôs excellent dimensional stability and electrical insulating properties, along with its 

wide used for machining pre-production prototypes. Additional properties are listed below: 

 

Figure 53: ABS Plastic Coil 

ABS Properties:  

Å Melting Point: 105°C     Å    Density: 1.05 g/cm
3
   

Å Tensile Strength: 4300 psi    Å    Compression Strength: 9000 psi 

Å Specific Heat: 1.25 ï 1.70 kJ/k-°C  Å    Formula: C8H8ÅC4H6ÅC3H3N  

Å Glass Transition Temperature: 110°C Å    Elongation at Break: 20% 

Å Flexural Strength: 9200 psi   Å    Flexural Modulus: 300000 psi  

Å Coefficient of Expansion: 5.3*10
-5  

Å    Process Temp. for Extrusion: 204-260°C  
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5.3.2 Motor Selection  

To obtain good control of the proposed system, plain DC motors, which were unlikely to 

produce the resolution needed, were avoided. A decision had to be made between stepper motors 

and servo motors. Small, radio-controlled servo motors were easily accessible but most did not 

provide for more than 360° of rotation. Some servos can be purchased or modified as a 

continuous rotation servo. These servos have had the feedback loop removed. The motors were 

less than ideal since they would have to be timed like a DC motor solution. Stepper motors 

seemed to be the cost-effective and accurate choice. Three main requirements drove the purchase 

of the stepper motors. The first was cost. The second was that the motors had enough power to 

move the assembly appropriately. The power requirement was difficult to determine since it 

relied on the friction and alignment of the system however, the finite element analysis allowed 

the calculations to be made. The third was that it could be integrated into the system readily. 

Since the design used belts and pulleys, a nominal-sized motor shaft that would mate with a 

common pulley inner diameter was necessary. 

In order to drive each axis (X, Y, and Z) three stepping motors were required. Another motor 

was required to feed the printing material into the extruder. The FL57 stepping motor was 

selected to control the range of motion along each axis, while the FL42 motor was selected for 

the extruder. Each of the three FL57 motors has a maximum radial force of 75 N and maximum 

axial force of 15 N. The holding torque of the FL57 motor is 1.24 Nm.  
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Figure 54: Dimensions & Wiring of FL57 Stepping Motor (Courtesy of Ocean Controls) 

The shaft diameter of the FL57 motor is 6.35 mm which is better than the more common 5.08 

mm, while the FL42 has a shaft diameter of 5.00 mm The step size for both the FL57 and FL42 

motors was 1.80° per step which was acceptable for the resolution. For the extruder, the FL42 

motor has a maximum radial force of 28 N and a maximum axial force of 10 N.  The holding 

torque of the FL42 motor is 0.43 Nm. 

 

Figure 55: Dimensions & Wiring of FL42 Stepping Motor (Courtesy of Motion Control Production)  
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Figure 56: Y-Motor (FL57 Stepping Motor) 

 

Figure 57: X-Motor (FL57 Stepping Motor)  
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Figure 58: Z-Motor (FL57 Stepping Motor)  

 

Figure 59: Extruder Motor (FL42 Stepping Motor)  
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5.3.3 Motor Pulleys and Belts  

The choice of a motor with a 6.35 mm shaft made selecting a timing pulley much easier. 

Previous research had shown that small timing pulleys and belts were available from McMaster-

Carr. Two MXL 18T Pulleys were used for the Y-Motor & drive shaft. Belt width was kept at 

6.35 mm to ensure it could be securely fastened to the rail carriages and that it would be moving. 

Finally, the smallest pitch diameter that was left available was selected. This would help keep the 

resolution small. With the pulley determined, finding the corresponding belt was straightforward. 

A belt that would match the pulley was of the MXL series. From the lone MXL Belt three 

separate belts were made, one for the X-axis (910 mm) and two for the Y-axis (750mm length 

each). Finally, an XL belt was selected to control the Z-axis movement.  

  

                                       a                                                                       b 

Figure 60: (a) X-Pulley; (b) Y-Pulley 
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                              a                                                                            b 

  

                               c                                                                            d 

Figure 61: (a) Z-Belt; (b) Y-Belt 1; (c) X-Belt; (d) Y-Belt 2 

 

 

 


