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ABSTRACT 

Currently, there is no 3D printer that prints a polymer that is reinforced with Carbon Nanotubes 

(CNT). The process of creating this type of material is done by casting, which wastes the expensive 

CNTs. The importance of being able to produce these CNT reinforced parts by 3D printing saves 

money since it is done by additive manufacturing, where no material goes to waste. CNTs are 

extremely unique compared to other fibers because of their high mechanical properties and their 

high thermal and electrical conductivity. These ceramics reinforced with CNT would be applicable 

in high temperature applications, such as sensors for monitoring turbines. Team 19’s sponsor, Dr. 

Cheryl Xu, has requested the team to retrofit an existing 3D printer that will be capable of extruding 

a polymer based material mixed with carbon nanotubes and a ultraviolet light curing reagent. Once 

a part has been 3D printed and cured, the printed part will undergo pyrolysis in order to achieve a 

ceramic part which is reinforced by the carbon nanotubes (CNTs). To proceed with the project, a 

decision matrix was used in order to determine key components, such as what type of 3D printer 

the team would modify, method of extrusion, and method of curing the polymer. Experiments were 

done to minimize the line width of the polymer mixture, as high resolution was a high priority for 

the sponsor. Also, experiments were done by trial and error to determine what volume fraction 

percentage of CNTs in the polymer would create a high enough viscosity so that the polymer would 

take its form and not disperse when being extruded. The assembly of the modified extruder 

includes a syringe pump that is driven by a stepper motor, and underneath the syringe needle a 

platform is mounted for the attachment of UV bulbs used for curing. 
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1. Introduction  

Optimizing manufacturing processes has been and will continue to be the ultimate goal for all 

industries. These processes have been revolutionized with recent advancements in 3D printing. It 

is a favored method for additive manufacturing, which is ideal when conserving material, time, 

and energy is crucial. By extruding a material in thin lines and stacking each line layer by layer 

into the desired form, virtually anything can be printed into existence. This has the potential of 

simplifying deeply involved and highly specialized manufacturing methods in fields such as 

biomedical engineering, military and aerospace, and even food production because it uses only the 

material required for each product and it cuts out the need for micromachining and other tedious 

secondary handling.  

Designing a specialized 3D printer was Team 19’s mission. The basis of this mission was a 

novel liquid material involved with Dr. Xu’s research and interest. This material is a carbon 

nanotube (CNT)-reinforced ceramic-polymer composite with unique material properties used in 

highly sensitive sensor applications. The CNTs are what make the material so unique: by 

combining these tiny tubes with the ceramic, the ceramic material properties – mechanical strength 

and electroconductivity amongst others - are amplified immensely, making its industrial potential 

highly desirable. Previous methods of manufacturing this material were time consuming and costly 

because they implemented subtractive manufacturing methods and machining to obtain the final 

product. Dr. Xu desired a method that not only simplified this process, but would also lead to 

optimal quality in the final product. This created a need for a system that implements all the 

processes into one, which is possible with the help of 3D printing. This report provides detailed 

information regarding modeling, design, and verification processes for the development of a CNT 

reinforced ceramics 3D printer. The report outlines every single step necessary for the 

development of the previously mentioned device, from the background and concept of additive 

manufacturing and polymer derived ceramics, to the final design that Team 19 is implementing to 

make possible the extrusion of such novel material.  

The following subsections will describe the scope of the project, design requirements, together 

with the objectives, constraints, and challenges that the team faced while developing the 

preliminary designs, experiments, and final design.   
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1.1 Problem Statement 
This project intends to modify a commercially available 3D printer in order to print a novel 

material mixture consisting of a liquid polymer precursor mixed with CNTs. This process involves 

the modification of an extruder head that works with a fused deposition modeling (FDM) 

mechanism into an extruder head able to deposit liquid material mixtures.  

Additionally, this polymer mixture needs to be cured before extruding the next layer of 

material. In order to do this, the team will attaching a curing system into the assembly. All this 

modifications will be further explained along this report. 

1.2 Design Requirements 
Besides the already existing 3D printing, the design of this project includes a modified 

extrusion head, the implementation of a curing system, and the addition of control and data 

gathering devices, as requested by the team’s sponsor, Dr. Cheryl Xu. The modified extrusion head 

must be able to print the novel material mixture as accurately as possible, with the best possible 

resolution. The best possible resolution will be acquired by extruding the smallest possible layer 

width. The curing system must be able to solidify each of the extruded layers in the least possible 

time. The curing time will strongly depend on the width of the extruded layer, and the intensity of 

the curing system. 

 Finally, the control and data gathering devices include a dedicated computer, a camera, and a 

thermometer. These were all requested by the team sponsor in order to allow the printer user to 

record some data from each of the printing works.  

1.3 Objectives 
Listed below are some of the core project objectives, as determined from meetings with 

stakeholders as well as through collaborative discussions as a team throughout the project:  

 Test a variety of extrusion methods to determine the optimal method of extrusion of the 

polymer precursor to the print stage  

 Perform material experiments, and document how the composition and delivery of the 

material impacts key performance indicators, such as print resolution and curing time  

 Determine the feasibility of achieving CNT alignment and outline a method for the 

alignment of CNTs in solution  
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 Test different curing methods to determine the optimal method of curing the polymer 

precursor to cure and solidify the liquid polymer  

 Modify the extrusion head of the 3D printer for permitting the best use of the extrusion 

method to preserve the polymer precursor material characteristics  

 Purchase and install ancillary sensors as indicated by the team sponsor  

 Apply sound design principles to all modified parts, including the use of standardized 

design methods and technical tools like Computer Aided Design (CAD) software  

 The printer should be able to generate a printed part that is cured and solidified on the print 

stage, with the maximum size of a part being no smaller than two centimeters in its widest 

dimension while also consisting of stacked, self-supporting layers  

1.4 Constraints 
One of the defining parameters of a project is the limitation of available resources. During 

the progress of the team’s project, important financial, informational, temporal, and physical 

constraints on the ability to meet project objectives were identified, and are listed below:  

 The team was given a budget of 5,000 USD with which to acquire all relevant components, 

materials, and tools required to manufacture the device  

 The project was to be assembled and hosted in a lab of the sponsor’s choosing  

 The print material should consist mainly of the polymer precursor and multi-walled CNTs 

in solution; modification or replacement of the key material components would only be possible 

in extreme circumstances and with explicit sponsor approval 

1.5 Challenges  
The polymer precursor that serves as the basis of the print material is a proprietary compound 

developed and sold to materials scientists developing applications in high performance fields. 

Working with such a material will inherently introduce challenges of its own to the project, as 

published information beyond what is listed on the manufacturer’s data sheet is almost non-

existent. A substantial amount of knowledge with regards to the handling, mixing, and chemical 

interactions has had to be obtained through original research and direct questioning of researchers 

with hands on experience. Additionally, sponsor’s requirements slow down the project completion, 
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because supplementary information needs to be researched. Below is a list of further challenges 

that the project team has encountered:  

 Current lab procedures for handling and mixing the print material are not able to be 

translated directly to preparing the material for the 3D printer  

 Data on the usability of particular syringe and needle sizes to extrude the material is limited  

 Mixing and testing facilities in the sponsor’s lab are shared with other projects, and some 

equipment may be in use for extended periods of time  

 The university purchasing system by which large expenditures must be routed must 

negotiate with the non-traditional vendors required by the project, introducing additional lead time  

 Due to sponsor unavailability in the first five weeks of the project, multiple scope changes 

were enforced on the project as information became available  
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2. Background and Literature Review 

No ideas are created in a vacuum, and the work the project team has done to develop its 3D 

printer is no exception. When beginning the project, the team had only general knowledge of many 

concepts that would be important to the development of the prototype. Online sources, journal 

articles, and interviews with experts were crucial to fulfill the knowledge gap, and what follows is 

a summary of that background information, as well as a review of the critical literature. 

2.1 Additive Manufacturing  
Additive manufacturing builds objects by adding the material layer by layer, constructing an 

object that can be too intricate for subtractive manufacturing. First the 3D model of the object 

needs to be made in detail on a Computer Aided Design (CAD). Then this soft document is 

converted to an STL file (STereoLithography) which means that the CAD design is recreated by 

triangulated surfaces without color or texture. Then the STL model is checked for any errors for 

open objects and unnecessary faces or edges on the model. Once that is done a slicer software 

converts the STL model to be represented as layers and imbeds instructions in form of G-code 

which communicates between the computer and the machine to operate. In 3D printer’s case, the 

nozzle and the print bed starts heating up depending on what material will be used and the extrusion 

head automatically goes to the home location it is assigned. When appropriate temperature is 

reached, printer starts extruding to the designated locations from the nozzle to the printer bed layer 

after layer. The object is created by many successive layers and G-code lines. After all lines end 

and there are no more layers to print the nozzle and the print bed goes into the cool down mode. 

Once the temperature has sufficiently cooled to somewhere between room temperature and twice 

the room temperature the object can be taken out by a spatula ready to use in most cases.  

3D printing technologies encompasses a wide variety of materials. It started out with 

thermoplastics but as the technology improved using metals and earthenware became common. 

Recently there have been experiments on food, wood and bio printing widely and the portfolio of 

the materials used is ever expanding. This has been achieved many years ago during the 1950s by 

inkjet printing. Inkjet printing was simply the deposition of the ink suspended in a cartridge onto 

the designated print stage through the nozzles on the cartridge. The springing of 3D printing came 
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from stereo lithography which would use a beam of laser to solidify the specified parts of the liquid 

resin sitting in a vat to achieve a desired shape.  

Fused Deposition Modeling (FDM) technology gives more insight about the actual physical 

portrayal of the material being stacked on top of each other depending on the G-code that was 

mentioned above. FDM is more specifically referred for molten plastic and 3D printing, but the 

main principles of FDM where the nozzle is outputting the materials where the material is extruded 

directly on top of a table that is controlled manually or via computer. Based on the literature, if a 

material can be extruded through a funnel like nozzle and have control over when to stop the flow 

it can be printed. FDM technology was patented but when the patent expired, 3D printer enthusiasts 

created an open source community for both codes of the software and the blueprints of the 

hardware. This helped the technology to improve at an even faster speed due to the idea being 

open to many different minds all over the globe who want to solve different problems. 

The reason why additive manufacturing is being considered is, it does not produce any waste 

of material; it prints the specified shape without further need of machining. Currently, there is not 

a publicly known additive manufacturing technology able to print polymer derived ceramic that is 

reinforced with CNTs, thus Team 19 will be modifying an existing 3D printer that follows the 

fused deposition modeling (FDM) principle, into a 3D printer able to follow a liquid deposition 

modeling (LDM) technique. In order to do that adjustment, the team will have to modify the 

extrusion head together with the printer profile, and add a curing system to solidify each layer of 

material before extruding the next.  

The following sections explain the designs selected for this adjustment, and the assembly 

process required for the completion of the transformation. In addition, a reliability analysis, and 

an economic analysis were develop to determine how will the reinforced ceramics 3D printer 

perform, and how commercially competitive will it be in terms of costs.  

2.2 Polymer Ceramics 
Conventional ceramics has been present in the engineering world for many years, and they 

have been used for different purposes due to their numerous advantages including heat resistance, 

and relatively cheap production cost. However, it also has a relatively low modulus of elasticity as 

well as a low tensile strength, compared to other types of materials such as metals, and plastics. 

[1] Ceramic materials are widely used for their properties such as thermal and electrical insulation, 
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high melting temperature and chemical resistance to name a few. However, pure ceramic materials 

are have some major disadvantages such as brittle behavior, low fracture toughness, and namely 

being. This is where the need for improving the ceramic materials come in. Polymer ceramics (pre-

ceramic polymers) decrease the disadvantages seen with pure ceramics a substantial amount. This 

is done by the addition of fibers that connect the cracks on the ceramic like a bridge and reinforce 

the matrix. Addition of the fibers bridge the cracks that form with normal brittle behavior, polymer 

ceramic deforms plastically before fracture. Thus toughness improvement is achieved.  

Another big improvement from ceramics to polymer ceramics is modified porosity with the 

addition of fibers. This increases thermal insulation behavior and allows the user to decrease 

porosity to increase thermal conductivity or increase porosity to increase thermal insulation. 

Normal ceramics tend to crack or even fracture when subjected to local temperature changes. 

Added fibers hold the material together much like the mechanical property change even with 

severe local cracking. Polymer ceramics are also very stable under corrosive environments. This 

allows ceramics to be more reliable compared to metals under extreme conditions.  

Polymer derived ceramics are known to be corrosive, abrasive, oxidative, and creep resistant. 

Additionally, when mixed with CNTs, their thermal and electrical properties are highly increased 

as well as its mechanical properties, which can be compared to those of graphite or Al2O3 [2]. The 

problem with this kind of improved material is that the current production process, produces too 

much waste, which turns it into an unfeasible manufacturing material due to the high expenses that 

the waste of material produces. Therefore, more viable manufacturing technologies are being 

researched for the production of this type of material. Additive manufacturing is one of those 

production methods.  

Application of these improved polymer ceramics are increasing rapidly due to their reliability 

under extreme conditions such as high temperatures, heavily corrosive and rough surroundings 

that could lead to wearing. [3]This leads to the use of polymer ceramics in energy generation that 

requires very high temperatures, aerospace engineering for turbine blades, aerospace engineering 

for heat shielding on space rockets, support elements for extreme wearing conditions in 

biotechnology products, and in electrical engineering for micro and nanoelectronics which would 

further decrease the size of electronics. Many improvements will be possible in energy, defense, 

information technology, transportation and micro and nanomechanical and electrical systems. [4] 
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2.3 Carbon Nanotubes 
Carbon nanotubes (CNTs) are hollow cylindrical tubes of carbon that whose diameters range 

from 1 to 50 nanometers wide [5]. CNTs are categorized based on their structure as either single-

walled carbon nanotubes or multi-walled carbon nanotubes which “are a collection of nested tubes 

of continuously increasing diameters.” [6] 

This material has the potential to improve the performance of various technologies due to its 

superior material properties. Currently, CNTs are used primarily for structural reinforcement [6]. 

For example, CNTs have been added to polymer composites to enhance the stiffness in tennis 

rackets & bicycle frames. Thus, it can be seen that it is advantageous to include CNTs within a 

material. CNTs are highly anisotropic in nature due to their large aspect ratio. To take advantage 

of their anisotropic structure, CNTs should be aligned in the polymer matrix, which improves the 

polymer's properties in the direction of alignment. By aligning CNT in the polymer matrix, the 

strength, stiffness, electrical & thermal properties of the composite can be better controlled as 

compared with randomly oriented CNT in a polymer matrix [7]. 

An electromagnetic field can be used to induce alignment of the CNTs within the polymer 

matrix because CNTs are polarizable particles. There are certain controllable parameters for 

influencing the degree of CNT alignment with electromagnetic field generation, such as the 

electromagnetic field strength, application time and the frequency of the applied AC field. 

Experimental research has suggested that there is a strong correlation between an increase in each 

individual parameter and the alignment of the CNTs. Additionally, AC fields have shown to be 

better at inducing alignment within CNTs than DC fields as they tend to lead to more homogenous 

networks of CNTs in the polymer [7]. 
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3. Concept Generation 

The concepts that were used throughout the project went through many changes as the team 

listened and implemented the advice of the faculty. This led to the project going through theoretical 

and physical evolution throughout the project, while providing work for the goals and the 

objectives the team was tasked with. The driving force behind all the evolutions were the 

information and inputs coming from the experienced faculty and staff members of the college and 

the literature reviews of additive manufacturing, polymer ceramics, and CNTs. 

3.1 Initial Design Concept 
Initially the project was to attend the American Society of Mechanical Engineers IAM3D 

Challenge which was an opportunity to re-engineer existing products or create new designs that 

minimize energy consumption and/or improve energy efficiency. The team was thinking of 

creating a 3D printer to operate in a more sustainable way. Dr. Xu agreed to sponsor the project if 

the team agreed to use the novel material she wanted to work with, so the team stopped working 

towards the challenge, switched the scope and picked up the project that was sponsored.  

Next the team was faced with the question of whether to keep the idea of creating a 3D printer 

or to retrofit a commercially existing one. Dr. Shih advised the team that in order to focus on the 

material properties as best as possible, the team should retrofit a 3D printer. The project team took 

that advice and the scope was changed once again to retrofitting a 3D printer that can print with 

the polymer ceramic material infused with CNTs and align CNTs during this process. In the later 

deliverables Dr. Xu decided not to pursue the CNT alignment at this stage due to time constraints 

and it would be sufficient for the team to output a 3D printed part with the polymer ceramic infused 

with CNTs. 

3.2 Critical to Quality Factors 
During the definition of the project, the team worked with the sponsor to identify the aspects 

of the final product that would most impact the final quality of the product. These Critical to 

Quality (CTQ) parameters would be in the forefront of all the future design decisions and would 

assist the team in evaluating the multiple design concepts that were to follow. After initial 

interviews with the sponsor, the team conducted an in depth investigation of the project CTQs by 
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means of a detailed questionnaire. The questionnaire listed several aspects of product design such 

as weight, portability, concentration of carbon nanotubes and gave the responder the ability to 

indicate their relative importance on a five point scale, ranging from ‘Totally Unimportant’ to 

‘Extremely Important’, and indicating whether a maximization or minimization of that factor 

would generate the most positive result. For example, the team’s interview indicated that Dr. Xu 

highly rated the importance of a large percentage of CNT in the final composition, and that the 

percentage should be maximized to the fullest possible extent. Further CTQ items are listed in 

Table 3-1:  

Table 3-1 Selected results from sponsor questionnaire 

Parameter  Importance  Direction of improvement  
CNT concentration (% by volume)  (5) Extremely Important  Maximize  

Curing time  (5) Extremely Important  Minimize  

Print resolution  (4) Very Important  Minimize  

General appearance and build quality  (4) Very Important  Maximize  

Retention of FDM printing capability  (3) Somewhat Important  N/A  

Fume control  (3) Somewhat Important  Maximize  

Volume shrinkage on pyrolysis  (3) Somewhat Important  Minimize  

 

3.3 Decision Making Tools 
Several tools from product design and process quality were used for guidance on the general 

direction of the project, as well as guiding specific component level decisions for providing key 

functionality.  

3.3.1 Decision Matrix 
A decision matrix is used to compare the relative ability of multiple design alternatives to 

address project requirements. The matrix lists the alternatives on individual rows, and the 

functional requirements in columns. Each alternative is assigned a numerical value, typically a 

positive integer range such as zero to five, to represent how well it addresses the functional 

requirement with higher numbers typically indicating better performance. Additionally the 

functional requirements may be weighted to indicate relative importance. By assigning weights as 

a decimal value from zero to unity, the concept of the weighted average can be applied to each of 

the alternative-requirement pairs, and the result presented in a final column. This weighted average 

indicates the ability of that design alternative to meet the functional requirements of the project, 
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given the relative importance of each requirement. Thus, by comparing the averages of the design 

alternatives, they may be ranked by overall utility. 

3.3.2 House of Quality 
The house of quality, also commonly referred to as a Quality Function Deployment (QFD) 

matrix is a powerful tool for allocating project resources in order to maximize benefit with regards 

to CTQ factors. A QFD diagram lists the quality demands of the customer on the central rows of 

the matrix and the abilities or functions the product or service provider can supply in the columns. 

The interactions of demands and capabilities will at that point closely resemble a decision matrix. 

The value added of the QFD diagram is that the interactions of the quality demands and of the 

process capability are also illustrated to highlight synergistic or contradictory effects, and the 

relative importance and difficulty of implementation can be calculated. Use of the QFD allows the 

team to translate the qualitative opinions of the sponsor in quantitative data to use in making 

technical engineering decisions. 

3.4 Evolution of Design 
Sections below are showing the evolution of separate parts of the design determined by the 

decision making tools above, specifically how material curing can be achieved, appropriate 

extrusion head for the project and the 3D printer that would be retrofitted. 

3.4.1 Curing Method Evolution 
The team studied two different options that could be used for the curing process of the printing 

material. These choices include Ultraviolet (UV) light curing, and heat induced curing. Heat curing 

is divided into two different areas, which are convectional heating, and laser. On the other hand, 

the UV curing method can be divided into Light Emitting Diodes (LEDs), and UV lamp, among 

others. These can be seen on Figure 3-1where the curing methods are decomposed into their 

varieties. 
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Additionally, a decision matrix was employed in order to compare the most relevant 

parameters of each of the methods to determine what kind of curing process the team should 

implement. By doing this, the team ensures that the final decision will be the best possible choice. 

This decision matrix is shown in Table 3-2. 

Table 3-2: Decision Matrix for Curing Selection 
 

The curing time factor will definitely be an important consideration for the team’s project. At 

this moment, the team does not have clear how long will it take to cure this kind of printing 

material, however, the team is intending to reach a curing time similar of that of already existing 

3D printers. 

The placement of the curing systems is something else that the team had to consider at the time 

of deciding which method would be better for the 3D printer chosen, and the printing material that 

will be utilized. As it is visible on Table 1, the UV lamp scored poorly on the placement flexibility 

parameter, because it is bulkier compared to all other alternatives; so that would be an example to 

explain the meaning of placement flexibility. 

 Cure 
Time 

Placement 
Flexibility 

Availability Area of 
Effect 

Envelope 
Size 

Safety Total 

Weight 0.25 0.1 0.1 0.2 0.2 0.15 1

UV LED 3.5 5 4 3 5 4 3.375

UV 
Lamp 

3.5 2 3 3.5 3 5 2.675

Laser 4 4 3 1 4 2 2.7

Heat 3 3 3.5 4 2.5 3 2.7

UV LED  

UV Lamp 

Laser 

Convectional 

Curing 

UV Curing 

Heat Curing 

Figure 3-1 Various methods of curing 
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Area of effect is another important factor, since it was decided that a margin of error must be 

given for the treated area in order to be more successful with preferably no missed spots. If the 

area of effect is small there can be errors and all the spots may not be treated the same. This led to 

laser scoring very poor on this criterion as the laser beams are much more focused compared to 

the other possible selections. Envelope size was also another important criterion since it would be 

more feasible to deal with small components and again give the user the flexibility to place the 

curing system where the team thinks is better. UV LED scored very well on this criterion since its 

incorporation would be consisting of an array of LEDs each 3 mm in diameter. Lastly, safety is 

always a priority in any lab setting, because this product will be in the lab. 

In addition, Team 19 experimented with heat using the polymer composite without the CNTs. 

A pipette and a hot plate were used for this purpose. Results yielded that the best time achieved 

with the hot plate was around 80 seconds (See Figure 6). Even without a set parameter for curing 

time, a cursory knowledge of 3D printing times suggests that this value is not desirable. This 

caused the team to abandon using heat as the curing method.  

The team tried to run experiments with a laser Team 19 had the chance to borrow from our 

advisor Dr. Guo, but there were several complications. Team 19 was told that the outlets at the 

college were not similar or adequate compared to the machinery coming from the NHMFL. Safety 

procedures in between buildings would also be different; Team 19 would need to be trained 

specifically for operating the laser equipment as well.  

Due to mobility and the theoretical effectiveness of the UV LEDs Team 19 decided to proceed 

with the UV LED alternative for the curing method. 
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3.4.2 Extrusion Head Evolution 
Several alternatives were taken into consideration at the time of deciding which extrusion 

mechanism would be more favorable for the project purposes. Based on a lot of research, and 

expert’s opinions, team 19 ranked the different options by using a decision matrix shown on Table 

3-3 Decision Matrix for extrusion method.  

Table 3-3 Decision Matrix for extrusion method 

 Variable 
Flow 

Fluid 
Viscosity 

Material 
Capacity 

Min 
Shot 
Size 

Temperature 
Resistance 

Cleanability Total 

Weights 0.15 0.25 0.2 0.2 0.1 0.1 1 

Syringe 5 4 4 5 5 5 4.55 

Nozzle 4 5 5 4 5 3 4.45 

Pipette 3 3 2 1 3 4 2.5 

Cartridge 4 1 4 3 1 2 2.55 

 

Having a variable flow and being able to control input flow is the criteria where Team 19 had 

some trouble with during the ongoing testing phase. Being precise and having an accurate way of 

outputting the same amount of material is important for an extrusion procedure. Viscosity of the 

fluid is the most important factor to determine what extruder head to use, because the polymer 

composite will need to preserve its properties, and this viscosity is not going to be similar to melted 

ABS most printers operate with. Cartridge gets the lowest mark due to its possibility to clog due 

to the micro nozzles, which use heat to activate the fluid inside it. Material capacity is important 

since having to refill the materials before the printer finishes printing will be counterproductive. 

Minimum shot size was another difficulty Team 19 discovered during the testing. Using the 

pipette, the droplets created were too big, which Team 19 theoretically knows will affect the curing 

time significantly. With the pipette, Team 19 had some control but not enough to mandate how 

small the droplet size could be.  

Temperature resistance was added to the matrix in case Team 19 decided to proceed with heat 

for a curing method. Finally, cleanability is on the decision matrix since the shelf life for our 

polymer composite is around 3-5 days and in case of residue, the extrusion mechanism must be 

easy to be cleaned. 
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With these criteria and possible selections in mind, Team 19 will be moving forward with the 

syringe and needle, or nozzle setups. Team 19 will be further experimenting with these methods 

via testing in order to fully decide what method would be better to implement. 

3.4.3 Printer Selection Evolution 
After the project scope changed, the team came together and decided what 3D printer should 

be purchased. Team 19 was initially looking into a generic hobby printer with a lower price range, 

nevertheless, the team’s sponsor Dr. Xu increased the preliminary budget and informed that it 

would be better to have a high quality printer that will be more durable to the upcoming 

modifications. All members of the team researched different 3D printers and Team 19 voted within 

the team to construct a decision matrix chart, which can be seen in Table 3. 

Table 3-4: Decision matrix for 3D printer selection 

 Sponsor 
Preference 

Open 
Source 
System  

Availability 
& Lead Time

Value 
Added 

Features 

Fit and 
Finish 

Extruder 
Head 

Clearance 

Total 

Weight 0.1 0.15 0.15 0.10 0.20 .30 1 

Lulzbot 
KitTAZ 

5 5 4 2 5 5 4.55 

Aurora 4 4 4 4 5 3 3.9 

Mini 
Kossel 

2 5 5 2 2 3 3.2 

Maker 
Gear 

3 3 4 4 3 5 3.85 

Open source hardware and software is also listed as a criterion since Team 19 will be taking it 

apart to attach the custom extruder head to fit the project needs. Availability and lead-time was an 

important factor, because the team did not want to wait any longer to get to the 3D printer. The 

value added features parameter is listed to point out different features that could be needed in the 

future. The fit and finish criterion refers to the exterior appearance of the 3D printer. One of the 

sponsor’s requests was to have a professional and nice look on the printer, as a result, that point 

was taken into consideration. 

Extruder head clearance is considered the most important criterion since Team 19 will be 

retrofitting the extruder head and there should be enough free space to permit any design Team 19 

may go forward with. After revising all these parameters, and all of the available options, the team 



16 

 

decided that the best choice was purchasing the Lulzbot KitTAZ. Refer to Table 3 to see final 

results obtained. 

After getting clearance from purchasing, the department was ready to order KitTAZ but Team 

19 and the sponsor were contacted by the department to indicate that the price of both KitTAZ and 

TAZ was decreased due to Cyber Monday sales. Therefore, Team 19 decided to purchase the TAZ 

4, which is an advanced model of the KitTAZ. The TAZ 4 was not considered at the beginning 

due to the high price it has, however, when the price decreased there were no more doubts about 

this 3D printer. Refer to Appendix A to see the TAZ 4 specifications. 

3.4.4 Carbon Nanotube Alignment Evolution 
The team reviewed background research on electric field induced CNT alignment to gain a 

better understanding of the fundamentals of this application. This method take advantage of the 

polarizability of CNTs. A dimensionless parameter, ,	is used to describe the between the energy 

generated by an electric field and thermal randomization i.e. Brownian motion within the CNTs. 

This parameter, 	 ,	is defined as  

	     (1) 

“where  is the permittivity of free space (8.854 x 10-12 F/m),  is the relative dielectric constant 

of the liquid resin (about 4.9 at 20Hz), a is the radius of the inclusion, E is the applied electric 

field,  is Boltzmann’s constant (1.38 x 10-23JK-1), and T is the absolute temperature” [7]. 

Experimental research has shown that there is a proportional relationship between an increase in 

and induced alignment within the CNTs structure. Therefore it is imperative to maximize the 

energy generated by the electric field when attempting to align CNTs. Noticeable alignment of the 

CNTs was observed at 16  and plateaued at 43.5  [7]. 

For this project, the team reviewed the feasibility of using a dispersion and alignment technique 

similar to one that was conducted by the researchers at the High Performance Materials Institute 

(HPMI), see Figure 3-2. This method consists of a syringe pump that is used to extrude a mixture 

containing CNTs out of a small needle. A positive charge is applied to the syringe via an alligator 

clip attached to the needle. The CNTs within the mixture become aligned after contacting a 

negatively charged print base. After discussing this technique with Dr. Richard Liang, the principal 

researcher who developed this method, it was determined that this method would not be suitable 
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for this project. He mentioned that this method produced a relatively low degree of alignment in 

comparison to mechanical stretching.  

 

 

Figure 3-2 A picture and schematic of the electric field CNT dispersion system. 

Magnetic fields induce CNT alignment in a similar fashion to electric fields. The condition 

required for alignment is that the energy generated by anisotropic magnetic susceptibility must be 

greater than the thermal energy of the CNTs, . The energy generated by anisotropic magnetic 

susceptibility is defined below as 

∆ 	 ∆      (2) 

“[W]here Δ 	is the anisotropy of the magnetic susceptibility,  is the permeability in vacuum, 

B is the applied magnetic field and V is the volume of each particle” [8]. Assuming that the volume 

of the CNTs are held constant, it is important to 

maximize the magnetic field strength and minimize 

the ambient temperature to increase the degree of 

CNT alignment. Figure 3-3 is a graph that plots the 

ratio of the magnetization that is perpendicular and 

parallel to the average orientation of the nanotubes vs. 

temperature. A linear relationship between 

temperature and the magnetization ratio was observed 

at temperatures greater than 100K, while below 100K 

there was a great deal fluctuation. Therefore, this 

graph suggests that the optimal temperature for 

alignment is above 100 Kelvin or approximately 

Figure 3-3 A plot of temperature vs 
magnetization ratio [19] 
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~173 . However, it should be noted that the preferred temperature for solidifying the polymer 

mixture ranges from 100 - 114 . This discrepancy presented a major challenge for Team 19.  

For this alignment method the team discussed using permanent magnets on either side of the 

print stage that would align the CNTs within the polymer mixture during curing. However, this 

alignment method typically requires a strong magnetic fields in excess of 7 Tesla to overcome the 

low magnetic susceptibility of CNTs. This required magnetic field strength can be decreased by 

“filling the nanotubes with magnetic nanoparticles” which would increase the magnetic 

susceptibility, i.e. the degree of magnetization, of the material [9]. 
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4.  Final Design 

The final design mainly consists of a commercially available 3D printer that has both open 

source software and hardware so Team 19 can change the components, as the team needs to. Main 

changes to the purchased 3D printer will be the extruder head and the CNTs alignment system. 

Extruder head will need to accommodate to the characteristics of the polymer composite, which 

would have a completely different consistency from what the printer is designed to print. The 

design Team 19 has in mind is focusing on the control of the extrusion of the slurry at a controlled 

speed and with the finest resolution while the extrusion procedure is unobstructed and can perform 

well. 

The design will utilize the housing and the controls of the existing 3D printer and extrude the 

polymer composite onto the print stage through the extrusion mechanism. The CNTs alignment 

unit attached to the printing stage will be working while the print head is printing materials, this 

way the CNTs are projected to be aligning within the polymer composite before the curing phase 

starts. The curing process is projected to be flashing in pulse mode to fully transform the polymer 

composite matrix that is in liquid state to its solid state after printing each layer. This will ensure 

that the polymer matrix would not be cured to its solid state while it is still above the extrusion 

head. After the extrusion, alignment and curing for one layer, the method will be repeated until 

desired shape is formed.  

4.1 Key Product Components  
The printer device that the team has designed is a combination of modified subsystems 

designed to meet the goals of the sponsor. Because of the use of the novel print material and the 

challenges inherent in 3D printing, many of these components have either entirely bespoke designs 

or are repurposed commercially available devices adapted into the printer assembly. Below are 

detailed descriptions of key printer components. 

4.2 Syringe Pump 
This module consists of a syringe mounted into a plastic housing, with the plunger affixed to 

a movable slider. By turning a length of threaded rod, the slider can apply pressure to the syringe, 

depositing the contents onto the print stage. This design incorporates a variable flow rate that is 
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controlled by the speed of the stepper motor. Details on the individual parts of the pump are to 

follow. 

4.2.1 Syringe and needle 
Material will be contained in the syringe until it is slowly forced out by the syringe pump. 20 

mL is the default syringe volume; however, the bracket was designed to accommodate other sizes 

as they are desired. A one inch, 400 micron needle attaches to the nozzle of the syringe for 

precision deposition of the material onto the print bed. This was determined to be the optimal 

gauge needle for this system after numerous tests involving viscosity, flow rate, and line 

dimensions.  

4.2.2 Motor and Gear Set 
The gear set consists of a 10 tooth pinon gear attached to the shaft of the stepper motor and a 

50 tooth gear attached to the threaded rod. This 5:1 gear ratio is used to turn the threaded rod 

resulting in a translational movement of the syringe’s plunger insert. The gears are made from 3D 

printed ABS polymer, and can be considered self-lubricating.  

4.3 TAZ 4 3D Printer 

Figure 4-1 The Syringe pump 
assembly 
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The team and the team sponsor decided to purchase a commercially available 3D printer to be 

retrofitted to fit the objective profile required. The TAZ 

4, pictured in Figure 4-2, was selected after several 

rounds of analysis of market offerings. The most 

important selection criterion for the team was having 

open source availability for both hardware and 

software. The TAZ 4 includes a RAMBo (RepRap 

Arduino-compatible Mother Board) microcontroller to 

drive the stepper motors. The RAMBo is an open/libre 

hardware solution that allows the user to modify the 

firmware using the Arduino development environment. 

The TAZ is currently running using the Marlin 

firmware package, updated Q4 2014. Information on the proper use and maintenance of the TAZ 

printer can be found in the user manual published by Lulzbot [10]. 

4.4 Controller PC 
The TAZ 4 is able to be operated independently with the installed Smart LCD controller and 

display module. However, the team has acquired and installed a desktop computer in order to give 

finer control over the printer and for use in preparing and organizing model files. The PC is a Dell 

OptiPlex 2500 with an Intel Core 2 Duo processor, 2GB of RAM, and 755 GB installed hard disk 

space. The printer is connected to the printer via a USB 2.0 B-type connector, which is standard 

for Arduino based printer platforms. The PC has Windows 7 Home Premium installed as the 

operating system, and a plurality of software required for 3D printing activities are developed for 

Windows as well as Mac OSX and Linux. Software installed by the team is listed in the table 

below. 

  

Figure 4-2 The TAZ 4 printer the team 
is modifying for  the project 
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Table 4-1 Installed Software Used for 3D Printing 

Application Purpose 

Repetier Host Printer controller. Allows the user to place 
3D objects on the print platform, adjust 

printer settings, and manually control the 
printer  

Slic3r Slicing program. Converts STL file 
information to G-Code to dictate printer 

path and steps.  

Amcap Webcam software that allows for creation 
of time-lapse videos and remote 

monitoring. 

Netfabb Basic 3D model viewer/editor. Repairs STL file 
meshes for use with the 3D printer. 

4.5 UV Lamp Array 
The print material as supplied by the manufacturer is a colorless liquid thermosetting polymer 

precursor. The precursor can be cured to its solid form via ultraviolet radiation in the presence of 

a suitable reagent called a UV sensitizer. To deliver the UV radiation, the project team has 

repurposed a commercial nail dryer commonly used to cure resin based nail polish. The core of 

the product is four 9W UV fluorescent bulbs and the appropriate starters and electronic control 

components. The back panel features a main power switch, timer selector switch, and start button. 

To manually cure, the main power switch should be turned “ON”, the timer switch set to “OFF”, 

and the start button depressed and released. The timer switch has two other settings, for 120 and 

180 seconds of illumination respectively. These 

settings may be useful for experimental purposes, 

but are of limited utility in the context of a 3D print 

job. The bulbs emit UV A radiation centered on a 

wavelength of 365nm. Additional details of the 

dryer including manufacturer information can be 

found in Appendix C, item C2 and a photo of the 

installed array can be found in Figure 4-3. 

  Figure 4-3 The installed UV lamp 
curing array 
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4.6 Webcam 
The project team has incorporated a webcam in order to remotely monitor the 3D printing 

process and to record images or videos for documentary purposes. The webcam is a Logitech C920 

HD camera connected to the PC via a USB 2.0 connection. The camera is a plug and play device 

under Windows 7, and should not require drivers or other setup by the user. The webcam is 

attached to the lab countertop via a gooseneck camera mount. Using the mount it is possible to 

position the camera to tightly focus on the object of attention. 

4.7 Infrared Thermometer 
Sponsor requirements indicated a means to test and verify part temperature during the curing 

process. This will be achieved by using an infrared thermometer. The Etekcity Lasergrip 630 

thermometer allows the user to get temperature readings without the use of a contact probe. To use 

the Lasergrip, aim the sensor window at the part to be measured, and pull the trigger. A red laser 

indicator dot will appear to guide the user on what area is being measured. If the indicator dot does 

not appear, use of the “MODE” button will cycle between usage modes, including turning the built 

in back light on and off. Additional buttons will change the temperature display, from holding at 

last value, to constant updates, and the display units from Fahrenheit to Celsius. Additional 

technical details, such as measurement range and distance to spot ratio, can be found in Appendix 

C, item C3. 
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5. Product Assembly 

The printer device will be delivered in an assembled state, and thus should not require further 

assembly unless changes have been made after project completion. This section will list the 

procedures, tools, and equipment relevant to different assembly operations. 

5.1 TAZ 4 Printer Assembly 
The TAZ 4 is shipped as a semi-assembled unit by the manufacturer which the customer puts 

together 4 sub-assemblies together and the 3D printer is ready for a print job. The construction 

materials include 8020 Aluminum square rails, printed ABS components, acrylic corner brackets, 

and sheet steel electronics enclosures. The primary type of fasteners used are socket head cap 

screws with metric threads and sockets. The TAZ ships with a small tool set that includes an 

assortment of hex keys that can be used to adjust and take down the machine. 

 

Figure 5-1 A model of the full 3D printer assembly with significant dimensions labeled 
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5.2 Syringe Pump Assembly 
The syringe pump assembly consists of printed ABS parts, stainless sheet steel, injection 

molded polymer components, and hardened steel smooth and threaded rods. The steel thrust rods 

are press fit into the receiving holes of the ABS rod guides, and the plastic components are secured 

to the sheet metal stiffener plate via Phillips drive cap headed self-tapping screws.  

5.3 Curing Lamp Array Assembly 
The curing lamp array consists of four U-type fluorescent bulbs mounted in plastic fixtures 

attached to a 3D printed ABS bracket that fixtures the lamp array to the extruder carriage. The 

fasteners used in the assembly of this part are 4-40 round head slotted machine screws and 

matching nuts. The bulb fixtures have two mounting holes each and the screws pass through holes 

in the holders and the bracket and are secured with nuts on the side of the bracket opposite the 

lamps. The bracket holding the lamps is then attached to the carriage using the same type of 

machine screws, with nuts embedded in the carriage accepting the screws after passing through 

the bracket. Assembly/disassembly of the array system can be accomplished with a long precision 

slot head driver and needle nose pliers. The curing lamp wires are connected with spade type wire 

connectors to allow for service, with wires being routed through holes in the mounting bracket 

designed for that purpose. 
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6. Operation Instructions 

In order to print a model using the ceramic-polymer material, follow these instructions.  

1) Verify that the syringe is filled with the material and properly fitted into the syringe pump 
bracket on the 3D printer. The needle should not be touching the printer bed. 

2) Turn on the PC and 3D printer (using the switch on the power box) for operation. 
3) Open Repetier-Host on the PC desktop and click “Connect” to connect to the printer. 
4) Import the model into the program. 

a) Alter the object placement using “Object Placement” tab as desired. Keep in mind how 
the object will be printed when doing so. 

b) If not already sliced, slice the model with Slic3r (using “Slic3r” tab). 
5) Access “Manual Control” to ascertain all settings are properly set. This includes setting the 

printer bed temperature to 0° to ensure no heat is introduced to the system. When G-code is 
ready, send it to the 3D printer by clicking “Send”. 

6) When ready to print, turn on the curing system array with the power supply switch. For 
added safety measures, UV protective goggles are provided and recommended for use. Once 
the array is on, click “Start Print”. If you will be using the webcam, this would be the time to 
turn it on. This can be done from the PC desktop. 

7) From this point the printer will proceed to extrude and cure a 3D model using the material. If 
this is a large model, then it is highly recommended that the print process is observed and the 
user is ready to refill the syringe when it gets low. The print job must be paused by clicking 
“Pause Print”. If it becomes necessary to stop the print altogether due to a failure of the print 
job, click “Kill Print”.  

In an emergency, cut all power to the printer by unplugging the power strip from the wall. If 

trying to print using the ABS filament, you must switch the brackets so that the proper extruder is 

attached. Be sure that the printer is turned off completely, with power unplugged, before doing so 

to prevent any damage or harm. Instructions for how to use the system with FDM can be found in 

the manual or online at https://www.lulzbot.com/. No notifications will be given when the print 

job is complete, nor will any notification be given if a print job goes wrong, whether the layers 

begin collapsing or the syringe runs out of material, the only way the user will be made aware of 

an issue is if they observe it themselves. A webcam has been set up with the PC for remote 

observation access to the printer from within the school so that the print job can be monitored. 
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7. Design of Experiment 

The experiments were performed using a programmable 

pump that would simulate the behavior of the final design. 

The experimental apparatus for all the tests can be seen in 

Figure 7-1. There were multiple experiments that were 

performed and certain procedures that were followed for each 

different type of test. Before extrusion of the print material 

could occur, the team had to determine the percentages UV 

curing powder and nanopowder that was required to mix with 

the pure polymer. The percentages were found by trial and 

error. After the slurry was mixed, then extrusion of the print 

material could be started.  

The main goals of the experiments were to achieve the 

highest resolution of the print material and the fastest curing time possible. The smallest needle 

gauge was the driving force for the highest resolution. The thinner the line, the higher the resolution 

would be. Extrusions were done with various needle gauges of different types of print material. 

After the first layer was extruded, the team would proceed to curing the print material via UV 

lamps or UV LEDs. There was a couple of input functions that were kept at a constant. After trial 

and error, flow rate was found to be constant at 0.5 . The distance from the end of the needle to 

the print stage was at a constant height of 3mm. Extrusion droplets and lines were recorded as well 

as the curing times, and a digital caliper was used for the measuring tool.  

7.1 Pure Polymer Testing 
Team 19 began their experiments by only using the pure polymer to be accustomed to the 

experimental setup and to understand the polymer ceramic behaviors. The pure polymer the team 

used is a polymer of very low viscosity; in the range of 50 -200 cps (centipoise) [11]. Relative to 

other fluids the viscosity of this polymer is similar to blood or olive oil. Initial experiments began 

with mixing the pure polymer with different percentages of the UV curing reagent. Pure polymer 

was tested with first because it involved no other variables and the sponsor wanted to see if there 

was a possible method of decreasing the droplet size and printing this material alone. 4%, 8%, and 

Figure 7-1Test apparatus 
including the programmable 

syringe pump 
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16% mass fraction of the curing reagent was mixed in with the pure polymer. As the percentage 

of the UV curing reagent increase, this decreased the curing time required. Figure 7-2 gives a 

visual of the low viscosity pure polymer. 

7.1.1 Results 
The first thing that was measured and recorded was the 

diameter of the droplet size when it was being extruded from the 

programmable syringe pump setup. For this setup, the needle used 

for extrusion, 30 gauge needle (156 microns), remained constant. 

This was the smallest diameter needle that the team was able to 

find on the internet that could be purchased through the school. For 

this experiment the flow rate was varied to determine a 

controllable flow. The height from needle end to print stage was 

constant at 3mm. From Figure 7-3, it can be seen that the flow rate 

varies from 0.1 – 3.0 . Also, the graph shows no real correlation 

that changing the flow rate would decrease the diameter of the 

droplet size. Since there was no correlation to decrease the droplet diameter with manipulating the 
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Figure 7-2 Extrusion test 
of the pure polymer 
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flow rate, the team decided that a slower flow rate would be more appropriate to test with for better 

control of the material. When the material was extruded, it was not able to hold its form and it 

dispersed rapidly. The average droplet size was approximately 3mm, which is substantially larger 

than the needle diameter. Also, due to the low viscosity of the polymer, the polymer would start 

to leak out of the needle even if there was no load applied to the syringe.  

Table 7-1 shows the results of curing the polymer with different percentages of the UV 

curing reagent. A plethora of droplets were dropped onto the print stage as the UV LED board 

hovered 3mm above the print stage. The droplets were checked to see if curing occurred about 

every 4 minutes. As expected, the higher amount of UV curing reagent added the quicker the 

curing time.  

 Table 7-1 Curing times for lines of different diameters and compositions 

UV LED Curing 

Mixture 
avg. diameter 

of droplet 
(mm) 

# of 
runs 

time (min) 
total time 
elapsed 
(min) 

Polymer mixed w/ 
4% 2-2 DP  

4  

1 4 

26.50  

2 3.5 

3 4.0 

4 3.5 

5 4.0 

6 4.0 

7 3.5 

8 4.0 

Polymer mixed w/ 
8% 2-2 DP 

  

1  

1 4.0 

21.5  

2 5.5 

3 4.0 

4 4.0 

5 4.0 

Polymer mixed w/ 
16% 2-2 DP  

1.75  
1 8.0 

2 4.0 12.0 
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7.2 Surface Tension Testing 
Surface tension testing method and how the idea was generated was detailed below. The 

team had to get familiar with fluid movement within a small sample. The behavior was 

somewhat unlike the fluidal mechanical engineering classes due to not having a continuous flow. 

To understand the aspects better the team reached out to the designated advisors.  

7.2.1 Print Stage Material 
It was suggested by Dr. Wei Guo that if the team could minimize the surface tension the 

droplets would become more spherical and bead up instead of dispersing. This could be done by 

minimizing the higher energy bonded molecules to achieve the smallest surface area to volume 

ratio. Dr. Guo also suggested to see if there was a way to relate the contact angle to the pressure 

and the velocity of the flow. However, Dr. Sam Taira mention to the team that potentially trying 

to use different types of hydrophobic print stages may give a smaller diameter.  

7.2.2 Results 
The team went with the route mentioned by Dr. Taira because it was the quicker method to 

experiment. The various hydrophobic surfaces the team used included: masking tape, parchment 

paper, glass with rain-x, and Teflon. Figure 7-4 shows the various surfaces that were tested. The 

main point of the graph is to shows that the glass with the rain-x would be the most viable option 
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to minimize the droplet diameter. However, even though glass with rain-x produced the smallest 

diameter; the diameters were still significantly larger than what would be needed to produce a 

high resolution print. At this point the team was able to safely remove the idea of just printing 

with the pure polymer and to move onto the next step, which was adding nanopowders into the 

mixture. 

7.3 Carbon Nanotube Testing 
This portion was crucial to the project since the addition of CNTs was one of the objectives 

of the project and it is crucial to understand the behavior of polymer ceramic with CNTs 

imbedded.  

7.3.1 Varying Percentages of Nanopowder  
This was the primary nanopowder that the sponsor wanted to mix into the polymer with the 

UV curing reagent. At this point in the experiment alignment of the CNTs were neglected due to 

time restraint and materials that would be required to induce a small amount of alignment. The 

team’s main focus was to obtain a print material that was more viscous than the pure polymer 

and behaved more like the FDM 3D printer, which meant extruding by lines instead of droplet by 

droplet. The first thing that needed to be determined was the mass fraction percentage that would 

be needed to give the polymer a paste like viscosity for line extrusion. This was done by trial and 

error starting and 1% mass fraction and working up until the team decided it was viscous 

enough. At 2% the team determined that this percentage would be viscous enough for the final 

print. A theoretical calculation was performed using Poiseuille’s Law in order to determine the 

viscosity of the print material and can be found in Appendix B. 

7.3.2 Varying Needle Gauge 
Initial testing with the polymer mixed with CNT cause the programmable syringe to stall due 

to high pressures. The cause of stalling was because the 30 gauge needle was too small in diameter 

resulting in high pressures that the stepper motor could not handle and also caused elastic 

deformation to the syringe pump holder. The team decided to put in a purchase order for different 

sized needle gauges: 18 (838 microns), 20 (603 microns), and 22 (400 microns) gauge needles. 

The larger diameter gauges all operated with the programmable syringe pump. 
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7.3.3 Results 
The first experiment that needed to be completed was to determine which needle gauge 

outputted the best resolution. Figure 7-5 shows the experiments that were performed with 

different needle gauges. The graph is a box and whisker graph where the bottom line is the 

minimum, the next line up represents the first quartile, the next line up is the median, the next 

line up is the third quartile, and the top line is the maximum. From the graph, the team has 

decided to move on with the 400 micron needle for the final design barring any setbacks from 

the stepper motor or gear ratio. If high pressure causes stall the 603 mircon needles may be used. 

Also, the different length needles came in the shipment, so the team decided to test with them 

and see if there was any significant difference. It can be seen that the main difference is the 

minimum and maximums. The one inch needle have less of an outlier due to no-slip conditions 

at the walls inside the needle being longer, which would increase the friction.  
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Figure 7-6 shows a visual of the polymer mixed with CNTs 

being extruded by line extrusion instead of droplets. Being able 

to cure the CNTs mixed with the polymer was the last step of the 

experiment. When curing the CNTs mixed with the polymer, the 

team decided to use UV bulbs instead of the UV LED arrays. 

The UV LEDs was a complicated setup and not providing 

enough power to decrease the curing time. The chart in Figure 

7-6 compares different curing methods as well different power 

outputs. The first section of the graph refers to the curing of the 

pure polymer via LEDs, the second section refers to a single 9 

Watt bulb used to cure lines of about 1 mm in width, and the last 

section has a power output of 36 Watts and cures a 0.81 mm 

width line in 2.5 minutes. This suggests that the higher the 

power output the faster curing may be achieved.  

 

Figure 7-7 Line plot illstrating curing time under different scenarios 
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7.4 Silicon Carbide Testing 
Silicon carbide powder was suggested to be tested by our sponsor and advisor Dr. Xu after 

the team expressed concern for using highly priced CNT powder liberally. The team conducted 

tests with this powder but the properties of the matrix made by silicon carbide did not reflect the 

CNT matrix behavior. Thus the experiments with this powder was concluded. 

7.4.1 Varying Percentages of Nanopowder 
Silicon carbide was suggested as a secondary nanopowder to experiment with by the sponsor. 

The reason for experimenting with silicon carbide is the fact that it is a cheaper nanopowder than 

CNTs. The main reason why CNTs have not been implemented in 3D printing in the 

manufacturing industries is because of the high cost of CNTs. The team did another trial and 

error to find a mass fraction percentage of silicon carbide that would behave like the 2% mass 

fraction CNTs mixed with the polymer. The team went as high as 17% mass fraction of silicon 

carbide. However, since the team found the 2% CNT mixture first, the silicon carbide was of less 

importance and put on hold.  
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7.4.2 Results 
When testing with the 17% silicon carbide mixture, the experiments were nearly identical to 

the CNT mixture experiments. The first thing the team looked for was the best fit needle gauge. 

Figure 7-8shows that the 400 micron needles would be the best choice for resolution. The graph 

depicts a box and whisker as explained before, except the 400 micron box plot may look strange 

because there are only two regions. The first box plot has the same median as the third quartile, 

so that is why there are only two regions instead of three. From the experiment it is clear that 

either lengths of the 400 micron needle could be used. After these sets of experiments the team 

stopped testing with the silicon carbide because the mixture of CNTs and the polymer were 

found to be adequate. If further experiments were to continue with the silicon carbide, the 

percentage of silicon carbide would need to be increased. From experimenting, the silicon 

carbide would tend to leak out of the needle when the print has stopped or paused due to gravity 

and its viscosity. A certain percentage could be calculated using the MATLAB code in Appendix 

B to match up the viscosity of the silicon carbide mixture to the CNT mixture.  
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8. Considerations for Environment, Safety, and 

Ethics 

This section presents environmental concerns, safety information linked with the chemical 

materials involved in the 3D printing process and listing possible hazards that the project may 

contain.  

8.1 Environmental Concerns 
One of the top priorities of the project team was to design a product as environmentally friendly 

as possible. Thus, at the time of selecting which components would be forming the final product, 

this was an important parameter to take into consideration. Additive manufacturing itself 

represents one of the greenest production processes compared conventional manufacturing 

processes. As a result, the greatest concerns fall back into the printing material mixture 

components. Many existing 3D printers deal with thermoplastics, which can be re-melted and 

shaped again as a recyclable material. However, the material is not a plastic. The material is a 

polymer derived ceramic combined with CNT powder; thus the disposal of this material may not 

be environmentally safe. The following subsections will explain in depth the disposal and exposure 

risks for the CNTs and for the polymer precursor.  

8.1.1 CNT Disposal and Exposure Risks 
According to the National Institute of Occupational Safety and Health (NIOSH), there is no 

evidence of adverse health effects in workers producing or using CNTs; however, there are studies 

performed on animals that indicate possible health adversities for people exposed to CNTs. Some 

of these exposure risks include pulmonary inflammation, pulmonary fibrosis, and cancer. Since 

there is no certainty regarding the risks of being exposed to CNTs, it is recommended to take a 

precautionary attitude.  

First of all, it is important to wear gloves at the time of preparing the polymer mixture to be 

extruded during the printing process. In addition, safety glasses are recommended to avoid the 

contact of any material with the user’s eyes. 
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For disposal matters, it is recommended to wrap the CNT waste in sealed polythene bags and 

gathers it in a well-labeled waste container. It is not recommended to dispose CNTs in the sink, or 

in conventional wastebaskets [12]. 

8.1.2 Precursor Disposal and Exposure Risks 
Studies show that there are not many risks related to the exposure of this polymer precursor. 

However, in order to avoid accidents it is important to store the material in a closed container 

whenever it is not being used. It is also important to avoid its contact with the eyes, skin, and 

clothing, as well as the repeated exposure. 

According to the Occupational Safety and Health Administration, this material is not 

carcinogen, and not many studies had been conducted with this type of material. However, studies 

performed on animals agree that the repeated exposure or contact with this kind of polymer might 

cause skin irritation. 

For disposal matters, it is not recommended to combine this material with aqueous wastes [13]. 

Since this material is considered combustible waste material, incineration of the waste is the 

recommended disposal method.  

8.2 Ethics 
The design that Team 19 is using for the modified components is completely new, therefore 

there is not a copyright infringement regarding components design. Additionally, the team is taking 

all the safety and environmentally hazardous issues that the printing process might cause into 

consideration in order to avoid any potential accidents or unhealthy experiences to the users.  

Polymer derived ceramics have shown to have improved properties in terms of strength, 

thermal conductivity, and temperature stability even without the addition of CNTs. As a result, 

there are many applications in which the implementation of this type of material would be 

extremely beneficial. Some of the advantages that this type of material could offer in the long run 

include technological advancements in the research field, and safer working equipment for 

applications such as aviation, and heat demanding technologies, among others. The 

implementation of this relatively new material into the additive manufacturing world will be highly 

beneficial for the development of new technologies, and improvement of several applications.  
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8.3 Safety Information 
Despite the best efforts of any designer, no equipment can be made entirely safe. Every time 

an operator uses a piece of equipment there is the chance of a health or safety impacting event. 

Part of any risk mitigation strategy is to ensure that operators understand the potential risks 

involved in the operation of a piece of equipment, so that they can protect and educate themselves. 

Team 19 has identified some of the risk factors that may be present while operating the device 

which are available below. 

8.3.1 3D Printing Hazards  
In its default configuration, any 3D printer poses a number of safety hazards to the user. The 

use of heated, motorized, and electrically active components means that caution should be 

exercised whenever using, modifying, or repairing the TAZ printer. General safety warnings from 

the manufacturer of the TAZ 4 printer are reprinted in Appendix A. Even with the current 

configuration with no heat, no modifications performed by the project team should be assumed to 

reduce or eliminate any of the risks posed by use of the printer. 

8.3.2 Carbon Nanotube Hazards 
Carbon Nanotubes (CNT) are microscopic hollow structures comprised mostly of carbon that 

exist at the scale of a nanometer, or one billionth of a meter. The exact hazards posed by exposure 

to carbon nanotubes is currently under experimentation, with animal studies indicating “that as a 

precautionary default: all biopersistent CNTs, or aggregates of CNTs, of pathogenic fibre 

dimensions could be considered as presenting a potential fibrogenic and mesothelioma hazard 

unless demonstrated otherwise by appropriate tests…" [14]. Thus the proper handling and use of 

nanomaterials should be a priority in the operation of the prototype device. As no exact type of 

CNT is indicated for exclusive use with the printer, users should be aware of the type of 

nanomaterial being used with the polymer precursor, as the risks inherent to each type will vary 

with the characteristics of the material. Points of consideration include: whether the CNT are single 

or multi-walled, the quantity to be used, the aspect ratio of the CNT, how tightly bound the CNT 

are to each other, and have they been functionalized or treated with any substance that can affect 

their health risk [15]. Make sure to dispose of the chemical into the appropriate waste jar.  
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8.3.3 Ultraviolet Radiation Hazards 
The printer device uses lamps that emit electromagnetic radiation in the ultraviolet (UV) 

spectrum. The lamps emissions are tuned to emit primarily light with a wavelength of 365nm. This 

wavelength is within the UVA band, which is considered to be among the least harmful types of 

UV radiation. However, precautions should be taken in the presence of any UV radiation source. 

Long-sleeved clothing should be worn, as well as eye protection in order to minimize exposure. 

Polycarbonate lenses and face shields will block 99% of UV radiation, and surface treatments and 

films can increase protection further. The American Conference of Governmental Industrial 

Hygienists has set Threshold Limit Values (TLV) for tolerable repeated exposure levels to UV 

radiation. For energy in the UVA band, the TLV is approximately 1000  [16]. The UV lamps 

installed on the printer dissipate a nominal 36W of power; thus indicating that if one square 

centimeter of skin is exposed, the TLV could be exceeded in 0.028 seconds. This does not take 

into consideration the insulating effects of air, which could extend the safe exposure time limit.  

8.3.4 Polysilazane 
The main composition of the slurry is the polymer, and the chemical identity of the polymer is 

called Polysilazane. There are safety precautions that have to be considered when using this 

polymer due to the chemicals involved. Corrosiveness, flammability, and severe eye and skin 

irritation are the potential health effects due to overexposure in the workplace. Contact, inhaling, 

or ingestion of the chemical are the primary routes of exposure. If exposed there are first-aid 

measures that need to be taken to prevent further irritation. If the chemical makes contact with the 

eyes, immediately flush eyes with water for at least 15 minutes. If the chemical comes in contact 

with the skin, wash the exposed part of the skin with soap and water immediately. If the chemical 

is inhaled, remove to fresh air. If breathing becomes difficult use artificial respirator or supply a 

source of oxygen. If the chemical is accidently swallowed, seek medical treatment. Once exposed 

and irritation persists after initial treatments, seek medical assistance.  

Other measures need to be taken into account besides exposure, such as spills and firefighting 

measures. If a small spill occurs, cover the spill up with vermiculite, perlite, sand, or clay, and 

sweep it up and dispose appropriately. If a large spill occurs, use a structure to contain the spill 

and pump into drums for use or disposal. Clean up the remaining area with soap and water. If a 

fire occurs, extinguish with carbon dioxide or a dry chemical powder. If the container is on fire, 
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use water to extinguish. To prevent and control exposure or fires from breaking out wear normal 

laboratory protective clothing. For instance, lab coat, safety glasses, gloves, and a fume mask. 

Also, working under a fume hood or closed booths is recommended. Have appropriate hygienic 

practices; wash hands thoroughly after handling the chemical. Make sure to dispose of the 

chemical into the appropriate waste jar.  

8.3.5 UV Curing Reagent 
The UV curing reagent that is mixed into the slurry is called 2, 2-Dimethoxy-2-

phenylacetophenone. There are a couple hazards to be aware of; the chemical may cause an allergic 

skin reaction, and the chemical is very toxic to aquatic life with long lasting effects. Before 

experimenting with the chemical take precautionary measures. Wear laboratory clothing, such as 

gloves, coat, glasses, mask, and work in a fume hood. Avoid inhaling chemical, release on the 

environment, and exposure to skin. If exposed to skin, wash with soap and water. If the chemical 

inhaled, seek medical attention. If irritation persists due to exposure seek medical assistance. If a 

fire occurs: use water spray, alcohol resistant foam, or carbon dioxide.  

From the toxicological information, the chemical has been tested on mammals and there are 

no serious results that leads to harming a person or the mammals for skin and eye exposure. The 

chemical is toxic to fish and other aquatic invertebrates. Dispose of the material in the appropriate 

waste container. Do not dump the chemical down a sink. Make sure to dispose of the chemical 

into the appropriate waste jar. 

8.3.6 Nanopowder 
The nanopowder that will be mixed in with the slurry is multi-walled carbon nanotubes. From 

the hazardous materials identification system, the health hazard rating is 2, the flammability is a 

0, and the physical hazard is a 0. The ratings range from 0 – 4 where 0 being a non-threating 

material and 4 being a very hazardous material. The only health hazards from this material is that 

it may cause eye irritation as well as respiratory irritation. To prevent these health hazards wear 

laboratory clothes such as gloves, coat and mask and work in a fume hood. When working with 

the chemical, avoid breathing in the dust and wash hands after handling. If the chemical is inhaled 

remove to fresh air environment. If the chemical gets in eyes, rinse with water for several of 

minutes. If irritation still occurs for both cases, seek medical assistance. Make sure to dispose of 

the chemical into the appropriate waste jar. 
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8.3.7 UV Curing Information 
The polysilazane may be cured by UV radiation if a UV sensitizer is present, and for this 

experiment there is a UV curing reagent added to the mixture. The liquid-state resin is cured by 

absorbing the UV radiation when the photopolymers are excited. The activated photopolymers 

react with the resin and a three-dimensional cross linking occurs and molecular weight is increased. 

UV curing can be done with LEDs, lamps, or bulbs. For this project, bulbs will be used due to 

some constraints with the other UV curing methods. For LEDs, there was not enough power output 

that can be generated; and for lamps, the dimension of lamps were too large to fit in the print area. 

For the design project, Manual droplets and lines were created by a syringe pump. The manual line 

width was simulated to match the programmable syringe pump. The smallest width line was 0.6 

millimeter and curing of the slurry was estimated to be roughly 8 minutes. This test was done with 

a single 9W bulb, if intensity of the bulb was increased there would be an increase in curing time. 
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9. Project Management  

Below is a breakdown of how project roles were divided among the team members, the 

approach used in scheduling team, resources the team used for research and procurement, how the 

budget component was managed throughout the project and the communication methods that the 

team decided to use during the project development process. 

9.1 Roles 
The roles of each team member were clearly defined at the beginning of the project. These 

roles were determined based on each member capabilities and knowledge. Six persons formed 

Team 19; four from the ME department, and two from the IE department. There was a Team 

Leader, in charge of creating an agenda for each team meeting and assigning tasks for each member 

if needed. The Lead ME was the official spokesperson for the ME aspect, regarding technical 

discussions and updates from the ME department accordingly. The other members of the team 

were in charge of mechatronics, experimental analysis, CAD modeling, and finances, depending 

on their major strengths.  

9.2 Scheduling 
Most of the project scheduling was handled by using a Gantt chart. The Gantt Chart was 

divided into five major sections, which were derived from the standard DMAIC Six Sigma 

paradigm that means Define, Measure, Analyze, Implement, and Control. Since this standard 

strategy is mostly used for process or product improvements, Team 19 used a modified version of 

this methodology that applies for the design of a product or process: Define, Measure, Analyze, 

Design, and Verify. 

The Define phase included tasks related to research and clear understanding of the project 

scope. Some specific tasks included weekly meetings with the team sponsor, study of the different 

sections of the project, and design of experiments for the following phase of the project. During 

the Measure phase, the team conducted several experiments and took final decisions regarding 

components’ decision making with the help of different decision matrices. This phase allowed the 

team to understand the properties of the polymer mixture to be printed, and gain a better notion of 

the necessary for the completion of the project. On this phase the team began purchasing different 
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components that would be required for the next phase. Some problems, including finding testing 

equipment and deciding the optimal components to be ordered, were faced. Nevertheless, the team 

managed to solve those obstacles and other unexpected situations. 

During the second half of the project, the scheduling approach was changed. Phases were no 

longer used to divide the project tasks. However, the flow of the tasks was basically the same, with 

little variation. At the beginning of the spring semester, the team performed an in-depth 

examination of the results obtained from previously performed experiments. Depending on how 

satisfactory were the results gathered, the team decided to design new experiments, or to perform 

more trials of the same experiments with varying parameters.  

Once most of the analysis was ready, the team began to modify the existing 3D printer. This 

part of the project took longer than the others, delaying the overall completion of the project due 

to the uncertain behavior of the component modifications. Therefore, following the critical path 

became difficult at this point of the project.  

9.3 Resources 
Team 19 received help in terms of resources from multiple persons; faculty, staff and the 

facilities. Dr. Cheryl Xu, the sponsor and the main advisor for this project, provided an adequate 

space in her laboratory facility for the development of experiments, and for safely placing the 3D 

printer and its secondary components. Additionally, Dr. Wei Guo, who is another team advisor, 

was an important resource at the beginning of this project due to his knowledge regarding magnetic 

field alignment.  

Other important resources were The High Performance Materials Institute (HPMI), and the 

machine shop located at FAMU-FSU College of Engineering. Some of the project components 

were shaped at the machine shop and this was very helpful, because otherwise the team would 

have to wait in the work queue at the college machine shop which would have been more time 

consuming. Similarly, the HPMI was a helpful resource towards the end in printing out parts with 

their 3D printers since the team had the syringe pump component installed and testing. HPMI’s 

research studies and machines also helped the team learn from similar additive manufacturing 

machines that HPMI contains. 
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9.4 Procurement 
For this project, the initial budget was $5,000.00. The team only spent approximately sixty 

percent of the total budget. The expenses include the 3D printer purchase, which represents the 

most expensive element for the development of this project; the curing system components, the 

extruder head components, temperature sensor, camera, ABS filaments that were used to print 

several components necessary for the extruder head and curing system assemblies; electrical 

components, and incidentals.  

Appendix F, shows the break down costs of the different constituents of the final product 

assembly. It is important to mention that some of the components included in this table are not part 

of the final design; however, they are included on the final cost of this project. Since Team 19 was 

dealing with a research project, experimentation was an imperative portion for the progress of this 

project. As a result, some of the components listed in Appendix F were purchased for 

experimentation purposes; therefore if they did not work as expected, they were not used on the 

final design. Figure 9-1 shows the percentages of budget allocated for the devices and components 

purchased. 

 

Figure 9-1 Pie chart of budget allocation divided by category 
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9.5 Communications  
For proper team communication, the team decided to meet once a week, and sometimes twice 

a week depending on the project needs. During these meetings, the team talked about multiple 

issues including due dates, experimentation progress, and design issues, among others. 

Additionally, the team tried to set one meeting per week with the sponsor, so she could be updated 

about the project progress. In addition, all information related to the project was shared with the 

group by using a Dropbox folder. This information included research papers, reports, CAD files, 

posters, and presentations. Also, a GroupMe group was created to keep all the team updated at all 

times, and for more informal information exchange. To communicate with the sponsor, advisors, 

and other professors, the team used the e-mail resource, which worked as a more formal way of 

communication. Additionally, to keep the mechanical engineering department informed, bi-

weekly staff meetings were held. 



46 

 

10. Recommended Future Work 

In reaching the conclusion of the project, Team 19 has discovered multiple aspects and even 

flaws in the final design of the retrofitted 3D printer in need of further attention. Within the 

following sections are various discussions of these aspects and suggestions that could be valuable 

starting points for the team following Team 19.  

10.1 Carbon Nanotube Alignment 
One significant component desired within the retrofitted 3D printer this semester was a carbon 

nanotube alignment system. By aligning the carbon nanotubes parallel to the printer platform 

within the ceramic matrix, the material properties of the final model would reach optimum 

amplification for Dr. Xu’s applications.  

Through extensive research and discussion, it was realized that this system was unobtainable 

within the given time period due to the testing and experimentation still necessary to fully 

understand and design such a system. Multiple methods exist in theory and many of these methods 

have been tested with varying results; however, consistent results were not successfully obtained 

in any of these tests, and those tests that had results were only partially successful in aligning the 

carbon nanotubes properly. It is a project within itself and would have consumed the time needed 

to test and design the other desired systems.  

10.2 Material Mixture Refinement 
When combining the ceramic-polymer with the reinforcing carbon nanotubes, the material 

properties, particularly the viscosity, are altered drastically. From thorough testing a feasible ratio 

of polymer to carbon nanotubes was obtained and further progress was based off of this ratio. In 

order to extrude the solution from the syringe without leakage, a higher viscosity is desirable. One 

disadvantage of the higher viscosity was discovered when testing various needle gauges: the 

volume fraction of carbon nanotubes correlates to the size of the needle in that a higher volume 

fraction requires a larger gauge in order to prevent clogging in the nozzle. More testing could 

reveal a more suitable ratio with optimal material properties or would in the very least garner a 

better understanding of the material. Refining the mixture could very well lead to an alteration in 

how it is extruded. 
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10.3 Curing Array Improvements 
Final curing array testing and designs have concluded with a minimum material curing time of 

two and a half minutes, with overlapping or oversize structures indicating additional time required 

to solidify parts. Alterations to z-axis homing were made in order to accommodate this assembly. 

Observable issues with this system have occurred and have been handled with success as they are 

discovered, though better solutions are certain to exist. 

One issue is the quality of the curing. The syringe extrudes the material onto the printer 

platform in thin lines. Curing the surface of these lines is quickly accomplished compared to the 

rest of the material beneath the surface. The UV light has to shine longer on the line in order to 

penetrate through the surface layer and into the rest of the material, and as the material is stacked 

layer by layer, the surface area covered by the UV light is decreased, leading to an increased curing 

time. Sometimes the curing is only partially accomplished and the internal material remains in a 

transitional solid phase, resulting in a weaker structure that does not maintain its integrity when 

being removed from the printer platform. In order to counter this issue, a substrate that can be 

placed in the furnace with the cured model is laid down on top of the printer platform so that it 

acts as the substrate for the material to be extruded upon. This actually simplifies the removal 

process so that the final printed model can be directly carried from printer to furnace without any 

further preparation. 

Although a feasible method was determined and implemented to accommodate for the partial 

curing, it is still not the optimal result Team 19 desires. Another method must exist to better cure 

the material during the print process on top of further minimizing the curing time. This is still 

possible and highly desired by Dr. Xu, and improvements to the system will need to be made in 

order to accomplish this.  

10.4 Gear Set and Stepper Motor Modification 
A stepper motor drives the gear pair located on the top of the extrusion system, which in turn 

revolve the threaded rod which forces pressure on the syringe plunger, extruding the material onto 

the printer platform. During long print jobs, this motor begins to heat up and is at risk of 

overheating, resulting in the introduction of oscillations to the system and possible failure. The 

addition of a fan could act as a solution, despite being a perfunctory solution. Multiple alterations 

to the extrusion system could be made to strengthen it. One could calculate a gear ratio that provide 
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a stronger torque to the threaded rod to provide a stronger force to the syringe, overcoming any 

opposing pressure originating from the pressure of the material within the syringe.  

Another alteration could be swapping the stepper motor for a more powerful one capable of 

withstanding long periods of use. One could even go back to refining the material mixture as 

discussed in Section 10.2 in order to ease extrusion further. This aspect would require further 

discussion and consideration of any other modifications being made to the printer system. It may 

also have an effect on the following section. 

10.5 Continuous Feed Device 
In its current incarnation, the printer relies on the preparation and loading of discrete syringes 

containing all of the material available to print with. As an improvement over this current 

implementation, a future team could implement a mechanism by which a large reservoir of 

prepared material is fed continuously to the extruder. This would have the benefit of increasing 

the maximum size of a printed object and reduce the time spent setting up the printer between jobs. 

The development of this modification would require a means to ensure that the material maintains 

homogeneity and does not solidify in the container, as well as providing consistent pressure of a 

thick semi fluid to the extruder. Additionally, a gauge or other means to visually confirm the 

contents of the reservoir would be useful to future users.  
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11. Conclusion 

3D printing is a phenomenal manufacturing process that allows anything one can design to be 

brought to existence. When paired with a novel material like the carbon nanotube reinforced 

ceramic polymer composite, a previously lengthy manufacturing process becomes optimized with 

a cleaner, more efficient additive manufacturing process and a stronger understanding of the 

material’s properties and potential is more easily obtainable. Team 19’s mission was to make this 

pairing possible, and the team achieved this through a lot of discussion and experimentation. 

Numerous diverse methods for extrusion, curing, and carbon nanotube alignment were 

researched and tested thoroughly, leading to many unexpected results and conclusions. The final 

retrofitted syringe pump extrusion system was the result of its strength when compared to the other 

systems considered, as it works best with the high viscosity of the material even offering room for 

feed rate alteration, and simplifies maintenance. As for curing, the four 9W ultraviolet bulbs have 

the overall best curing results with the material as of this report and are arranged to cover the 

greatest surface area of the extruded material possible while evenly directing their combined power 

to each layer. Success is based on printing and curing a final model representing the capabilities 

of the 3D printer.  

The evolution of Team 19’s 3D printer lead to the necessity for adaptation at every turn of the 

project, and having had a clear definition for the project from the very beginning would have 

undoubtedly saved time and energy down the road. Nonetheless, the members have taken away an 

irreplaceable experience from the last two semesters. Room for improvement is possible in all 

systems involved and suggestions are written in this report in the hopes that future teams will be 

able to better the system in every way possible.  
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Appendix A. TAZ 4 Safety Warnings 

Reprinted in accordance with Creative Commons 4.0 Attribution License.  

Aleph Objects, Inc. is the creator and copyright holder of the material and the original work can 

be found at: 

http://download.lulzbot.com/TAZ/4.0/documentation/2014Q2/manual/TAZ_4_Manual.pdf 
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Appendix B. Syringe.m MATLAB Code 

%Syringe Pressure 
F_1 = 15; %linear force of syringe pump at low speeds (lb) 
F_2 = 35; %linear force of syringe pump at top speeds (lb) 
F_all = [15, 17, 19, 21, 23, 25, 27, 30, 35]; %low to high speeds 
  
  
%%%%%%%%%%%%%%%%%%%%  
  
% Needle gauges 18, 20, 22, 30 
% 18 gauge inside diameter = 0.838mm  
% 20 gauge ID = 0.603mm 
% 22 gauge ID - 0.400mm 
% 30 gauge ID = 0.156mm 
  
%%%%%%%%%%%%%%%%%%%%% 
  
% Pressure of pump for 20mL syringe 
% 60mL ID is 26.7 mm 
d = 0.8543; %inside diameter of syringe in in 
A = (pi/4)*(d^2); % area in inches squared of ID 
P_lowspeed = (F_1/A)*6.895 %Pressure of pump at low speeds in kPa 
P_topspeed = (F_2/A)*6.895 %Pressure of pump at top speeds in kPa 
P_all = (F_all/A) *6.895 % Pressure of pump at varying speeds in kPa 
  
%%%%%%%%%%%%%%%%%%%%%% 
  
%Pressures for only the needle length 
%assuming barrel ID is the diameter of needle gauge 
d_var = [0.006142, 0.01575, 0.02374, 0.03299]; %ID of needles in inches 
% in order from 30 decreasing down to 18 gauge 
A_var = (pi/4)*(d_var.^2); 
A_400 = (pi/4)*(0.01575^2); 
l_total = 5.325; % total length of syringe in inches 
%assuming using 1/2" needles 
l = 0.5/5.325; %length of needle divided by total length 
P_lowspeed = ((F_1./A_var)*l); %pressure of pump at low speeds in psi 
P_topspeed = ((F_2./A_var)*l);%pressure of pump at top speeds in psi 
P_all=((F_all/A_400)*l);%400micro pressure of pump at varying speeds in psi 
% 1psi = 6.895kPa 
P_lowspeed = P_lowspeed * 6.895 % pressure of pump at top speeds kPa 
P_topspeed = P_topspeed * 6.895 % pressure of pump at low speeds kPa 
P_all = P_all * 6.895 % pressure of 400 micron kPa 
  
%%%%%%%%%%%%%%%%%%%%%%% 
  
% Volume fraction of CNT  
%Volume = mass/density 
m_p = 0.010; % mass of polysilazane in (kilograms) 
rho_p = 1018.525; % density of polysilazane (kg/m^3) 
m_cnt = 0.0002; % mass of CNT in (kilograms) 
rho_cnt = 2100; %denisty of multiwalled CNT (kg/m^3) 
V_p = m_p/rho_p; %volume of polysilazane  
V_cnt = m_cnt/rho_cnt; %volume of cnt 
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phi_p = V_p/(V_p + V_cnt) % Volume fraction for polysilazane 
phi_cnt = V_cnt/(V_p + V_cnt) % Volume fraction for CNT 
  
%%%%%%%%%%%%%%%%%%%%%%% 
  
% Viscosity of Slurry 
%mu_p = [50, 200]; %viscosity of polysilazane in (cps) or (mPas) 
%rho_p = 1018.525; % density of polysilazane (kg/m^3) 
%rho_cnt = 2100; %denisty of multiwalled CNT (kg/m^3) 
%phi_cnt =0.0096; 
%mu_slurry = mu_p * (1+2.5*(phi_cnt))%%%????????????? 
  
  
%%%%%%%%%%%%%%%%%%%%%%% 
  
% Flow Rate from programmable syringe pump 
q_1 = 1260 % max flow rate for 30mL syringe (mL/hr) 
q_2 = 0.01732 % minimum flow rate for 30mL syringe (mL/hr) 
q_1/60 %max flow rate in mL/min 
q_2/60 %minimum flow rate in mL/min 
% tests were ran at 0.1 - 3.0 mL/min 
q_max = q_1/60; %max flow rate mL/min 
q = (q_max .* 0.001)/(60*1000); % (m^3/s) volumetric flowrate 
q_act = (0.5 *0.001)/(60*1000) % 0.5mL to m^3/s 
  
  
%%%%%%%%%%%%%%%%%%%%%%%% 
  
% Velocity of fluid 
q_act = (0.5 *0.001)/(60*1000); % 0.5mL to m^3/s 
%velocity of fluid = volumetric flow rate/ area 
d = 0.01575; %diameter of 400 micrometer needle in (m) 
A = (pi/4)*(d^2); 
velocity = q_act / A % velocity of 400 micro meter needle (m/s) 
q_var = [0.1, 0.3, 0.5, 0.7, 1.0, 2.0, 3.0, 4.0, 5.0]; %mL/min 
q_var1 = (q_var.* 0.001)/(60*1000) 
%0.1mL/min - 5mL/min 
  
%%%%%%%%%%%%%%%%%%%%%%%% 
  
%Volumetric Flow Rate using Poiseuille Law for barrel ID w/o needles 
%Q = (pi*Pressure difference*r^4)/(8*viscosity*length) 
r = (d_var/2) .* 0.0254; %radius of needles  
r_1 = (d/2)*0.0254; % radius of 400 micorn needle 
delta_P = P_lowspeed - 101.325; % pressure loss, atm pressure = 101.325kPa 
Pressure_drop = 49850 - 101.325; %pressure of 400 micron - atm 
L = 0.5 * 0.0254; 
vis = (pi .* delta_P .* r.^4)/(8 * q_act * L) %in kPas 
vis_var = (pi * Pressure_drop * r_1.^4)./(8 * q_var1 * L); %in kPas 
vis_var = vis_var .*1000 %viscoity with changing flow rate 400 micron  
  
%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% Diameter of droplet/ line relationship with Re number 
% Re = density * velocity * diameter(or length) / absolute viscosity 
% flow is laminar for pipe 
% Reynold number for laminar pipe flow < 2300 
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Re = (rho_cnt * velocity .* d_var)./ vis %Re at 0.5 mL/min 
Re_1 = (rho_cnt * velocity * d)./ vis_var 
% Re << 1 Stokes flow occurs  
%inertial forces are small compared to viscous forces 
rho_slurry = (Re .* vis)/(velocity .* d_var); 
vis = vis*1000; 
Dia = (Re_1 .* vis_var)./(rho_cnt * velocity); %diameter of droplet 
%changing flow rate does not change diameter 
  
figure(1); 
plot(q_var1,vis_var); 
xlabel('volumetric flow rate (m^3/s)'); 
ylabel('viscosity (Pa*s)'); 
  
figure(2); 
plot(Re_1,q_var1); 
xlabel ('Reynolds #'); 
ylabel (' Volumetric Flow Rate (m^3/s)'); 
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Appendix C. Subcomponent Specifications Sheets 

C1 Logitech C920 HD Webcam  

General Product Information [Compliance Certification (CE) Link] 

Warranty / Self Help 
Please see product support page for warranty duration and 

frequently asked questions. 

Category Webcam  

Software Support (at 
release) 

Logitech Webcam Software Version: 2.4 

NOTE: If software is available, check website for latest software 
release. 

OS Support (at release) 
Windows XP x32 / x64, Windows Vista x32 / x64, Windows 7 

x32 / x64 

 Basic Requirement HD Requirement 

System Requirements 

CPU Minimum = 1.0 Ghz
CPU Recommended = 
Core 2 Duo 2.4Ghz or 

better 
RAM Minimum = 256 
RAM Recommended = 

2GB 

CPU Minimum = Core 2 Duo 
2.4Ghz or better 

CPU Recommended = i7 Quad 
Core 2.6Ghz or better 

RAM Minimum = 2GB 
RAM Recommended =4GB 

General Product Information [Compliance Certification (CE) Link] 

Warranty / Self Help 
Please see product support page for warranty duration and 

frequently asked questions. 

Category Webcam  

Software Support (at 
release) 

Logitech Webcam Software Version: 2.4 

NOTE: If software is available, check website for latest software 
release. 

OS Support (at release) 
Windows XP x32 / x64, Windows Vista x32 / x64, Windows 7 

x32 / x64 

 Basic Requirement HD Requirement 

System Requirements 
CPU Minimum = 1.0 Ghz 

CPU Recommended = Core 
2 Duo 2.4Ghz or better 

CPU Minimum = Core 2 Duo 
2.4Ghz or better 

CPU Recommended = i7 Quad 
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RAM Minimum = 256 
RAM Recommended = 2GB

Core 2.6Ghz or better 
RAM Minimum = 2GB 

RAM Recommended =4GB 

  



60 

 

Webcam Specifications 

Connection Type USB 

USB Protocol USB 2.0  

USB VID_PID 082D 

UVC Support Yes 

Microphone Yes  

Microphone Type Stereo  

Lens and Sensor Type  Glass 

Focus Type Auto  

Optical Resolution 
True:3MP 
Software Enhanced:15MP 

Diagonal Field of View 
(FOV) 

78° 

Focal Length 3.67 mm 

Image Capture (16:9 W) 2.0 MP, 3 MP*, 6 MP*, 15 MP* 

Video Capture (16:9 W) 360p, 480p, 720p, 1080p 

Frame Rate (max) 1080p@30fps 

Right Light RightLight 2  

Video Effects (VFX) N/A 

Buttons N/A 

Indicator Lights (LED) Yes 

Privacy Shade No 

Tripod Mounting Option Yes 

Cable Length  6 feet  

Product Dimensions 

Product 
component 

Width Depth/Length Height Weight 

Webcam 94 mm 24 mm 29 mm 162g 
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C2 Melody Susie UV Nail Dryer 

http://www.melodysusie.com/products/product_detail/195 

Melody Susie - Violeteer UV Nail Dryer –  

Product Details: Color: black  

- Auto timer control: 120s, 180s, up to infinite  

- Material: Molded ABS  

- 5*9W 365nm UV Bulb  

Package Includes:  

- 1* Melody Susie UV Nail Dryer (Black, 36W)  

- 5* 9W 365nm UV Bulb  

- 1 * Manual  

Product Details 

Product Dimensions: 9.4 x 8.3 x 3.9 inches; 2.2 pounds 

Shipping Weight: 2.7 pounds (View shipping rates and policies) 
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C3 Etekcity 630 Digital Dual Laser Infrared Thermometer 

 

 

Features: 

 Dual laser targeting system  

 Narrow distance-spot ratio offers accurate results at greater distances 

 Safely measure hazardous or inaccessible objects 

 Standard 9V battery offers 14 hours of cumulative use  

 Auto-shutoff after 15 seconds to increase battery life  

 Instant-read-displays results in less than one second. 
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Appendix D. Component Drawings 

D1 Syringe Pump Exploded View with Integrated Curing 

System  
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D2 Syringe Pump Assembly View 
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D3 Curing Fixture 
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D4 End Plate 
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Appendix E. Reliability Calculations 

 	 → 	 	 	  

 → 	  

 	 → 	 	 	  

  

Data:  76.5%, 5	hours/print job 

 

 Calculation #1: Failure Rate 

	  

ln 0.765 5  

⟹ 0.0536	 /  

	 5.36	 	 	100	  

 

Calculation #2: Mean Time Before Failure 

1
 

1
0.0536

 

	 18.66	  

18.66	 	 ≅ 4	 	  
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Appendix F. Total Allocated Project Costs 

ITEM TOTAL COST 

ARDUINO MEGA $45.95 

INKSHIELD $66.00 

UV LIGHTS $58.06 

3D PRINTER $1,995.00 

NEEDLES $83.30 

THERMOMETER $29.99 

WEBCAM $69.65 

TRIPOD $22.75 

ABS FILAMENT $171.80 

UV LAMP $89.00 

UV SAFETY GLASSES $74.24 

SYRINGES $9.50 

BLUNT TIPS $9.90 

CARTRIDGES $19.98 

NEEDLE KIT $19.93 

NOZZLE $19.00 

BLUNT TIPS 22 $12.99 

CRIMP-ON $5.35 

INSULATED DISCONNECTS $2.99 

HOOK UP WIRE $8.56 

STEEL SHEET $12.63 

USB ADAPTER $37.60 

DC POWER ADAPTER $5.35 

AC ADAPTER $13.80 

FEMALE ADAPTER $4.99 

CONN PLUG $4.48 

THREADED EXTENSION $11.00 

HEATER BLOCK $15.00 

TAXES/SHIPPING $19.46 

TOTAL 2,891.60 
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Appendix G. Material Safety Data Sheets 

G1 Polymer Precursor 

The data sheet is reprinted on the following page. 
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G2 Acetone 
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G3 Single Walled Carbon Nanotubes 
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Appendix H. Team Biographies 

Ernest Etienne - ME 

Ernest is a senior at the FAMU-FSU College of Engineering, and is expected to graduate with 

his B.S. in Mechanical Engineering in May 2015. He is interested in material processing and is 

working on obtaining his certificate of specialization in Mechanics and Materials. 

Cody Evans - IE 

Cody is a senior at the FAMU-FSU College of Engineering, and is expected to graduate with his 

B.S. in Industrial Engineering in May 2015. After graduation he plans on working in industry, 

and is interested in statistical quality control, project management, and business simulation. 

Sonya Peterson - ME 

Sonya is an FSU senior mechanical engineering student expecting to graduate in 2015. It is still 

uncertain where she would like to see herself following graduation, she hopes to progress the 

movement for a greener future and construct better living standards for every person on the 

planet to benefit from. 

Basak Simal - ME 

Basak is an FSU student studying Mechanical Engineering and she will be graduating in Spring 

2015. She has not claimed a specialty but has studied thermo-fluids and manufacturing. 

Daphne Solis - IE 

Daphne is an FSU senior student with a dual major in Industrial Engineering and Actuarial 

Sciences, and she will be graduating in 2015. She is interested on the fields of quality 

engineering, industrial systems, and engineering management.  

Sam Yang - ME 

Samuel is an undergraduate student enrolled at Florida State University, and he will be graduated 

with a Bachelor of Science in Mechanical Engineering in Spring 2015. He is specializing in the 

aeronautics field and is a member of the AIAA. 


