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[bookmark: _Toc139128676][bookmark: _Toc141315160]ABSTRACT
	This work covers the synthesis, manufacturing techniques, and characterization of several novel nanocomposites produced with direct light processing-based additive manufacturing systems. Custom thermodynamic and UV control systems are implemented for photocurable resin systems to synthesize and manufacture up to 14 novel nanocomposites. These novel nanocomposites are synthesized to improve tensile strength, wear resistance, water contact angle, antibacterial resistance, and heat dispersion. Low-cost market-available printing systems are utilized with custom-designed enclosures and monitoring devices to allow printing with novel nanocomposites. This research discusses the advanced properties offered by each nanocomposite utilizing titanium dioxide and zinc oxide in weight concentrations as high as 7.5%. Carbon nanotubes (CNT) are also utilized in weight concentrations of up to 1%. A total of 5 different base resins are tested to demonstrate the effect of different oligomers and monomers on creating a matrix suited for nanocomposite addition. Secondary functions such as strain sensing are evaluated for human motion detection utilizing custom printed sensors, and ultimate tensile strength increases of over 200% are observed. The base matrix strength is improved with CNT concentrations as low as 0.5%. Wear resistance is documented to improve by over 15% in titanium dioxide and zinc oxide samples at 7.5% weight concentrations. Optimization studies are performed to determine the cure rate and in situ curing characteristics' effect on final part strength for CNT nanocomposites. Lastly, CNT alignment is explored through modification of printing parameters and resin viscosity curves to aid in part strength. This work demonstrates the ability to manufacture nanocomposite-reinforced parts that exhibit significantly improved physical, thermal, electrical, and antibacterial properties at high fidelity on low-cost hardware ideal for the medical, automotive, and aerospace sectors. 
CHAPTER 1: [bookmark: _Toc139128375][bookmark: _Toc139128677][bookmark: _Toc141315161]INTRODUCTION
[bookmark: _Toc139128376][bookmark: _Toc139128678][bookmark: _Toc141315162]Photocurable Nanocomposites
Additive manufacturing (AM) has played a significant role in polymer and composite manufacturing for broad biomedical and public health applications in recent years1-4. Due to the broad array of AM manufacturing techniques, such as fused deposition modeling and direct ink writing, traditional biocompatible polymers and composites can be rapidly converted into novel devices and products to enhance medical treatment and public health5. Additionally, integrating AM technologies with novel polymers and nanomaterials with beneficial functionalities has opened new directions for developing cutting-edge devices, sensors, and tools that may revolutionize medical treatment and prevent infectious diseases.
Photocurable-based AM is a unique manufacturing option due to the high product quality and low processing temperature. These AM systems are usually referred to as stereolithography (SLA) and digital light processing (DLP) and use an ultraviolet light source to cure photopolymers layer by layer with high spatial resolution and surface quality6, 7. This feature allows photopolymerization-based AM systems to create parts with almost perfect microstructures, which is rare for other AM processes, such as fused deposition modeling. In addition, the build plate is the only moving part in these machines traveling in the Z direction. This mechanically simple design allows for precise process control and optimization during AM for various photocurable polymers and nanoparticle-reinforced composites. 
	This research focuses on utilizing stereolithography technology with novel nanocomposites to produce enhanced composites applicable to the medical field. Extensive research has been conducted utilizing SLA-based manufacturing to prove its effectiveness in the medical field8-10. Most prominently is its use in the dental industry to create items such as retainers and dentures8. While these systems allow researchers and doctors to utilize the advantage of one-off manufacturing, they often use materials that suffer from other disadvantages. A solution proposed for this problem is to create a nanocomposite resin that can be manufactured in off-the-shelf systems that offers improved characteristics for the end use case. Specifically, looking into chemical advantages such as antibacterial properties would greatly increase the value proposition for these technologies. A nanoparticle that has been studied to offer these properties is titanium dioxide. 
	Stereolithography (SLA) based manufacturing is capable through several techniques, including laser, LCD blocking, and direct light projection. These technologies offer different advantages, such as plane resolution, cost, output power, and printing speed. Nanocomposite fabrication has been proven possible using these technologies to produce significantly stronger parts11, 12. There is well-documented research using nanoparticles, such as carbon nanotubes (CNT), silicon dioxide, and carbon black11, 13, 14. A masked LCD-based printer was utilized as it offered a low entry cost along with open-source hardware.
Additionally, it provides very fast printing compared to other technologies, such as laser-based systems, as it can cure an entire layer simultaneously. While these masked stereolithography (MSLA) printers do not offer the same trueness as commercial-grade SLA printers, they do not suffer from decreased precision with changes in layer height and still fall within many medical threshold values9, 10. Multiple studies have used low-cost MSLA printers to prototype functional composites and microfluidic chips15, 16.
Composites have been successfully produced utilizing AM techniques, including fused deposition modeling, direct ink writing, selective laser sintering, direct ink writing, and stereolithography (SLA)17-20. SLA-based manufacturing produces high-resolution parts capable of withstanding various environmental factors due to its photopolymerization process, where the chemicals crosslink to produce the final part21. These benefits create a strong case for experimenting with high-resolution nanocomposites that offer beneficial functionality. The nature of photopolymerization does not require high temperatures compared to other AM processes and, therefore, allows for a wider variety of reinforcements. Additionally, the resolution of this manufacturing process is often under 25 microns21. This high resolution, paired with a wide range of compatible fillers, creates an ideal environment for producing medical prototypes, geometry-restricted parts, and parts with opacity requirements that cannot be traditionally manufactured.
The process of manufacturing composites often entails a high-cost and time-intensive process, reducing its applicability to widespread industry adoption22. However, a solution to these issues has presented itself in recent years with the advent of nanoparticle composite manufacturing in processes such as injection molding. These processes utilize nanoparticles' mechanical advantages to create isotropic composites when manufactured under different conditions23. Similarly, AM has introduced other composite fillers within its realm of production to improve part characteristics.
Production of composites in AM is limited to very few specialty machines. It has been well-accepted that one of the best ways to incorporate composites into AM is by introducing composite resins24. The primary benefit of this composite type is that it often requires little to no modification of the printing system. Additionally, the use of resins allows for printing at high resolutions to rival the quality of traditional manufacturing. The disadvantage is that many resins suffer from limited mechanical performance and are produced at high viscosity, making it challenging to introduce a fiber composite into the matrix2. Currently, researchers are working to help develop smart materials and characterize novel resins to solve this gap25.
[bookmark: _Toc141315163]Antibacterial Nanoparticles
Through independent research studies, zinc oxide (ZnO) and titanium oxide (TiO2 ) have been proven to prevent bacteria growth in E. coli colonies and even show promising results in killing the COVID-19 virus3-5. Extensive research has also been completed regarding antibacterial properties' effectiveness based on nanoparticle size. These studies concluded that the smaller the particle size, the greater effectiveness at stunting bacteria growth6, 8. Because of this, two different nanoparticles were used in this study to demonstrate the differences in composite properties. Both particles are on the smaller range of available nanocomposites, so they should be best effective against today's bacterial threats. The antibacterial properties of these nanoparticles have also been shown to be most effective when exposed to light26. Translucent base resins were used to help transmit light to the particles on all surfaces and internal cavities. 
To maximize the applications of this high-resolution AM technology, it is critical to add a reinforcement that offers beneficial functions. Zinc oxide nanoparticles have been widely applied due to their controllable nanostructures, morphology, synthesis methods, and even antibacterial properties27-31. Extensive research has been performed on the antibacterial effects of ZnO as nanoparticle sizing changes32. These studies have focused on the effect of nanoparticle size on antibacterial effectiveness, demonstrating that a decrease in particle size leads to an increase in anti-bacterial activity6, 7, 33, 34. These studies help guide future use of the material and highlight the importance of proper dispersion of ZnO when being implemented for its antibacterial properties.
Previous work with these nanoparticles has shown that TiO2 has been used in nanocomposite structures successfully and was a strong candidate for resin printing35. These materials have also proven to be explicitly biosafe when exposed to UV light which is used as the curing agent36, 37. In addition, nanofilms have been used in the medical field to prevent bacteria buildup on different medical tools 38, 39. These previous findings reinforce the research on medical applications of 3D-printed nanocomposites.
The antibacterial properties have been well documented, and research has shown that it is effective against many items, such as the SARS-CoV-2 virus3. The ZnO used in many of these studies also demonstrated a positive correlation between UV light exposure and antibacterial performance36. These results provide a foundation for utilizing the ZnO as a filler in a UV-activated photopolymer, as the ZnO should not be harmed in the manufacturing process. 
A concern when utilizing ZnO in a photocurable resin is the UV absorbance characteristics of the material. Research has shown that ZnO is naturally UV absorbent and increasingly absorbent at 15-40 nm40, 41. This creates a problem when compounded with the antibacterial effectiveness increasing as particle size decreases. When ZnO was introduced into other thermosets, such as epoxy nanocomposites, studies found that it had an adverse effect on cure time and overall cure strength42. Properly adjusting post-curing time and in-process cure time will be required to overcome the UV absorption caused by the ZnO. Studies done on control resins have demonstrated that the post-curing of the material has a significant effect on the strength but does not affect the middle layers, and therefore attention to the in-process curing will be critical43.
With the production of antibacterial parts, it will be important to characterize the wettability properly. Parts that harbor moisture will lead to more significant issues relating to bacterial growth, so a low wettability would be desired. As the novel nanocomposite will functionally always have a ZnO coating, the surface energy of the ZnO will play a prominent role in the final part's wettability. Studies performed on ZnO's wettability have shown that it can be highly hydrophobic under the correct conditions44, 45. Therefore, integrating and activating the ZnO through UV exposure will be essential to achieve the desired characteristics. 
Increasing the strength of a composite will often increase the material's wear resistance. A study on the wear resistance of resin printing found that it was similar to the bulk materials obtained during traditional manufacturing, so any improvements would be advantageous 46. Previous work on this topic with several different matrix materials demonstrated an increase in wear resistance when ZnO nanoparticles were introduced at concentrations of 1%16. However, these results rely heavily on reducing voids in the final printed part.
	Titanium dioxide is chosen as the filler material as it offers several advantages, including increased strength, antibacterial properties, and improved surface properties5, 8, 26, 47, 48. The nanoparticle is also easy to source, low-cost, and widely used in industry. As a result, TiO2 can be found in many commercial products, such as sunscreens, food, and beauty products49-51. Along with these attributes, TiO2 nanoparticles are spherical, reducing many issues associated with the dispersion and mixing of low-viscosity nanocomposites.
	When creating a nanocomposite for MSLA-based manufacturing, many considerations include final viscosity, shear strength, rate of cure, and ultraviolet (UV) absorbance. Research conducted on the UV absorbance of TiO2 has documented its ability to create an oxidative effect52. Research has also demonstrated that the effectiveness of TiO2 as an antibacterial agent increases when exposed to light in the ultraviolet spectrum53. However, while its effectiveness increases with exposure to UV light, it also acts as a UV blocker which causes manufacturing concerns49, 54. As the manufacturing process is based on UV-curable resin properly hardening at each layer, the UV-blocking properties could cause issues with higher concentrations of nanoparticle loading. Successful studies have incorporated TiO2 into UV-curable medical resins at extremely low concentrations8.
[bookmark: _Toc141315164]Use of Carbon Nanotubes in Resistive Sensors
The utilization of AM to fabricate advanced replacement parts and solutions for the medical, aerospace, and automotive industries has allowed for more functional designs and improved final solutions. However, the main barriers to entry over the last several decades have been the high entry cost, low part resolution, and limited material properties and functions. The advent of entry-level manufacturing solutions to this space has allowed for the more widespread adoption of these technologies, but the other two barriers often still exist. To combat these barriers, researchers are working to find solutions to these issues through various avenues, including novel composites, unique manufacturing techniques, and custom software solutions16, 55, 56. 
	Photocurable thermoset manufacturing allows for increased part resolution compared to other AM processes and therefore is a strong candidate for the medical field. Additionally, research groups have utilized medical grade and biocompatible resins as base matrix materials to synthesize novel nanocomposites for the medical field 57-59. Previous research has demonstrated the ability to add antibacterial functional properties to base photocurable resin matrices through nanoparticles in low-weight concentrations16, 60. These studies aimed to maximize the material's physical strength through nanoparticle addition while increasing bacteria resistance using TiO2 and ZnO nanoparticles. However, the disadvantage to this approach was that the large nanoparticle density and low aspect ratio limited the strength of the final composite compared to other nanoparticles, such as CNT.
	The utilization of CNTs in thermoset composites is well documented in research as they offer improved mechanical and electrical properties61-64. The use of CNTs in the dental industry has improved mechanical properties and met medical requirements65. Additionally, they have demonstrated the ability to produce flexible strain sensors when paired with a flexible matrix in a traditional thermoset66-69. However, studies have also demonstrated the ability to utilize CNTs in photocurable thermosets in AM-based processes 70-73. Other nanoparticles have also demonstrated the ability to exhibit a piezoelectric response when added to a thermoset such as copper, silver, carbon, and polyvinylidene fluoride74-76. These nanoparticles were not selected as they did not offer the increased durability and toughness expected from CNTs. 
	Using photocurable matrix materials allows for intricate part design but introduces several challenges, including the degree of cure, part strength, manufacturing conditions, and post-processing concerns. Variables such as post-curing temperature control and time can have a significant impact on a part's final strength and function 77, 78. The degree of cure is largely dependent on in-situ curing settings and temperature, where increased chamber temp has been shown to increase green part mechanical properties due to a higher degree of cure79. These variables create a complex manufacturing environment that must be replicated for repeatable results.
	The final requirement for repeatable specimen manufacturing is consistent CNT dispersion in the given matrix material. Different mixing methods exist, such as sonication, planetary, and microfluidizers. Using planetary shear mixing and microfluidizer in tandem allows for ideal dispersion compared to other pairings or mixing methods80. Other studies have also demonstrated that pairing planetary shear mixing with in-situ polymerization leads to improved CNT dispersion compared to traditional methods81. Lastly, non-destructive evaluation techniques studying the thermal properties of CNT nanocomposites have proven that mixing in a planetary shear mixer has led to improved results82. These findings aided the decision to utilize a planetary shear mixer as the nanocomposite synthesis tool of choice.
[bookmark: _Toc141315165]Use of Carbon Nanotubes for Structural Reinforcement
Carbon nanotubes offer one of the best strength-to-weight ratios in the nanocomposite world. Proper bonding with a polymer matrix can increase the new nanocomposite strength to 16 times stronger than the original material83. A large part of the ability of a CNT to reinforce a polymer matrix is its ability to bond with the matrix material. This often comes down to the interface layer between the CNT and matrix. This often limits the amount of CNTs that can be added before the new nanocomposite starts to deteriorate in strength instead of strength. One study has found that this limit is around 2% CNT by weight for textile-based composites 84.
To help aid in this issue of CNT bonding, research groups often functionalize the CNTs with different materials85. Another research group has determined that using solvents often negatively affects the material's interfacial layer, decreasing part strength86. Often solvents are utilized to help disperse the CNTs in a higher-viscosity material such as PDMS. As the resins used for this work have a much lower viscosity, it would be beneficial to disperse the CNT directly into the solvent to reduce possible interfacial layer bonding issues. 
As the chemical makeup of the resin will not be modified during this phase of testing, keeping the viscosity of the material within a usable range will be required. One study has successfully utilized CNT concentrations of 0.5 wt% 87. This study also analyzes the cure rate and notes that it has a linear relationship with the CNT concentration. Not only does the rate of cure of the material decrease with the addition of CNT, but the maximum layer thickness also decreases due to the UV absorbance of the CNT. The addition of CNT in concentrations as low as 0.5 wt% can lower the maximum curing thickness of a photopolymer by as much as 10x going from 1000 microns to just under 100 microns88.
These conditions create several challenges to utilizing CNT as a filler material for a photocurable matrix as it directly counteracts the mechanism utilized in curing the matrix material. The solution to these obstacles often includes greatly increasing cure times and raising temperatures during curing. CNTs also act as thermal conductors, so they more effectively transfer thermal energy during exothermic curing. Not only does this aid in more even thermal stability during the curing process, but it also often increases the final part's thermal properties. One study found up to a 10° C increase in glass transition temperatures with concentrations as low as 0.75 wt% of CNTs 89. 
[bookmark: _Toc141315166]Objectives and Scope of Work
The work portrayed in this dissertation aims to aid in the knowledge of high-speed AM of photocurable nanocomposites. A total of 14 different novel nanocomposites are discussed in this report, with each designed to help solve a problem through the addition of functions through nanoparticles. Where applicable, these nanocomposites' synthesis, manufacturing, and testing will be documented, including their mechanical, thermal, and electrical properties. The first portion of this work focuses on utilizing antibacterial nanoparticles of TiO2 and ZnO to reinforce photocurable resins while providing antibacterial functions. Manufacturability utilizing commercial printers is focused on along with the synthesis and curing conditions of each proposed nanocomposite. The second portion of this work utilizes CNTs to produce flexible conductive sensors and mechanically improved thermosets. The flexible sensors are characterized by maximum strain, electrical conductance, and thermal resistance. A novel application is designed for human motion detection utilizing this nanocomposite. Lastly, a series of experiments is designed to aid in optimizing the manufacturing of CNT-reinforced photocurable nanocomposites by studying key manufacturing characteristics deemed critical to strong mechanical results. These tests resulted in the proposed nanocomposite being 225% stronger than the base matrix material. 
The four main objectives of this research are as follows:
I	Determine how to quickly synthesize nanocomposites out of commercially available photocurable resins.
II	Investigate the ability to introduce antibacterial nanoparticles into a photocurable matrix manufactured on commercially available machines.
III	Characterize the key components in photocurable AM manufacturing that affect the mechanical properties of the final part.
IV	Apply the above results to manufacture advanced CNT nanocomposites with strain gauge response and greatly increased mechanical results.


2

CHAPTER 2: [bookmark: _Toc141315167]lOW-CONCENTRATION ANTIBACTERIAL NANOCOMPOSITES
2.1 [bookmark: _Toc141315168]Introduction
This study aims to utilize commercially available equipment and photocurable resins to manufacture low-concentration novel antibacterial AM parts. Photocurable resin materials have often been used coating-based utilizing additives to provide additional functions 90-92. These coatings have offered improved benefits such as hydrophobicity and UV resistance to the base material. Utilizing these nanoparticles and resins as a nanocomposite that can be completely additively manufactured would retain a base part demonstrating these properties throughout its entire service life. 
The barrier to entry of AM has been reduced in recent years as the cost of entry has lowered to less than $500 for an entire manufacturing setup. This study's printer and post-processing equipment are at the lowest end of the spectrum and will be a strong proving point for future studies. This work will help characterize two different matrix materials and antibacterial additives when used at low wt% concentrations. It will study the materials' interactions and any effects on mechanical strength. A small study on surface alterations will also be conducted. To finalize, SEM imagery will be conducted to determine the dispersion and study the interphase layer of the materials.
2.2 [bookmark: _Toc141315169]Manufacturing Methods and Materials
The printer for this study was an Anycubic Photon with a build volume of 115mm x 65mm x 155mm. This printer has a xy-plane resolution of 47μ and a z-axis resolution of 25μ. The printer utilizes a color LCD panel to mask off LEDs emitting light in the 405nm wavelength. This printer output 0.658 mW/cm2 of energy throughout the entire build surface. No physical modifications to the printer were made. Elegoo Mars produced the two used resins: a standard LCD UV-curing photopolymer rapid resin and an ABS-Like LCD UV-curing photopolymer rapid resin. The two nanoparticles selected were TiO2 and ZnO from Sky Spring Nanomaterials in the 10-30 nm range. An Instron 5969 was used with a 5kN load cell for tensile testing. Abrasion tests were completed using a Struers LaboPol-5 with a LaboForce-3 head attachment. A grinding disc with an aluminum oxide abrasive sized at 50μ, or a 240-grit pad, was used as the grinding medium.
2.2.1 [bookmark: _Toc141315170]Nanocomposite Synthesis
To synthesize the nanocomposite resin, several steps were followed to help increase printability. Initially, the ability of the nanocomposite to cure required testing as the addition of a non-curable agent leads to reduced bonding and light transmission throughout the print. The virgin materials were transparent and therefore allowed complete UV penetration for the entirety of the layer. Adding the nanoparticles reduced the material's opacity requiring a modification in the printing settings. The software for preparing prints, Chitubox, allowed modification of all printing steps. The criteria used to determine successful prints included the ability for the print to reliably adhere to the build plate and for the printer to have a minimal loss in part resolution. Additional criteria included reasonable manufacturing time, consistent cure times for each layer, and no requirement for external heating. The addition of the nanoparticle to the resin created two issues. The first issue was that as the nanoparticle percentage increased, the viscosity of the novel composite also increased. This directly affects the printer's ability to reset between layers, allowing for even nanoparticle dispersion. The second issue was that as the nanoparticle percentage increased, the ability of the printer to cure each layer adequately decreased. The modified parameters were the number of initial layers, the initial layer cure time, the remaining layer cure time, and the initial Z distance. The first issue was addressed using different concentrations of nanoparticles to test for proper return flow into the recess created due to the curing part. This is directly related to the material's viscosity and the nanoparticle's effect on viscosity at different weight concentrations. As the printer finishes a layer, the build plate rises above, releasing the part from the fluorinated ethylene propylene (FEP) sheet to allow the new resin to flow into the recess. The time could be adjusted through software but was left constant to keep print times at a reasonable speed. This mandated that the novel resin retain similar viscosity values to the virgin material for initial testing. Increasing this time would also create issues with particle settlement. Results showed that concentrations up to 5% could adequately fill the void in the time provided. Concentrations above 5%wt lead to a substantial increase in viscosity and reductions in transparency. To address the second issue of the reduced bonding between the resin and the build plate, the initial z height was decreased to create a thinner composite layer between the FEP sheet and the aluminum build plate. This helped ensure the resin was forced into the build plate's micro-abrasions, increasing build plate adhesion. This also reduced the amount of resin that required curing on the first layer.
Along with this change, the initial layer curing time was doubled from 60 seconds to 120 seconds. An increased cure time would help improve the consistency of the cure across the layers. A total of 5 bottom layers were used for the prints. Lastly, the cure time for the remaining layers was increased from 8 seconds to 15 seconds. With these settings in place, varying concentrations of nanoparticles were added to the composite for testing. Adequate bonding and detail retention were easily held at a 1% nanoparticle addition. At around 2.5% addition, failed prints began to arise due to a failure in bonding the first layer. The failure in bonding was due to the decreased amount of resin and build plate interface, as the nanoparticle now accounted for a significant portion of the surface area of the new part. 
Different mixing methods were employed to introduce the nanoparticles to the matrix resins. First was a process of hand mixing the two components for five minutes with a stir rod. The second was to shake the mixture in a closed bottle until no visible particles could be identified. The last method was to use a stirring plate. Hand mixing was an effective procedure but required careful inspection of the mixture as it was poured into the printer to ensure it was homogenous without clumping formation. Filters with pore diameters of less than 1 mm could be employed to help ensure no large particles are introduced into the printing vat, leading to print failures. The second method provided greater homogeneity throughout the mixture due to the forces involved in the mixing process and the ability to change the direction of the fluid flow within the mixing chamber. The last method provided similar results to the first, as the stirring plate would often have difficulty mixing the resin at speeds above 100 rpm due to the high viscosity of the mixture. The resins mixed in the enclosed bottle also showed less particle settlement. A proper mixture would suspend particles for up to 6 hours of printing without needing to be remixed. Therefore, an enclosed centrifugal mixer is the best machine for synthesizing the nanocomposite resin. The entire manufacturing process for the resin and part is depicted in Figure 1.
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[bookmark: _Ref139145526][bookmark: _Toc139215388][bookmark: _Toc139576648][bookmark: _Toc139597217][bookmark: _Toc141351131]Figure 1: Manufacturing Process of Low-Concentration Antibacterial Nanocomposites

Other essential concerns with using a non-homogenous nanocomposite included particle settlement over time. As the only motion during the print was the build plate repeatedly raising and lowering, the nanoparticles would begin to settle over time as their density was higher than that of the resin matrix. This issue was most noticeable at higher particle concentrations and would cause layer adhesion issues during the print as the particles settled and increased the relative concentration at that layer. There were several approaches used to remedy this issue. The first approach was to start with a minimal amount of nanoparticle addition, as previously discussed, as this would help ensure proper distribution throughout the matrix material. The second and more proactive step was to pause the print on the hour and remix the composite by hand. This was done in the printer with a plastic scraper so as not to damage the FEP sheet. Finally, removing the resin vat could cause alignment issues with the printer, and therefore the mixing was performed inside the vat with the build plate raised to the maximum Z height.
After removal from the build plate, all parts were put into an isopropyl alcohol bath on a stirring plate for a minimum of six minutes. This allowed the isopropyl alcohol to dissolve any remaining uncured resin on the parts, which is critical to retaining high part resolution during the final stage. After thoroughly cleaning, the part was put into a UV chamber for at least 4 minutes. Again, time was added based on the appearance of the part until a flat matte sheen was achieved. 
To demonstrate the 3D printability of the novel nanocomposite, several complex parts were printed and assembled. As shown in Figure 37, a calibration print was printed to ensure the printer was performing as expected. The first of the three primary tests consisted of a chess rook with intricate detail to observe the nanocomposite resin's ability to maintain surface details and internal geometries within a single part. Secondly, a large pipe fitting was printed to successfully show the material's ability to be used in fluid flow systems. Lastly, a prosthetic finger was printed to illustrate a biomedical application directly. All these parts can be seen in Figure 2. Along with these prints, over 30 tensile test specimens were printed. 	 
The pipe fitting was printed to showcase the part's ability to be used in a fluid flow system. As discussed later, the low water absorption of these novel resins over time allows for part adaptation into fluid environments where antibacterial properties are beneficial. Many parts of the healthcare industry are often in contact with different types of fluids and must be meticulously cleaned as a moist environment breeds bacteria. The fittings successfully printed here showcase the ability to produce complex part geometries that would help lead to less turbulent flow within a system. This would be incredibly beneficial when working with fluid systems where turbulent flow that traps air bubbles is undesirable. Additionally, the nature of the material would lead to fewer concerns for contamination and longer implementation cycles before cleaning or replacement. As these parts can be produced in mere hours for a fraction of the cost of most medical equipment, the viability of this technology in medical environments increases.
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[bookmark: _Ref139145792][bookmark: _Toc139215389][bookmark: _Toc139576649][bookmark: _Toc139597218][bookmark: _Toc141351132]Figure 2: a.) Finished Printed Parts. b.) Inverted Manufacturing Process Utilizing an MSLA Printer. c.) Parts Being Prepared for Printing in Slicing Software with Supports

Lastly, a working prosthetic finger designed by Danger Creations was printed to show the opportunities this technology provides. The part has many intricate details and moving parts that perfectly interface together. The prosthetic finger can be manufactured in under 2 hours. This technology allows for weight optimization of medical apparatuses, which is impossible with other manufacturing techniques. Since weight is a critical factor in user experience and comfort, customizable options like these are consumer-oriented. Because the novel nanocomposite was developed explicitly for use in digital light processing machines, the design freedom given to medical engineers is greatly expanded. In addition, the material cost for this finger was just 18 cents for the nanoparticles and resin material. Given a uniform dispersion, a low concentration of nanoparticles leads to a low-cost nanocomposite. Pairing a low-cost nanocomposite with AM technology provides the best solution for corporations needing intricate one-off parts. Due to eliminating expensive machinery and custom molding, this technology offers an unparalleled cost advantage for the healthcare industry. This drastic reduction in cost and manufacturing time will revolutionize the medical industry if implemented on a per-hospital level, all while delivering better care.
2.3 [bookmark: _Toc141315171]Results and Discussion
Tensile testing was performed using the ASTM D638 bar type IV standard to verify uniformity between prints and the effect of the nanoparticle on the physical characteristics of the base resin materials. The specimens were 70 mm long, maximizing the available build plate area. In addition, this was done to highlight lower tensile stress values if there were nonuniformity throughout the material. This required multiple prints for each data set, and therefore, the standard deviation is likely present due to an unoptimized mixing procedure during this testing.
2.3.1 [bookmark: _Toc141315172]Tensile Tests
The first data set analyzed was the difference in the tensile strength of the ABS-like and control resin. Testing showed that both materials performed similarly, with the base resin just edging out the ABS-like material in terms of tensile stress by 1.42 MPa. This equates to just a 6.8% increase in tensile strength for the base resin. Regarding strain, both materials showed nearly identical maximum strain values of 0.075. The main difference between the two resins is that the standard deviation for the ABS-like photopolymer was lower at a value of 1.636 MPa compared to the base resin standard deviation of 2.856 MPa. This increase in deviation is likely the cause for the slightly higher average tensile stress seen in the resin samples.
At a 1% addition of nanoparticles by weight, the base resin demonstrated a significant increase in tensile strength and Young’s Modulus over the control. Both the ZnO and TiO2 had a positive effect on the material's physical tensile strength. The ZnO led to an average tensile stress of 33.696 MPa, and the TiO2 led to an average tensile stress of 29.533 MPa. Along with this, the average maximum strain reduced significantly in both samples. Up to an 88% increase in modulus was observed for the ZnO specimens, as depicted in Figure 3. The ZnO sample was reduced to a maximum strain value of 0.036, and the TiO2 sample was reduced to 0.026. Thus, the base resin material was a strong candidate for a nanocomposite matrix as the tensile strength increased by 42.2% and the maximum strain reduced by at least 50%. 
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[bookmark: _Ref139146401][bookmark: _Toc139215390][bookmark: _Toc139576650][bookmark: _Toc139597219][bookmark: _Toc141351133]Figure 3: Young’s Modulus and Ultimate Tensile Strength Bar Graphs Comparing the Resin Control and Nanocomposites

	The control base resin was completely translucent in color and therefore was a prime candidate for nanoparticle addition. The manufacturer's lack of additives ensured that maximum light transmittance when adding nanoparticle additives could be achieved. Many manufacturers rate translucent resins as a slower curing resin as they take longer to absorb UV light than their colored counterparts. The added nanoparticles in this study acted as a base resin colorant, leading to favorable results when analyzing cure parameters. 
The ABS-like resin showed a negative correlation with the addition of nanoparticles. Both the ZnO and TiO2 decreased the tensile strength of the specimens, as depicted in Figure 4. The ZnO led to a 15.1% decrease in tensile strength, while the TiO2 led to a 12.98% decrease. The modulus was reduced by 1.7% for the titanium samples and 4.4% for the zinc. The maximum strain reduction was only 41% for the ZnO and 42% for the TiO2. One improvement of the novel nanocomposite is reducing the standard deviation of between 1.03 MPa to 0.81 MPa compared to the ABS-like resin.
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[bookmark: _Ref139146482][bookmark: _Toc139215391][bookmark: _Toc139576651][bookmark: _Toc139597220][bookmark: _Toc141351134]Figure 4: Young’s Modulus and Ultimate Tensile Strength Bar Graphs Comparing the ABS Control and Nanocomposites.

	Unlike the base resin, the ABS-like resin had a colorant or additive applied by the manufacturer, making the material less translucent and opaque. While the material should have been well suited for nanoparticle addition at low concentrations, this additive appears to have negatively impacted the material's ability to bond with the selected nanoparticles. As these additives are intended to reduce the modulus of the material, it is believed that the material is now deforming around the nanoparticles during high tensile loading. 
Tensile testing results have shown two interesting critical differences between the novel nanocomposites. The first noticeable data point is the similarities between the factory resin materials when looking solely at tensile strength. The average tensile strength between the two materials differed by only 7%. Along with this, the maximum strain before failure differed by only 0.27%. The standard deviation for the base resin was noticeably higher at a value of 2.856, leading to a 95% statistical confidence interval that both samples' mean tensile stress values are within the same range. This data shows that both factory materials are physically no different when applying a tensile force and analyzing ultimate tensile strength.
The addition of the nanoparticles to both matrix resin materials is where the data started to differ drastically. The nanocomposite addition reduced the properties of the ABS-like photopolymer in every test performed, whereas it improved the properties in every test for the resin material. The only exception to this was the water contact angle. As seen in the tensile test in Figure 18, the lower physical properties were not caused by anomalies during the printing process, as each part failed at similar yield strengths. In addition, the lowest standard deviation of all sample tests was in both ABS nanocomposite resins. This leads to the inference that the ABS-like resin's chemical makeup was not a strong candidate for nanoparticle addition. The probable cause is that during the curing process, the adhesion of the ABS-like resin and the nanoparticle was less than ideal. The lower results could be a side effect of micro-fractures caused by an incomplete bond between the nanoparticle and matrix. The only test where the nanoparticle addition had a minimal effect was within the ZnO ABS nanocomposite abrasion sample. The reduction in abrasion was within the margin of error for having the same properties as the factory ABS-like matrix. The ZnO ABS nanocomposite did not follow a linear abrasion profile like all other samples. There were points during the testing where substantially more or less material was removed. This means that the mixture of the two materials throughout the test pieces was not perfectly homogenous and varied based on layer depth. There could be several reasons for this phenomenon: particle settlement, clumping, and uneven disruption of the mixture from the build plate. The TiO2 ABS-like nanocomposite did not follow this same path and performed far worse than the factory ABS-like resin, similar to the tensile tests. Although the titanium did perform worse, it did follow a linear path concerning time, as expected in an abrasion test. Because of this, a more uniform mixture can be inferred. This was the cause for the higher tensile stress and lower standard deviation compared to its ZnO ABS-like counterpart. The physical difference in size between the two nanoparticles was, at most, 20 nanometers but only about 10-15 nanometers on average. The density difference of 1.38 g*cm-3 between the two nanoparticles contributes to the compatibility with the ABS-like resin. As the ZnO has a higher density, less material would be added per gram than the TiO2, reducing physical attributes. 
Although the ABS-like material did not beneficially pair with the nanoparticles, the base resin did. The resin material significantly improved all physical properties when paired with a nanoparticle and still reattained great printing attributes. The first noticeable difference in the tensile testing data is the increased tensile testing strength in the ZnO nanocomposite. Although the ZnO nanoparticles performed worse than the TiO2 when looking at the ABS-like samples, the opposite appears to happen here with the base resin. The ZnO showed a 38.4% improvement in tensile strength and a 52% decrease in maximum strain. This result is expected as the nanocomposite has created a much more rigid part that can withstand higher stresses as the nanoparticle helps disperse the load. 
[bookmark: _Toc141315173]2.3.2 Abrasion and Water Contact Testing
The abrasion testing was conducted under a constant water stream and at a pressure of 15.9 KPa. The grinding disc was aluminum oxide with 50-micron-sized abrasives. The disc was rotated at 100 rpm, and the head holding the sample was rotated at 250 rpm. Each sample was put through the grinding process for 5 minutes at 30-second intervals. The procedure is depicted in Figure 5.
[image: ]
[bookmark: _Ref139146635][bookmark: _Toc139215392][bookmark: _Toc139576652][bookmark: _Toc139597221][bookmark: _Toc141351135]Figure 5: (A.) Abrasion Testing Procedure for All Samples. (B.) Abrasion Testing Results Compared Across 5 Minutes of Abrasion.

Starting with the control resins, the ABS-like resin had the least material degradation of all samples at just 1.55 mm. Comparatively, the non-ABS resin had the highest material degradation at 2.059 mm. These tests are equivalent to dragging a part over 471 meters of abrasive material with 15.9 KPa of pressure. This equated to over 300 meters of abrasion per millimeter of thickness change for the ABS-like photopolymer and over 225 meters for the resin. 
	The nanocomposite samples fell between the above two base samples, with the most notable distinction being the added abrasion resistance in the resin samples. Both resin nanocomposites performed very similarly, with a thickness reduction of 1.733 mm for the ZnO resin nanocomposite and 1.752 mm for the TiO2 resin nanocomposite. These samples show a 15.8% increase in abrasion resistance compared to the non-modified material. In contrast, both ABS-like resin nanocomposites showed a decrease in abrasion resistance. The ABS ZnO nanocomposite performed the second worst with a thickness change of 2.024 mm. The ABS TiO2 sample showed a degradation of 1.598 mm, which is still slightly better than all other non-ABS tests. 
The difference between the two materials becomes apparent in analyzing the abrasion data. The factory ABS-like photopolymer outperforms all other tested materials and has a 24.7% increase in abrasion resistance compared to the factory resin. This difference constitutes the main design point behind the ABS-like material when printing end-use functional parts. This increased abrasion resistance also makes the material a strong candidate for implementation where low stresses will be seen, but high traffic is expected.
These results reinforce a superior bond between the base resin and the nanoparticles compared to the ABS-like resin. ZnO did not outperform TiO2 in abrasion testing, though, as the type of degradation the part is experiencing will likely not increase from one nanoparticle to the next. The increase in abrasion resistance for both resin nanocomposites was not only an improved property but also an improvement in abrasion consistency. Out of all abrasion tests performed, the resin nanocomposites demonstrated the most linear degradation curve with respect to time. This further promotes the theory that there was improved bonding with the base resin and excellent homogeneity.
The last two physical tests performed were water contact angle and absorption tests. These tests were performed to characterize the material's ability to be used in wet environments for extended periods. The water contact angle measurements were completed for all six specimens using ImageJ software's drop snake analysis93. The factory resin showed an average contact angle of 68.8 degrees. All water contact angle tests were performed on the printed surface with no post-printing alterations. The TiO2 was observed to reduce the water contact angle to an average of 52.85 degrees. This reduction was also seen in the ZnO nanocomposite but to a lesser degree achieving an average contact angle of 60.85. As shown in Figure 6, the TiO2 nanocomposite had the lowest water contact angle across all tests for the resin matrix.
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[bookmark: _Ref139146753][bookmark: _Toc139215393][bookmark: _Toc139576653][bookmark: _Toc139597222][bookmark: _Toc141351136]Figure 6: (A.) Control Resin Water Contact Angles. (B.) TiO2 Resin Nanocomposite Water Contact Angles (C.) ZnO Resin Nanocomposite Water Contact Angles (D.) Bar Graph of All Resin Water Contact Angles

The ABS matrix performed similarly but with higher overall values for all tests. The control contact angle was 16.1% higher at an average of 79.9 degrees. This larger contact angle affected nanocomposites similarly, with average contact angles of 60.5 and 71.7 degrees for TiO2 and ZnO nanocomposites, respectively. As observed in the resin specimens, the TiO2 also demonstrated the lowest water contact angle overall for the ABS matrix material, with all data shown in Figure 7.
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[bookmark: _Ref139146842][bookmark: _Toc139215394][bookmark: _Toc139576654][bookmark: _Toc139597223][bookmark: _Toc141351137]Figure 7: (A.) Control ABS Water Contact Angles. (B.) TiO2 ABS Nanocomposite Water Contact Angles (C.) ZnO ABS Nanocomposite Water Contact Angles (D.) Bar Graph of All ABS Water Contact Angles

Since the parts demonstrate hydrophilic properties, it is vital to ensure that the water absorption of the material is relatively low to ensure that they can still be applicable in wet environments. Water absorption testing performed followed ASTM D570 for plastics. The tests were performed for over 20 days, and the maximum water absorption rate recorded was 4% by weight—the absorption rate plateaued at day 15 following a logarithmic curve, as shown in Figure 8. Within the first 24 hours, the samples saw a 1.39% gain in weight and a 1.73% gain over the first seven days. After six months of continued submersion, the specimens were checked and saw no increase past the 4% observed in the first 15 days. Specimens were left at room temperature for all tests. 
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[bookmark: _Ref139146946][bookmark: _Toc139215395][bookmark: _Toc139576655][bookmark: _Toc139597224][bookmark: _Toc141351138]Figure 8: Water Absorption Percentage Over Time.

Water contact testing demonstrated little effect on the surface of the materials. TiO2 was used as previous studies have shown that it tends to create hydrophobic surfaces after exposure to the sun94. As all testing was done indoors and long-term sun exposure was not tested, these attributes were not observed on our samples. The water absorption testing did produce results as expected for polymer-based materials and would, therefore, not be a barrier for fluid implementation. Further research into surface modification through sun exposure of TiO2 specimens would help provide more supporting evidence for the fluid system involvement of parts.
[bookmark: _Toc141315174]2.3.3 SEM Imaging
SEM provided validation of a homogenous dispersion across the surface of the printed pieces. An even dispersion with little clumping is required to observe antibacterial traits on the surface of the prints. The SEM images provided in Figure 9 show TiO2 and ZnO on the surface of the resin matrix. Both images were taken from parts produced on the printer with no modification except for sputter coating, which is required for the SEM process. The nanoparticles can be seen circled in red on each image below. Again, minimal clumping was observed, and the dispersion was excellent across the inspected image.
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[bookmark: _Ref139147053][bookmark: _Toc139215396][bookmark: _Toc139576656][bookmark: _Toc139597225][bookmark: _Toc141351139]Figure 9: (A.) SEM Imagery of TiO2 Particles in A Resin Sample. (B.) SEM Imagery of ZnO Particles in A Resin Sample.

SEM proved that a sufficient dispersion was achieved with minimal clumping. As these parts are printed layer by layer, the SEM imagery shows the first and last layer of the print depending on the side it was taken. This reinforces the data that particle settlement was not an issue during printing. This also shows that new nanoparticles will be continuously exposed to the surface as the part wears down to keep the part's antibacterial properties active.
[bookmark: _Toc141315175]2.3.4 Proposed Applications
The critical discovery within this work is the rapid synthesis and production of antibacterial parts using 3D printing technologies. The ability for non-specialists to produce custom parts in under several hours specifically designed for the medical field will help speed up the adoption of 3D printing in the medical sector. In addition, the materials used are easy to handle and store while only requiring basic safety measures such as nitrile gloves and eye protection. Therefore, hospitals will not require specialized training and facilities for implementation. Photocurable-based AM has already proven to be one of the best-suited technologies for the healthcare industry95-98. LCD-based printing systems also offer a significant advantage in processing speed as entire layers can be cured at once compared to more expensive SLA machines 98. The most notable example was the prosthetic finger, as all pieces were printed on one build plate. 
Due to the high accuracy possible with these machines, it is straightforward to manufacture parts that interface together99. The prosthetic finger example can be assembled in minutes and is easily sized for anyone. The design freedoms available when using AM are widely known, but implementing these machines into end-use cases has been problematic due to the array of downsides of this new technology. As documented here, photocurable 3D printing paired with novel nanocomposites suffers from very few disadvantages that other 3D printing technologies suffer. The part's physical properties are entirely suitable for biomedical uses, the accuracy and resolution are well within desired tolerances, and the ease of manufacturing allows for trouble-free manufacturing. 
Resins' unique printing ability allows a part to be printed with no visible layer lines. For example, a design of a 3D chess rook was printed in an ABS ZnO nanocomposite to showcase the intricate detail that this novel resin can uphold while still being fully functional. As the printing process is done layer by layer, intricate details such as internal features can be produced, as seen by the internal staircase on the rook. The other benefit is that large hollow cavities can be drained of resin during washing and cured empty to reduce overall weight. This leads to design freedom not abundantly found in composite manufacturing and, most importantly, not easily implemented in traditional manufacturing.

CHAPTER 3: [bookmark: _Toc141315176]HIGH-CONCENTRATION Zinc Oxide ANTIBACTERIAL NANOCOMPOSITES
3.1 [bookmark: _Toc141315177]Introduction
With the promising results from the low-concentration studies presented in the previous chapter, it was decided to utilize ZnO as a nanocomposite additive but in higher wt% concentrations. As the base resin material performed favorably to nanoparticle addition, that material was retained for this study. Several changes were made to the methods to help solve issues with agglomerations and uneven mixing, such as including a planetary ball mixing system and increased mixing times. Additionally, a new printer was sourced that offered higher energy transfer to the print to allow for faster print times. At this point, research also began studying the effects of thermally controlling and modifying different parts of the manufacturing process. 
This study aimed to develop a manufacturing method allowing small spherical-shaped nanoparticles to be added to base resin materials and manufactured in commercially available machines. This study will help further develop important manufacturing characteristics that influence final part strength and manufacturability. The insights gained from these results will be further used to refine the manufacturing settings for high-concentration nanoparticle resins.
3.2 [bookmark: _Toc141315178]Materials and Methods
The AM system utilized to produce the samples was an Elegoo Mars 2 Pro masked stereolithography (MSLA) printer. MSLA curing systems often suffer from light leaks around the LCD. Therefore, a monochrome LCD is implemented in the Mars 2 Pro to increase light transmission and help with the above issues. The base matrix material was a standard photopolymer from Elegoo in grey coloring. The resin comprises epoxy resins, hexamethylene diacrylate, N-glycine, and hydroxy cyclohexyl phenyl ketone. This was chosen due to the low viscosity of the material relative to other low-cost options and the quick cure times when paired with their respective machine. 
The nanoparticle of choice was ZnO, sized between 10-30 nanometers from US Research Nanomaterials Inc. Zinc oxide was chosen due to its antibacterial properties, use in human-safe products, and low cost. In addition, the part will require complete dispersion of the nanoparticle throughout to exhibit antibacterial properties; therefore, several different concentrations were tested to analyze the particle's effect on the part's physical properties. 
To fabricate the novel nanocomposite slurry, the nanoparticle was added to the matrix resin in the following weight concentrations: 1%, 2.5%, 5%, and 7.5%. The nanoparticle was dispersed throughout the matrix material through a high-speed centrifugal mixer to reduce agglomeration, as demonstrated through SEM in Figures 27 and 28. An AR-100 Thinky mixer was used at 5 minutes of mixing and 2 minutes of degassing for all mixtures utilizing a centrifugal process for air removal. This process also heated the material due to the process's friction and decreased the viscosity of the final mixture. This aided in reducing trapped air molecules when transferring the mixture to the printing vat. Once loaded into the printer, the custom print settings were uploaded, and the print was started. After 10 minutes of printing, the print was paused to ensure the part had adequately adhered to the build plate. If so, the print was left to resume to completion and removed for post-cleaning and curing. The entire process is depicted in Figure 10 below of the fabrication and manufacturing of the novel resin material.
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[bookmark: _Ref139149158][bookmark: _Toc139215397][bookmark: _Toc139576657][bookmark: _Toc139597226][bookmark: _Toc141351140]Figure 10: The Manufacturing Process for ZnO Nanocomposite Resin.

Proper particle dispersion is a substantial problem when working with nanoparticles of this size. Utilizing a low-viscosity resin is ideal for helping aid the overall particle dispersion, but heating the material also proved advantageous to the mixing process. The resin was heated on a hot plate at 60° Cand then left to cool to room temperature. This resin was then utilized in the printer without adverse effects on printing. This data was then used to help set mixing times based on the change in viscosity due to the thermal change of the material. Mixing times of 2 minutes led to insignificant changes in matrix temperature, and large agglomerations were still visible. Increasing this mixing time to the 5-minute while adding a degassing phase solved these problems. This procedure reduced the overall viscosity of the resin at all concentrations to a value lower than the control matrix at room temperature while completely dispersing the nanoparticle, as later demonstrated through SEM. Substantial air pockets were formed in the nanocomposite when mixing for a longer duration. A 2-minute degassing phase on the Thinky mixer was incorporated to remove these air pockets.
The selected matrix utilizes isopropyl alcohol as a solvent, so all parts were rinsed thoroughly when removed from the printer. This ensured that inspected parts did not contain ZnO on the surface due to inadequate cleaning, but the nanoparticle was deposited within the part during the printing process. To obtain reliable antibacterial testing, ensuring that the ZnO reacting with the bacteria was adequately bonded to the part and not simply attached to the surface was critical. Thorough cleaning with a solvent ensured that only ZnO left exposed to the surface was adequately bonded and, therefore, would wear over time alongside the matrix. 
Characterization of the mechanical properties of the nanocomposite was performed through testing of tensile specimens that would be printed for each variation of material. The printer was unmodified to produce the tensile specimens for testing, and all samples were printed at 22° C. Cure times were adjusted based on the nanoparticle concentration to print the nanocomposite, as shown in Table 1 properly. The nanocomposite was printed using control settings to determine optimal cure times, and cure times were gradually increased until print failures were no longer present. ZnO is often utilized for its UV absorption characteristics. Therefore, the cure time had to be increased to cure the photopolymer around the particles. To ensure that this change in cure time during the printing process did not affect the final strength, all samples were exposed to UV light in a chamber for a minimum of six minutes after removal from the printer. This should negate any difference in strength gained during the curing inside the printer. The prints were composed of two distinct layer settings. These layers refer to the first five layers produced by the printer and any layer printed after that. There was no change in the dimension of these layers, but the cure times were changed to aid in creating a solid foundation for the part to print on. The bottom layers physically bond to a stainless-steel sheet and must be more completely cured to support the rest of the print. The remaining layers are cured much shorter to allow the curing reaction to progress enough for the part to hold its geometry but still require post-UV treatment. This dramatically reduces print time and allows easier post-processing, such as support removal. A total of five bottom layers were used on all parts, with a total layer count of 33.
[bookmark: _Ref139149328][bookmark: _Toc139215435][bookmark: _Toc139576681][bookmark: _Toc141315271]Table 1: Cure Settings for All Different Novel Nanocomposites
	Weight %
	Bottom Cure Time (S)
	Normal Cure Time (S)

	0%
	30
	2.5

	1%
	35
	3

	2.5%
	40
	3.5

	5%
	50
	5

	7.5%
	60
	8



To test the tensile strength of the specimens, an Instron 5969 was utilized with a constant deformation rate of 1 mm/min. The tensile specimens were based on the ASTM D638 standard utilizing a barbell style with a gauge length of 40mm, a gauge width of 10mm, and a thickness of 1.75mm. The testing machine utilized a 5kn load cell, and all samples were tested with zero pretension and preload applied. A total of six specimens were tested for all concentrations to assess variability. These specimens were analyzed under an optical microscope to determine the failure mode. In addition, an optical microscope image was processed through ImageJ and tested across four samples to determine the water contact angle 100.
3.3 [bookmark: _Toc141315179]Results and Discussion
To properly characterize each material in mechanical applications, tensile tests were performed with ultimate tensile strength, modulus, and strain metrics. These samples were analyzed under a microscope to identify the failure mode and ensure it was not due to a defect in the printing process. Water contact angle measurements were performed and characterized across all samples to analyze changes in surface energy. This data was paired with SEM imagery to characterize the particle dispersion on the surface. SEM images were analyzed using particle analysis to provide insights into agglomeration size, with EDS being utilized to verify the ZnO concentration.
3.3.1 [bookmark: _Toc141315180]Tensile Test Results
For the six control samples of only the matrix material, an average stress of 31.6 MPa was demonstrated with Young's modulus of 118.8 MPa. These statistics reveal that the base matrix performs similarly to the commonly used ABS thermoset when under load with an increased strain101. An increase in the ultimate tensile stress and modulus would be expected to improve the practical use of the matrix. 
Starting with the 1% ZnO nanocomposite, all mechanical parameters were reduced. Stress was reduced by ~ 15%, while maximum strain increased by ~ 44%. These parameters reduce the practical applications of the material and eliminate the usefulness of a nanocomposite with a ZnO concentration of 1%
At 2.5% ZnO concentration, parameters were increased from the 1% specimens. These samples performed statistically similar to the control group, with an average ultimate tensile stress of 30.3 MPa and modulus of 848.2 MPa. More importantly, is a reduction in standard deviation for both parameters across all samples. 
The maximum increase in ultimate tensile strength was observed at the 5% ZnO concentration with a 39.5 MPa. This is a ~ 25% increase compared to the control matrix. Additionally, a 36% increase was observed in the material modulus with a standard deviation over three times less than the control. These samples demonstrated the least maximum strain at only ~ 6% and had the least maximum strain deviation out of all samples tested.
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[bookmark: _Ref139149804][bookmark: _Toc139215398][bookmark: _Toc139576658][bookmark: _Toc139597227][bookmark: _Toc141351141]Figure 11: (A) Average Ultimate Tensile Stress with Error Bars Representing Standard Deviation. (B) Average Modulus with Error Bars Representing Standard Deviation. (C) Average Maximum Strain with Error Bars Representing Standard Deviation.

The final 7.5% ZnO samples tested performed statistically similar to the 5% samples regarding tensile strength. However, degradation in modulus and the ultimate strain was observed with a modulus of 975.97 MPa. The average maximum strain of these samples was statistically identical to the control and 2.5% samples at ~ 6%. The ultimate tensile strength and modulus of all samples were graphed in. When visually compared, it is relevant to note the increase in standard deviation for ultimate tensile stress as ZnO concentration increases. However, this is the opposite for the modulus, as the lowest standard deviation amounts were observed in the 5% and 7.5% samples. This trend allows for insights into the mechanical function of ZnO in terms of stiffness and strength addition and leads to better theories on the fracture mechanism of the material. All mechanical data and the standard deviation are presented in Table 2.
[bookmark: _Ref139149902][bookmark: _Toc139215436][bookmark: _Toc139576682][bookmark: _Toc141315272]Table 2: Stress, Strain, And Modulus Data for All Samples, Including Standard Deviation
	Weight %
	Stress (MPa)
	Strain
	Modulus (MPa)

	0%
	31.6±2
	0.066±0.01
	818.85±96.37

	1%
	26.8±1.2
	0.095±0.022
	653.89±58.73

	2.5%
	30.3±1.9
	0.062±0.015
	848.24±73.39

	5%
	39.5±3.5
	0.056±0.01
	1113.70±30.18

	7.5%
	38.9±3.7
	0.064±0.009
	975.97±55.44



The main advantage of designing a nanocomposite utilizing ZnO is the presented antibacterial properties, but increases in mechanical strength were also witnessed. A disadvantage addressed in this study was the effect of the UV-absorbing nanoparticle when introduced into a thermoset cured at these wavelengths. ZnO nanoparticles from 15-40 nanometers have been documented to absorb UV wavelengths 40, 42. This absorption of UV light directly affected the required cure times and defects in the specimens. The tensile tests performed gave insight into the nanoparticle's effect on the material's strength and stiffness. Further investigation utilizing SEM provided insights into failure modes and dispersion characteristics. 
	Ideal applications for this material would be in heavily trafficked areas with a large volume of human contact. Specific applications include dental implants, prosthetic appendages, and high-contact hardware such as doorknobs. Additionally, a reduction in strain is often required in items such as dental implants and prosthetics, as unwanted deflection can cause discomfort for the user. This technology best suits creating one-off parts that cannot be traditionally manufactured and require complex geometry. Introducing the nanoparticle at a 1% concentration reduced ultimate tensile strength and stiffness compared to the control. This is likely due to the addition of the ZnO causing minor defects in the sample and, at such a low concentration, being unable to make up for those defects mechanically. This theory further presents itself when analyzing the 2.5% and 5% concentrations, as the strength and stiffness increase linearly.
3.3.2 [bookmark: _Toc141315181]Water Contact Analysis
Water contact angles were measured for each sample to characterize surface quality and function the ZnO provides. As a baseline, the control showed a water contact angle of 48°, demonstrating hydrophilic properties. Any increase in the contact angle would be beneficial as it would help reduce the amount of moisture that would adhere to the surface of the parts. 
All tested samples saw an increase in the contact angle of water, indicating a reduction in the material's surface energy. For example, the sample with 1% saw an increase of 13.5°, while the 2% and 7.5% samples saw an increase of 8°. The most significant improvement was at the 5% concentration with a contact angle of 69.5°. The comparison between the control and the 5% ZnO sample is depicted in Figure 12
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[bookmark: _Ref139150071][bookmark: _Ref139150058][bookmark: _Toc139215399][bookmark: _Toc139576659][bookmark: _Toc139597228][bookmark: _Toc141351142]Figure 12: (A) Water Contact Angle of The Control Sample. (B) The Water Contact Angle of the 5% ZnO Sample

3.3.3 [bookmark: _Toc141315182]SEM Analysis
SEM was conducted to identify the dispersion and agglomeration characteristics of the nanocomposites. This allowed for the inspection of particle size, agglomeration, dispersion, and EDS analysis. Along with this, it allowed for the documentation of voids and imperfections caused due to increase in ZnO concentration. To prepare the samples for high vacuum SEM, all samples were coated with iridium at 2-5 nanometers. Beyond this, the samples were imaged as printed. 
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[bookmark: _Ref139150308][bookmark: _Toc139215400][bookmark: _Toc139576660][bookmark: _Toc139597229][bookmark: _Toc141351143]Figure 13: (A) SEM Backscatter Imagery Of 2.5% ZnO Sample. (B) Particle Analysis Using ImageJ Demonstrating Surface Agglomerations.

To investigate the agglomeration of the ZnO, EDS was performed on the specimens, and then particle analysis through ImageJ was performed. Figure 13 depicts this process with a backscatter image of a 2.5% sample with the white agglomerations representing the ZnO. All images processed provided a rough estimate of surface coverage, demonstrating increased coverage with ZnO concentration. Figure 13 Image b also noted that large agglomerations were present but did not prevent an even coverage of the material's surface. As backscatter imagery was used at a 15kV accelerating voltage, these images depict the layer up to several microns under the surface providing evidence for 3D dispersion of the ZnO.
(a) [image: ](b)[image: ]
[bookmark: _Ref139150347][bookmark: _Toc139215401][bookmark: _Toc139576661][bookmark: _Toc139597230][bookmark: _Toc141351144]Figure 14: (A) SEM Backscatter Imagery Of 1% ZnO Sample with EDS Inspection Points at Markers. (B) EDS Analysis Of 5% ZnO Sample Validating Voids and ZnO Agglomerations.

	Inspection of the samples at magnifications above 5000x begins to show geometrical voids and issues with samples at and above 5% in multiple locations of the sample. To adequately identify the makeup of the sample, EDS was performed on the samples. In Figure 14, image a, the number 1 inspection point provided a weight percentage of 57.4% for Zn while being completely absent at inspection point 2. Along with this, the sample's surface lacks voids and surface roughness. Comparatively, the 5% sample in Figure 14, image b, shows multiple voids and surface defects, although the zinc concentration was much higher. The void was verified through EDS, with inspection point 5 returning a complete lack of Zn. Inspection points 1 through 4 returned varying weight percentages of Zn ranging from 25.9% to 58.6%. This meets theoretical expectations based on the interaction volume of the electron beam picking up x-rays from below the ZnO agglomeration. Based on these results, the main concern is the voids' effect on the strength and reduced ability to qualify the process over mass manufacturing.
The ZnO agglomerations can be measured in the SEM images in Figure 13 and 14. A void would be defined as a pocket of resin left uncured due to improper light exposure. The creation of voids increases with ZnO agglomeration size as the overall UV absorption per unit area increases. Utilizing SEM images, many agglomerations were documented to fall under 2 microns in diameter. When utilizing a layer height of 50 microns, a stack up of 2-micron agglomerations would gradually absorb the UV light as it travels vertically through the layer. This would lead to increased voids as nanoparticle concentration increases. This was demonstrated in Figure 29, with the 5% sample having significantly more voids than the lower 1% concentration samples. These voids would soon reach an equilibrium where the mechanical strength added due to the nanoparticle would be non-evident due to the void count.
Additionally, the larger the voids present, the increased probability that the sample would fail prematurely, leading to a larger standard deviation concerning tensile stress. This problem appears to happen in the 7.5% ZnO concentrations, where the tensile strength is statistically similar to the 5% sample when considering standard deviation, but the modulus of the material is reduced. This increase in maximum strain is a key indicator of larger defects within the sample that also increase the large strength variability. Optical microscope images were taken of the fracture point of several samples to provide more insight into the failure mechanism, as seen in Figure 15. 
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[bookmark: _Ref139150749][bookmark: _Toc139215402][bookmark: _Toc139576662][bookmark: _Toc139597231][bookmark: _Toc141351145]Figure 15: (A) Optical Microscope Image of Fracture Point Of 7.5% Sample (B) Optical Microscope Image of Fracture Due to Voids On 7.5% Sample

	The image in Figure 15a was taken of a sample that fell within the range of expected tensile values as provided by the data. An obvious tear-out is observed, with a nearly crystalline structure left behind. The image in Figure 15b was taken of a sample that failed prematurely with large voids. The images are presented with the z-axis traveling vertically through the images. No layer lines are visible, but the voids appear to have formed within several consecutive layers leading to a weakened sample. An important note is that the fracture point on the defective sample shows no tear out and resembles a smooth surface indicating that the point at which the ZnO became the functional mechanical structure was never reached. 
	The presented data leads to the theory that ZnO addition to a UV curable resin matrix increases the part's mechanical properties by up to 5%. This considers the failure in achieving a defect-free sample, allowing future research in processes to reduce the void count. SEM images for samples up to 2.5% demonstrated no concerning void creation near or around the ZnO. At and above 5%, these voids became very apparent and were often located near a large agglomeration of ZnO. As ZnO absorbs the UV, it is suspected that the imaged voids are uncured resin surrounding larger ZnO groups. Possible solutions to this issue would be to reduce layer height and increase energy density per unit volume of the nanocomposite. Increasing the dispersion of the ZnO, specifically through methods such as tip sonication to help overcome the surface energy of the particles, should also be further investigated. Lastly, performing thermal studies on the temperature and viscosity of the nanocomposite during the printing process would likely lead to improved part performance.
3.4 [bookmark: _Toc141315183]Conclusions
The work presented in this study demonstrated several key findings, including the importance of optimized cure time for different nanoparticle addition, the possibility of in-situ heating to decrease viscosity and increase print speed, and the mechanical limit reached for a given nanoparticle regardless of weight concentration. Similar to the first study, improvements in mechanical strength were demonstrated. Contrary to the first study, these improvements were not observed until high loading percentages. This was determined to be caused due to the unoptimized cure times for each material. As cure time was linearly increased with nanoparticle loading, the higher concentration nanocomposites likely reached a further degree of cure than the lower concentrations. While it is expected that degree of cure will change with a change in loading, further research will have to be performed to find the effect of nanoparticle addition given a constant cure time. Further investigations into possible reasons for void creation and inadequate bonding at higher nanoparticle concentrations should be studied. 



CHAPTER 4: [bookmark: _Toc141315184]HIGH-CONCENTRATION TITANIUM DIOXIDE ANTIBACTERIAL NANOCOMPOSITES
4.1 [bookmark: _Toc141315185]Introduction
It was determined from the previous two studies that precise control would have to be put on every step to quantify the key characteristics in the manufacturing process. To adequately cure each nanocomposite would require a specified cure time and condition from resin synthesis through post-cure. This study will aim to continue using high concentrations of an antibacterial nanoparticle but will precisely control the entire manufacturing process and keep cure settings constant across all nanocomposites. The base resin will also change for this study to an engineering quality resin that is biocompatible certified, as this is a better candidate for end-use parts with antibacterial properties. 
During the printing process, there are two stages of curing: the bottom cure, which incorporates the first 5 to 10 layers of a print, and the normal cure, which constitutes all remaining layers of a print. As this study's goal is to identify if a given cure time is optimized for a single nanoparticle concentration, it has been designed to print the parts normally than machine off the material manufactured with the differing settings. This ensures that any differences in material properties will be solely due to the nanoparticle addition and not any other attribute during manufacturing. These steps will allow for a conclusion regarding the effect of nanoparticle addition for a given cure time and whether the cure time should be modified for different nanoparticle concentrations. 
4.2 [bookmark: _Toc141315186]Methods and Materials
The resin selected for this research was an off-the-shelf externally biocompatible certified engineering grade thermoset from Sirya tech. The Blu Clear V2 formulation was utilized as the matrix material as it had documented properties, cure settings, and post-processing instructions for obtaining biocompatible parts. Additionally, the clear nature of the sample would allow us to analyze TiO2 interaction with the resin better. The resin was recommended to be printed at a minimum of 30° C. The printer selected was an Elegoo Mars 2 Pro with no modifications. To achieve the elevated printing temperatures required, an aluminum convection oven was specially constructed to circulate warm air at a specified temperature. A thermocouple regulated the temperature above the printing vat and held the chamber within 1° C of the 40° C set temperature. As viscosity decreases with a temperature rise, the chamber was held at 10° C over the recommended minimum for the best results. 
	The nanoparticle of choice was TiO2 ranging from 10-30nm in diameter sourced from sky spring materials. The selected nanoparticle was 99.9% pure. The smaller diameter nanoparticle was chosen to help improve overall part dispersion and resin infiltration. No preprocessing was performed on the material before being added to the resin.
Three different nanocomposite concentrations were chosen for this study, including 2.5%, 5%, and 7.5% TiO2 by weight. Each batch of specimens required a minimum of 120 grams of nanocomposite for printing. The resin was mixed in 70-gram batches utilizing a Thinky AR-1000 mixer. Each batch had TiO2 added by weight percentage and mixed by hand before being inserted into the Thinky mixer. The composite was mixed for 10 minutes and degassed for 2.5 minutes. These time intervals were determined based on the final temperature and viscosity of the material. At the end of the combined mixing and degassing process, the material temperature was 36.5° C. This increase in temperature led to a better particle dispersion as the viscosity reduced, and the agglomerations could separate through the mixing processes. 
	Once mixed, the material was transferred to the printer and encapsulated in a custom convection heating chamber that maintained a temperature of 40° C. The resin was allowed to sit in the vat for 20 minutes or until temperature equilibrium was reached. Next, printing settings were calculated based on the printing performance of the highest nanocomposite concentration. This was done by printing a resin manufacturer calibration test and checking the test for tolerances. Settings were continuously changed until all of the tolerances were met. The final cure settings consisted of five bottom layers at a cure time of 27.5 seconds and the remaining layers exposed to the light for 3.5 seconds. The manufacturer-recommended settings for the machine and virgin resin were 45 seconds and 3.5 seconds. This means that the virgin resin should perform as stated by the manufacturer, and the reduced bottom layer time was indicative of a better printer setup leading to fewer build plate adhesion issues. 
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[bookmark: _Ref139154287][bookmark: _Toc139215403][bookmark: _Toc139576663][bookmark: _Toc139597232][bookmark: _Toc141351146]Figure 16: The Manufacturing Process of TiO2 Nanocomposite Tensile Samples.

After confirming the printing parameters, ASTM D638 Sample V specimens were modified to be 1.78mm thicker. This extra thickness was added to be removed after post-processing to negate any side effects caused due to the bottom layers being cured for a longer time or the effect the removal process may have had on the part surface. Therefore, the part subject to tensile testing would be entirely cured at the 3.5-second interval, as the part cured for 27 seconds was machined off. The entire manufacturing process can be seen in Figure 16. In addition, samples were printed in batches of 7, as shown in Figure 38, to ensure that extraneous data could be traced back to an individual sample or a manufacturing error throughout the entire batch. 
	Once samples were printed, they were cleaned from the build plate. The cleaning process was performed using isopropanol alcohol as a solvent. Samples were cleaned using a Kim wipe dipped in isopropanol alcohol to wipe the samples clean. Submersion was avoided as the samples were set to print at the fastest possible cure time, and therefore the part had not reached full hardness. This led to specimen degradation when submerged as the isopropyl alcohol broke down the bonds forming within the sample. 
	The post-curing process was determined based on several other studies demonstrating increased mechanical properties when samples were printed at higher temperatures 43, 102. Therefore, the samples were cured in a 405nm wavelength curing chamber inside an oven at 80° C with the experimental setup depicted in Figure 39. In addition, to aid in thermal distortion caused by the exothermic curing process, the samples were cured underwater in a 1L glass beaker. The water also aided in light refraction and diffusion to properly expose all sides of the samples. The parts were cured for a total of 60 minutes, with them being repositioned at the 30-minute mark to ensure an even cure. 
	The final step in sample preparation was removing the 1.78mm thickness added during printing. To do this, the samples were machined in a CNC mill utilizing custom fixturing and a probing system to ensure an accuracy of less than 25 microns, as depicted in Figure 40. In addition, these samples were machined with a toolpath that ensured the surface finish matched the printed surface and no chipping or unnecessary stresses were introduced into the sample. The samples were then dried in an oven at 100° C for 90 minutes and set aside for tensile testing. 
4.3 [bookmark: _Toc141315187]Results and Discussion
4.3.1 [bookmark: _Toc141315188]Tensile Testing Results
The mechanical strength changes in the material due to the addition of the nanoparticle's ultimate tensile strength were determined through tensile testing. Twelve specimens per composite were tested, providing a power percentage of 80% with a minimum detectable change of 1.75 MPa. These values were chosen as they would show any difference over 5% in strength compared to the control, which would be deemed a reasonable enough increase to be practically useful. Tensile testing was performed on an Instron 5969 machine with a 5kN load cell and a 2 mm/min constant extension rate. The data collected included: load, extension, time, modulus, and video. In addition, this data was used to calculate ultimate tensile strength, modulus, strain, and digital image correlation. The table of average results can be observed in Table 3: Tensile Test Results for All Nanocomposites and Controls below, with the standard deviation also listed below the average value.
[bookmark: _Ref139154523][bookmark: _Toc139215437][bookmark: _Toc139576683][bookmark: _Toc141315273]Table 3: Tensile Test Results for All Nanocomposites and Controls
	Sample wt. %
	0%
	2.50%
	5%
	7.50%

	Stress (MPa)
	48.7±1.9
	37.6±2.0
	43.5±5.2
	36.7±2.0

	Strain
	0.203±0.044
	0.123±0.023
	0.236±0.029
	0.2337±0.040

	Modulus (MPa)
	567.2±49.8
	686.6±36.6
	510.9±58.3
	428.1±51.1



The control resin demonstrated the largest ultimate tensile strength (UTS) compared to all novel nanocomposite resins. The most promising nanocomposite resin, at a 5% concentration, came within about 10% of the UTS value of the control resin but also suffered from the most significant standard deviation. Notably, the tensile strength of the nanocomposites with higher and lower concentrations of TiO2 demonstrated lower UTS compared to this sample set, even considering the large standard deviation observed. Further investigation into this phenomenon by analyzing the modulus of the materials, we discovered that the 2.5% TiO2 sample demonstrated the largest modulus along with the least standard deviation. Furthermore, the modulus continues to decline as the concentration of TiO2 increases, with the 5% sample demonstrating statistically similar results and the 7.5% sample demonstrating the lowest modulus out of all samples. 
The strain data appears to follow an interesting phenomenon, with 2.5% of samples reacting differently than the rest. The 2.5% composite’s statistically lower maximum strain relates directly to its increased modulus. Additionally, the 2.5% composite always fell within the two lowest standard deviation brackets for each category. In contrast, the 5% samples displayed the largest standard deviation for all categories besides strain. The drastic difference between these two steps indicates that the increase in nanoparticle loading plays a direct role in the ability of the material to perform consistently. The 7.5% composite confirms this idea as it also suffers from a large standard deviation compared to the control and 2.5% samples. 
Utilizing standard deviation across all tests, it appears that the increased loading after 2.5% TiO2 changes the molecular bonding of the material or causes the manufacturing process to create fewer uniform parts leading to unpredictable failures. However, as the UTS of the 5% composite was statistically stronger than the 2.5% samples, it does not appear to be a molecular bonding issue rather than a manufacturing defect. The 7.5% results further show this as the values continue to decline with increased loading. 
These initial tensile test results uncover a trendline that points to an optimal composite loading falling between 2.5% and 5% TiO2 by weight. It also demonstrates that adding the TiO2 in low concentration can significantly improve modulus while not reducing repeatability regarding UTS results. Further investigations into the failure mode of the material revealed abnormal changes during the elastic region of the material, as depicted in Figure 17. For the 5% and 7.5% samples, the stress-strain curves depicted in Figure 17c and 17d portray an elongation in strain with no change in stress as expected at the end of the elastic region of a material. Comparatively, the control and 2.5% samples did not demonstrate this region as expected. This appears to have a significant role in the final modulus of the material but not the UTS. The final maximum strain of the material also has little effect on the UTS of the material, as the composite samples demonstrated both lower and higher maximum strain values compared to the control.
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[bookmark: _Ref139154793][bookmark: _Toc139215404][bookmark: _Toc139576664][bookmark: _Toc139597233][bookmark: _Toc141351147]Figure 17: Elastic Region of All Samples. A.) Elastic Region of Control Samples. B.) Elastic Region Of 2.5% Concentration Samples. C.) Elastic Region Of 5% Samples. D.) Elastic Region Of 7.5% Of Samples

As all tensile tests were printed and post-processed using identical parameters, this leads to the theory that increased nanoparticle loading requires changes in the manufacturing settings. Previous research by the team utilized custom cure times for a ZnO nanocomposite and discovered that the loading of the material could surpass the virgin material with modified cure times 60. This research presented here aimed to determine if the cure times adversely affected the results to favor the larger composites or if the composites directly led to the improved strength. Based on the results presented here, the composites improve the material's mechanical properties. However, their effectiveness diminishes if the cure settings are not adapted to compensate for changes in the uncured material properties such as viscosity, opacity, and cure rate. In addition, several other tests were performed to provide further information about what is causing the changes in the mechanical strength, such as SEM, High magnification optical microscopy, wear resistance, water contact angle, and glass transition temperature.
4.3.2 [bookmark: _Toc141315189]Digital Image Correlation
Videos of the tensile tests were taken to provide data used in digital image correlation. In addition, select samples were sputter coated using an airbrush to provide a unique pattern that software could recognize to provide strain and displacement analysis throughout the experiment. This allowed for a more thorough analysis of the stress distribution across the sample's surface and information about deformation right before the break. Results from the 2.5% and 5% nanocomposite samples are depicted in Figure 18, displaying the transverse deformation.
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[bookmark: _Ref139154970][bookmark: _Toc139215405][bookmark: _Toc139576665][bookmark: _Toc139597234][bookmark: _Toc141351148]Figure 18: A.) Digital Image Correlation of Transverse Displacement Of 2.5% TiO2 Sample. B.) Digital Image Correlation of Transverse Displacement Of 5% TiO2 Sample.

Both images in Figure 32 were obtained in the frame before the sample breaks, where displacement across the sample is at a maximum. The 2.5% TiO2 sample displayed a maximum transverse displacement of 0.27mm, whereas the 5% TiO2 sample displayed a maximum transverse displacement of 0.48mm. This is above a 75% increase in transverse strain between the two composites. The normal strain difference between the two samples was just over 90%, demonstrating that the composites are uniformly deforming as expected. The deformation in the 5% sample provides insight into why the composite could withstand up to 5 MPa more resistance in UTS tests. An increase of over 75% in transverse strain would directly impact the sample's ability to withstand more force through plastic deformation comparatively. Although this was beneficial between the two samples, it is not what is expected from a nanocomposite with a higher loading percentage. A reduction in strain generally reflects a nanocomposite with a higher nanoparticle loading percentage. This assumes that the part has effective crosslinking between the nanoparticle and matrix and that no defects are caused during manufacturing. Therefore, based on tensile test results, it must be assumed that there is a transition between the 2.5% and 5% nanocomposites where the nanoparticle is no longer effectively crosslinking with most of the part.
4.3.3 [bookmark: _Toc141315190]Water Contact Angle
Contact angle analysis was performed to determine if the nanoparticles altered the surface interactions with liquid water. Eight different angles were measured for each different sample concentration. The average water contact angle for the control, 2.5%, 5%, and 7.5% TiO2 resin by weight were as follows: 63.3°±3.4°, 66.9°±3.2°, 61.4°±1.7°, 62.8°±3.2°. All of these values obtained are statistically similar, utilizing an alpha value of 99% with a 15-degree of freedom t-test except for the 2.5% sample. The 2.5% sample has a statistically higher contact angle (t=-1.99, df=11.32, p<.05). Sample images are shown in Figure 19, depicting the results obtained for one of the droplets tested on each surface.
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[bookmark: _Ref139155122][bookmark: _Toc139215406][bookmark: _Toc139576666][bookmark: _Toc139597235][bookmark: _Toc141351149]Figure 19: a.) Control Water Contact Angle. b.) 2.5% TiO2 Water Contact Angle. c.) 5% TiO2 Water Contact Angle. d.) 7.5% TiO2 Water Contact Angle

All of the sampled surfaces display a hydrophilic reaction with the water. At the same time, this is not ideal for use cases in high moisture environments where bacterial growth is a concern. However, it does offer several other advantages. Hydrophobic properties are not always desirable in the medical field when the object is being utilized in human or animal implants or aid devices. Hydrophobicity would cause the natural human fluids such as blood or saliva to react adversely to the printed parts and cause issues with items such as implants. Additionally, the surfaces sampled demonstrated consistent reactions with the water with standard deviations as low as 1.7°. Although the 2.5% sample is statistically different, the sample still falls well within the hydrophilic range and would need multiple other processes that increase hydrophobicity to be considered viable in an application that requires zero water adhesion.
	When analyzing the modulus, the water contact angle gives insight into the results observed during tensile testing. The contact angle of the materials with the larger modulus trended upwards, while the lower modulus trended downwards. Although the values are statistically similar between the three tests, the 2.5% composite stood out similarly to the modulus data.
4.3.4 [bookmark: _Toc141315191]Glass Transition Temperature
The materials tested were an amorphous thermoset determined by DSC testing. The glass transition temperature was determined for all samples with two different cycles run on each sample with the control data shown in Figure 20. The average values for the control, 2.5%, 5%, and 7.5% specimens were 70.27° C, 70.29° C, 69.79° C, and 69.78° C. The 5% and 7.5% samples were statistically different, with a 0.01 p-value. The reduction in glass transition temperature is expected as the TiO2 will increase the change in heat flow. This change was observed in both samples at the glass transition point.
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[bookmark: _Ref139155266][bookmark: _Toc139215407][bookmark: _Toc139576667][bookmark: _Toc139597236][bookmark: _Toc141351150]Figure 20: Glass Transition Temperature of Control Resin

While the composite resin did demonstrate a reduction in glass transition temperature, the average difference was less than 1° C. A change of this small should be negligible for nearly all use cases. The change in heat flow was also marginal at less than 0.05 W/g total at the glass transition stage for all samples tested. This confirms that the titanium conducts heat energy into the sample faster but not causing a significant difference in applicable use cases. 
4.3.5 [bookmark: _Toc141315192]Abrasion Resistance
Abrasion tests were conducted to determine the change in wear statistics of the material. Each sample was ground against an abrasive pad at a constant speed in 30-second intervals for 12 cycles. All composite samples displayed increased abrasion resistance, with the 5% and 7.5% samples being significantly different, with a p-value of 0.01. The large standard deviation for the 2.5% sample, as shown in Figure 21, was due to the difference in performance between the two tested samples varying drastically. Both samples performed better than both control samples but the low concentration of TiO2 made for large differences in abrasion resistance at each layer.
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[bookmark: _Ref139155674][bookmark: _Toc139215408][bookmark: _Toc139576668][bookmark: _Toc139597237][bookmark: _Toc141351151]Figure 21: Abrasion Comparison of Control and TiO2 Samples

Increased abrasion resistance pairs well with the intended use case of this nanocomposite, as it would last longer in high-use public environments. The linear increase in abrasion resistance with TiO2 concentration verifies that TiO2 is responsible for increased abrasion resistance. Additionally, this data confirms that while all samples were cured under identical conditions, the TiO2 still formed enough bonds to the polymers to produce positive results at higher concentrations.
4.3.6 [bookmark: _Toc141315193]High Magnification Imagery
Two different types of imagery were obtained to understand better the samples' dispersion, loading, and surface quality. First, high-resolution optical imagery was obtained utilizing a Keyence-VHX7000 Ultramicroscope along with 3D and 2D scans of the surface topology. Secondly, a Thermo Quattro S field-emission environmental scanning electron microscope was utilized to provide high-resolution images above 30,000x. Samples were prepared in the same manner as the tensile tests to ensure accurate findings, with the only changes being that the SEM samples were coated with ≈ 4nm of iridium utilizing an EMITech K575X to ground the samples to the machine. The images taken can be viewed in Figure 22 with the topographic 2D image in 3b.
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[bookmark: _Ref139155762][bookmark: _Toc139215409][bookmark: _Toc139576669][bookmark: _Toc139597238][bookmark: _Toc141351152]Figure 22: A.) SEM Image Of 5% TiO2 Sample Using ETD Detector. B.) SEM Image Of 7.5% TiO2 Using a Backscatter Detector. C.) Surface Topography Map Of 5% TiO2 Sample. D.) Optical Microscope Image of Surface Features Of 5% TiO2 Sample.

All the imaged surfaces consisted of the last layer of the print. This ensured that the images depicted layers similar to normal ones and did not have alterations due to the longer cure time or contact with the build plate. This also ensured that the topography data would resemble surface characteristics for any internal or side geometry produced during a print. 
	As SEM imaging degraded away the polymer when imaging, the best images able to be obtained were at just over 30,000x, as seen in Figure 36a. This image is of several agglomerations of TiO2, along with several small nanoparticles in between the two agglomerations. With the particle size falling between 10-30 nm in diameter, the agglomerations present a makeup of approximately 7 to 20 different nanoparticles. The two sites in the upper right of the image are likely single nanoparticles as they measure approximately 30nm in size. These agglomerations and single nanoparticle sites are distributed across the entire surface of the samples, as shown in Figure 36b. The backscatter imagery shows a stark contrast between the TiO2 and the polymer due to the elemental difference and helps highlight the dispersion pattern and agglomeration characteristics. As the 7.5% sample was the statistically weakest sample, large agglomerations, and voids are expected to be observed, assuming the hypothesis that the reduction in strength was due to manufacturing standards compared to composite loading. This phenomenon was observed in the 7.5% and 5% samples, where agglomerations comprised most of the composite, often located in large groups, as seen on the left-hand side of Figure 36b. These large agglomerations change the nanocomposite ratio throughout the sample creating an isotropic material with voids and defects due to a lack of successful crosslinking. Several results from the SEM testing demonstrated large amounts of voids across the 7.5% sample where nanoparticle agglomerations appeared to fall out or resin was left uncured. These voids often followed patterns of appearing near or around the larger groupings creating large stress anomalies in the material when exposed to force. 
	These results tend to reinforce the hypothesis that the manufacturing process plays a more significant role in the final strength than the loading of the material, with all other variables held constant. Because the manufacturing process takes place in 25-micron increments, the opacity of the material regarding 405nm and UV light critically affects the final strength of the resin. Other studies support this hypothesis, where nanocomposite loading of pho-absorbing additives necessitated increased exposure time103. Additionally, as all samples are exposed to the same post-processing treatment, any decrease in light transmission due to increased loading would compound the negative effects caused due to incomplete curing. The TiO2 appears to create a UV shield within the resin where the agglomerations block light from reaching the resin directly behind it, creating a void of uncured resin. This phenomenon would lead to several mechanical features, including decreased UTS, increased standard deviation, and increased maximum strain. The decline in UTS would be expected as the voids in the material would lead to suboptimal results compared to a 100% cured control resin. The voids would also reduce the interfacial bonding between the resin and nanoparticles. These issues would also increase standard deviation as the material would be acting isotopically, with the failure point being determined by the location with the most agglomerations blocking UV light compared to a failure of the resin or a failure of the TiO2 resin bond. Lastly, the maximum strain would be expected to increase compared to a properly bonded nanocomposite as the failure rate of a successful composite would be determined by the failure of the interfacial bonding of the nanocomposite and the matrix resulting in a lower standard deviation from the normal polymer. These attributes were observed, determining that the 5% and 7.5% nanocomposites were overloaded for the prescribed cure times. 
	Further findings utilizing the optical microscope and 3D surface modeling helped demonstrate the curing process of the material at a layer-by-layer level. Analyzing the image in Figure 36d shows that the surface of the composite follows very natural topographic geometries. These geometries likely relate to the flow of the material right before curing, along with their interaction with the hydrophobic print surface in which they sit. An important factor in these images is the overall surface roughness of the sample. Out of all samples modeled, the largest deviation in surface roughness was 4.3µ, with many samples falling under 3µ in change. With a single layer consisting of 25 microns, the most deviation in the final surface was just 17.2% of that entire layer. This was recorded on a 5% sample where SEM has already depicted that the surface is imperfect due to nanoparticle fallout and uncured resin. Therefore, the curing process can cure the bottom 20% of a layer faster than the other 80% between that bottom 5µ and the build plate. To further cause issues in the composites, the TiO2 was blocking UV light, creating an uneven gradient of light that would reach the build plate. This created a micro anomaly on each layer where the top of the layer would be most cured and the bottom would be least cured, with pockets inside that layer potentially being completely uncured due to light block. This also would explain why the control resin performed so well as it is a clear resin, so the effect of a gradient cure would be negated as the light could still pass through once the first 5µ began curing. The proposed solution to this problem would be to decrease the layer height to a minimum of 5 microns or less. While the machinery used can have a minimum layer of 10µ, the printing time would exponentially increase to the point of other issues likely occurring. As printed, a set of tensile samples took just over 54 minutes; utilizing a 50µ layer height, the print time would increase to over 4 hours and 22 minutes. This is also not considering that the exposure time would likely need to be increased for some of the higher-loading composites. While this is possible and prints of this time were successfully performed, it reduces the practicality of the printer, with useful items such as prosthetic hands taking nearly a week.
4.4 [bookmark: _Toc141315194]Conclusions
By finely controlling the entire manufacturing process, it was discovered that the cure rate is directly related to the nanoparticle concentration of a given nanocomposite. By utilizing a curing parameter that is adequate for all resins, including control, the final composite will likely lack mechanical strength due to a lack of proper curing. For the tested parameters, it was determined that the optimum nanoparticle addition fell between 2.5 and 5 wt%. Further, research should be conducted utilizing the same process but with longer cure times to determine if the reduction in UTS compared to the matrix was due to a lack of compatibility between the polymer and nanoparticle or a lack of crosslinking due to a lack of energy during the curing process. 



CHAPTER 5: [bookmark: _Toc141315195] Flexible CNT NANOCOMPOsITES
5.1 [bookmark: _Toc141315196]Introduction
With the success of the previous studies, further research into more advanced nanoparticles such as CNTs was warranted. CNTs are often considered one of the most promising nanoparticles due to their incredible strength-to-weight ratio and high aspect ratio. These properties make them fantastic candidates for improving photocurable-based AM manufacturing, but several large challenges must be overcome. 
The high aspect ratio and Van Der Wall forces associated with CNTs often make it difficult to disperse the nanoparticle properly in viscous fluids. Additionally, the UV absorbent properties of CNTs will cause manufacturing complications as the additive will absorb the same energy used to cure the material. This study will analyze these challenges as CNT is used in a low concentration to produce an electrical resistive flexible sensor for human motion detection. 
5.2 [bookmark: _Toc141315197]Materials and Methods
A photocurable thermoset matrix and carbon nanotube nanoparticle were combined by a weight concentration of 0.25% filler to the matrix to synthesize the novel nanocomposite. The matrix thermoset was a market-available Superflex resin from 3DMaterials. The multi-walled CNTs were 50-90 nanometers in diameter with an aspect ratio above 100 from Sigma Aldrich. The nanocomposite was synthesized by mixing the two materials in a planetary Thinky AR100 mixer for 10 minutes in 70mL increments. The final temperature of the material after mixing was 37° C. A Mars 2 Pro from Elegoo manufactured the printed samples with custom cure settings. To regulate the viscosity of the resin during the manufacturing process, a custom convection-based heating chamber was built to hold the entire printer and resin at 40° C. 
	Testing samples were printed following ASTM D638 Type V dimensions as the maximum size sample could be printed in all directions of the build plate. These printed samples were utilized for tensile, fatigue, and resistance testing. Data collection for these results was acquired through an Intron 5969 with a 5kN load cell. Resistance data were collected by a Hioki RM3545 resistance meter. Tensile tests were performed at a 10 mm/min extension rate and fatigue testing at 20% strain/min.
	The manufacturer suggested cure times for the virgin material utilizing 50-micron layer heights were 20 seconds for the bottom layers and 9 seconds for all remaining layers. With a 50-micron layer height, the tested print settings were 40 seconds for the bottom layer and 7.5 seconds for all remaining layers. An additional key difference was that the printer was placed inside a custom convection heated chamber at 40° C to help control resin viscosity and degree of cure. This increased manufacturing temperature allowed for a faster rate of cure which is demonstrated during the normal cure. The increased bottom cure was added as the increased chamber temperature also reduced part stiffness once printed and, therefore, more stress on the build plate and part mating surface. This was increasingly evident on prints with large aspect ratios, where they would often fail due to the extreme flexure of the part relative to its starting print location. To prevent this from happening, increasing the area of the bottom of the part through a raft or increasing normal layer time is recommended. 
	Once the part was finalized printing, it was removed from the heated chamber and cooled completely for removal. It was then cleaned with isopropyl alcohol, the recommended solvent for the matrix material. Once cleaned, the part was submerged in a glass beaker filled with water and placed into a curing oven with a 405nm light source and turntable at 60° C. Next, the parts were submersed in water, which aided in dispersing the heat generated during the exothermic post-curing process and reduced part warp. All samples were cured for a total time of 60 minutes. 
	Parts intended for strain gauges were then modified by gluing copper strips on the ends with a conductive paste. This ensured that the resistance would not change due to the probe connection but due to the strain of the sample. This interface was extremely important as a bad electrical connection could lead to resistance values up to 4x that of the printed sample alone. The final solution for a flexible conductive epoxy was a mixture of PDMS and CNTs at a 2% weight concentration. This ensured that the resistance due to the PDMS epoxy would be far less than the printed sample as it had 8x the amount of CNT content. 
	The viscosity of the material was tested by utilizing a digital rotary viscometer with the material placed on a hot plate. An NDJ-9S rotary viscometer was used with data logging to capture the viscosity of the material as it was slowly brought up to printing temperature. As the heating process was performed on a hot plate instead of inside the oven for this test, it took several minutes for the material to reach thermal equilibrium, as noted in the manuscript.
5.3 [bookmark: _Toc141315198]Results and Discussion
Several mechanical, thermal, and rheological tests are performed to properly characterize and demonstrate the practical uses of this novel nanocomposite and manufacturing method. First, the material's tensile, modulus, and max strain values are investigated to determine its maximum working conditions. Second, fatigue tests are completed to demonstrate its long-term durability and resistance response. Third, viscosity testing is performed to identify the effect of the printing chamber on the material. Fourth, samples are analyzed under a differential scanning calorimeter to determine the glass transition temperature. Optical imagery aids in identifying CNT dispersion and alignment. Lastly, a practical application is demonstrated for use in human-based sensors.
5.3.1 [bookmark: _Toc141315199]Tensile and Strain
A total of 12 samples were tested to determine tensile stress, max strain, and modulus. The average stress, strain, and modulus are 1.74±0.233 MPa, 2.35±0.147MPa, and 0.737±0.062 MPa, respectively. The samples' results are graphically presented in Figure 23 with standard deviation error bars added. Figure 1b demonstrates the extreme elongation capabilities of this material as it can stretch up to 135% of its original length on average. As the material is a flexible thermoset, the importance of tensile strength for this application is not critical.
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[bookmark: _Ref139156129][bookmark: _Toc139215410][bookmark: _Toc139576670][bookmark: _Toc139597239][bookmark: _Toc141351153]Figure 23: a.) Tensile test results of ASTM D638 Type V samples with standard deviation plotted. b.) The maximum elongation of the sample before failure. c.) The Young's modulus of each sample

Compared to the virgin matrix material printed at room temperature with standard cure settings, the tensile strength rises to 5.5 Mpa, but the elongation at break drops to only 80%. Therefore, increasing the maximum strain before failure is more desirable to incorporate this material into a human-mounted sensor than increasing tensile stress. The changes in the manufacturing of the material also likely affected these changes as the degree of cure was changed, and post-processing parameters were altered.
5.3.2 [bookmark: _Toc141315200]Fatigue
To properly characterize and demonstrate the ability of this material to withstand implementation into high-cycle equipment, fatigue testing was conducted. To complete this testing, a sample manufactured for resistance measurement was used to help measure the change in resistance throughout several hundred cycles. The sample tested was set up to run a continuous cyclic test of 0-20% strain for 250 cycles. The resistance over time, stress over time, and stress-strain curves can be seen in Figure 24.
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[bookmark: _Ref139156255][bookmark: _Toc139215411][bookmark: _Toc139576671][bookmark: _Toc139597240][bookmark: _Toc141351154]Figure 24: a.) Resistance of sample over time. b.) The stress of the sample over time c.) Stress-strain curve of a sample of all 250 cycles.

The maximum strain was held constant at 20% for all cycles, and the load had no maximum. As observed for all cycles, the stress of the sample stayed nearly the same with no degradation of strength. Notably, the resistance response of the sample became more stable after about 125 cycles and held constant for the remainder of the test. The total resistance decreased, and the response became very predictable and linear. This is likely due to the sample warming up as it cycled and reached equilibrium.
5.3.3 [bookmark: _Toc141315201]Resistance Mapping
An important characteristic of a highly flexible strain sensor is its ability to clearly define different amounts of strain through different resistance responses. To model this behavior, a short cyclic test was set up with varying strain levels. Then, the strain was increased in a step-like function until the sample failed. Finally, the data were analyzed in Matlab utilizing a moving average smoothing technique and local extrema function, as seen in Figure 25c, to demonstrate how these sensors' output could be analyzed in real-time and movements automatically characterized.
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[bookmark: _Ref139156376][bookmark: _Toc139215412][bookmark: _Toc139576672][bookmark: _Toc139597241][bookmark: _Toc141351155]Figure 25: a.) Several cycles at 70% strain. b.) Raw data of resistance at multiple different strain values. c.) Smoothed data with local extrema automatically detected.

The gauge factor for the provided samples is around one at or under 30% strain. Above 30% strain, the gauge factor begins to fall off as the resistance response is not completely linear with the strain of the material. However, the resistance response does increase notably enough, though it can be easily picked up by software and can be differentiated through algorithms for more precise location information. 
	One of the main issues with resistance testing for this material was the interface between the copper plate and the sample. Connections were obtained with resistance values around 500-600 kilohms at 0% strain through testing. These connections were often obtained by clamping the material together instead of using an interfacing adhesive. These results demonstrated that the nanocomposite base resistance value was four to six times less than displayed during the cyclic testing. Investigating better ways to obtain this interface would help increase the gauge factor of the material, as there would be less loss of resistance due to the interfacing connection. This is later proved in section 2.7 with the practical applications provided.
5.3.4 [bookmark: _Toc141315202]Viscosity
Other researchers have demonstrated the ability to increase in-situ curing through temperature modulation of the resin79. This was attributed to the resin's decrease in viscosity and energy needed to cure during the exothermic reaction. However, with the addition of CNTs, which have been shown to absorb UV light, the need to modify the degree of cure was required to obtain reasonable print times104, 105. To achieve this change in the degree of cure, the nanocomposite and printer were heated to 40° C. This led to a nanocomposite with a viscosity nearly half that of the resin at room temperature, with much better flow characteristics, as shown in Figure 26.
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[bookmark: _Ref139156509][bookmark: _Toc139215413][bookmark: _Toc139576673][bookmark: _Toc139597242][bookmark: _Toc141351156]Figure 26: The viscosity of resin material as it is heated to printing temperature.

As the resin approached its operating temperature, it took several minutes for the viscosity to equalize as the material reached thermal equilibrium. The average viscosity recorded at operating temperature was 4742 centipoises. This is still relatively high for resin printing; therefore, future research studies should investigate if printing can continue at higher temperatures. In addition, finding an equilibrium between in-situ print rigidity and reduction in the cure rate would be required to allow for fine detail printing without print failures. At the current temperature and viscosity of the material, printing could be completed at a rate higher than recommended by the resin manufacturer. If larger CNT loadings are desired, the temperature would likely need to be increased to continue to print at the same rate. 
	The planetary shear mixer is the other important process that relies on the viscosity of the material for this novel nanocomposite synthesis. Properly dispersing the CNT and reducing the matrix viscosity is beneficial; therefore, mixing for a long duration to lower the viscosity to that of the printing viscosity would be ideal. This was achieved by mixing the material for different intervals until the final nanocomposite was removed from the mixer at operating temperature due to friction-based thermal gain.
5.3.5 [bookmark: _Toc141315203]Glass Transition Temperature
	Properly characterizing the material's glass transition temperature would allow the materials to be used in a thermal cleaning scenario for medical applications if it is above 135° C. Differential scanning calorimetry was performed on several different samples to determine the average glass transition temperature of the material. The material was also determined to be amorphous. The glass transition temperature was determined utilizing a half-height midpoint calculation, as shown in Figure 27.
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[bookmark: _Ref139156614][bookmark: _Toc139215414][bookmark: _Toc139576674][bookmark: _Toc139597243][bookmark: _Toc141351157]Figure 27: Normalized heat flow compared to temperature with glass transition temperature determined using a half-height midpoint calculation.

The average glass transition temperature recorded across eight different readings was 288.15° C with a standard deviation of 1.22° C. This places the polymer well above the temperature needed for thermal cleaning systems often used in the medical field and makes it a strong candidate for prosthetic interfaces and other medical sensing technologies. An important note is that the samples were run through two cycles, and the glass transition temperature on the second cycle was often 1 degree less than the first. This is likely due to some sample degradation during the first cycle, changing the heat flow required for the second cycle.
5.3.6 [bookmark: _Toc141315204]High Magnification Imagery
A Keyence VHX-7000 ultramicroscope was used to image the sample's surface and break location. This allowed for the characterization of CNT dispersion, entanglement, and pullout. The material's surface was also mapped in 3D, as seen in Figure 28, to provide insight into the surface finish, defects, and tear-out.
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[bookmark: _Ref139156708][bookmark: _Toc139215415][bookmark: _Toc139576675][bookmark: _Toc139597244][bookmark: _Toc141351158]Figure 28: a.) 2500x magnification of as printed surface with CNT dispersed throughout. b.) The 3D model generated of the sample demonstrating surface finish

These images reinforced the decision to utilize planetary shear mixing as the dispersion technique, as all images showed an equal dispersion of CNTs. CNT entanglement also appeared minimal, with many long strands of CNTs above 10 microns in length visible. The supplier states an aspect ratio above 100, and the image results reinforce that the CNTs remained unbroken as their aspect ratio was often in the 200 range. As expected, there is no CNT alignment in the x or y-axis specifically, which should exhibit isotropic properties in that plane. However, particle alignment was noted in the tear-out samples parallel to the x-axis shown in Figure 29. This is likely caused by the printing mechanism pressing down on the nanocomposite of each layer and helping the CNTs lay flat. This would increase the strength of the material when pulled in the XY plane along the z-axis. This is very apparent in the 3D fracture image in Figure 7a, where very few CNTs are running parallel to the surface, and instead, locations of CNT pullouts along the main fracture lines are evident.
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[bookmark: _Ref139156785][bookmark: _Toc139215416][bookmark: _Toc139576676][bookmark: _Toc139597245][bookmark: _Toc141351159]Figure 29: a.) High magnification stitched image of CNT tear out across sample fracture. b.) 3D model of the sample fracture plane.

There also appear to be larger CNT agglomerations based on the printed layer level when analyzing the xy cross-section from the z-axis perspective. While CNT is prevalent on all layers, further investigation would need to be conducted on the effects of CNT settlement over time, leading to varying volume fiber ratios for longer prints. The top left of Figure 7a most prominently displays the large CNT agglomerations that appear to transmit most of the load during tension. The major fracture running down the middle of the image also has multiple locations of fiber pullout evident. Further investigation into the manipulation of layer heights should be conducted to determine the effect of the printing system's mechanical motion on aligning CNTs in the XY plane.
5.4 [bookmark: _Toc141315205]Practical Applications
While the material has shown several favorable characteristics for adaptation into the medical industry, it must still perform adequately when incorporated into human motion measurement systems. To analyze its capability of being a skin-attached strain sensor, a printed part would attach to a finger and help measure the flexion and extension of the proximal interphalangeal joint. This application aimed to determine if the hand was attempting to grip something or was loose and relaxed. Matlab code automatically smooths the raw data and determines when the finger was extended or under flexion based on local extrema, as shown in Figure 30.
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[bookmark: _Ref139156886][bookmark: _Toc139215417][bookmark: _Toc139576677][bookmark: _Toc139597246][bookmark: _Toc141351160]Figure 30: a.) Raw data from the resistance meter. b.) The Matlab modified data with key points automatically determined. c.)Finger under extension with a mounted sensor. d.) Finger under flexion with a mounted sensor.

The finger flexion amount can be easily determined by the first two peaks in Figure 8b. The finger was fully bent inward, whereas the finger was only under 50% flexion in the second two peaks. As the sensor is mounted on a moving object with lots of microstrains, the data requires cleaning for accurate motion detection. For this scenario, a simple moving average was applied where the window size could be easily changed depending on the sensitivity of the resistance meter. Additionally, as the parts are 3D printed, each sensor can be custom designed for the end users' dimensions. As shown in Figure 8c, the printed sensor was designed to fit the user's finger joint with enough excess for resistance meter measurements. The only part of the sensor under flexion is the center of the sample between the two attachment points; therefore, the overall strain of the sample remains very low. This is ideal as the lower the sample's strain must undergo, the longer the lifespan of the sample. 
The tested specimen's resistance meter and sample interface were pressed on a copper plate. This allowed for a better electrical connection, with resistance values of about 25% of the values in the fatigue tests. 
	Final application prints could incorporate the wire or copper plating inside the print for improved, durable connections. This can be achieved by modifying the printing code to pause at a certain layer and increasing the layer height to 100 microns. A copper plate could then be placed on the part and fused inside during the next layer. Another possible method would be to utilize a low-resistance thermoplastic and press the copper plates onto the samples with pressure and heat. 
5.5 [bookmark: _Toc141315206]Conclusions
This work details a novel flexible nanocomposite's synthesis, manufacturing, mechanical, and electrical testing. The material synthesized has an extremely high maximum strain of 135% and has proven durable over high cyclic testing loads and lower strain values. Furthermore, adding CNTs at only a 0.25% weight loading concentration has demonstrated a clear ability to deliver reliable strain sensing results. The gauge factor for several tested samples was 1, with a detectable and predictable response for motion through the entire strain range. The manufacturing process was modified to allow quick printing comparable to virgin photopolymers without adding an extra photoinitiator. The viscosity of the nanocomposite responds well to raises in temperature to allow for easy flow and detail retention during the printing process. High magnification optical imagery was utilized to demonstrate the cause of anisotropic characteristics of the printed samples where CNTs aligned in the xy plane. This allowed for increased tensile results when pulling along the z-axis. Lastly, a sample was custom printed to demonstrate the part's ability to be used as a skin-attachable strain sensor for detecting human motion. A Matlab code was developed to automatically smooth and detect changes in the data to highlight different points of motion. Future considerations for this work would be reducing layer printing height and increasing in-situ cure temperatures to better align the CNTs while increasing part strength. Additionally, this material would be a strong candidate for pneumatic-powered smart actuators as printed samples were air and watertight, and motion could be controlled through inflation. Overall this novel nanocomposite demonstrates the ability to use low-cost resins and manufacturing machines to develop customized strain sensing systems applicable to the medical field.

CHAPTER 6: [bookmark: _Toc141315207]Structural Reinforced CNT Nanocomposites
6.1 [bookmark: _Toc141315208]Introduction and Objectives
This research study aimed to determine an optimized manufacturing process for structurally reinforced CNT nanocomposites utilizing a DLP printer. Previous work demonstrates many challenges associated with properly manufacturing UV-cured nanocomposites in a traditional photocurable printing system. To solve several of the unknowns, this work was designed to run through multiple tests while changing different manufacturing variables to determine the effect on the final nanocomposite. Several samples were manufactured for each run of variables and compared against each other. 
	The success of the previous research utilizing CNTs in elastic polymers to create high-strain sensors led to this experiment’s goal to be designed around ultimate strength increases using a rigid polymer with a high glass transition temperature compared to most common thermoplastics. Other published research has found that incorporating CNTs into photopolymers has increased fracture strength and ultimate tensile strength as high as 40% of the base resin11, 106, 107. This project aims to meet or exceed those results by manipulating several key manufacturing characteristics, including in-situ cure time, post-cure time, and CNT concentration. 
Two key parameters being observed are in-situ cure time and the effect of temperature on printing. It has been shown that both light intensity and ambient temperature play a major role in the crosslinking reaction of commercially available photopolymers108. The light intensity can be controlled by increasing the cure time or decreasing layer thickness for our application. Ambient temperature can also be controlled by external environmental control or increasing cure time, as crosslinking is an exothermic reaction. This is important as adding CNTs can reduce the curability of the matrix as CNTs absorb UV light109. Increasing light intensity is often required with CNT concentrations as low as 0.3 wt% 70. This study aims to reach CNT concentrations as high as 1 wt%. 

6.2 [bookmark: _Toc141315209]Methods and Materials
To properly test extreme cure conditions on the novel nanocomposite, a DLP printing system was utilized as it would not suffer from the common ailment referred to as elephant's foot, where the final model is oversize in the x and y dimensions due to light leak around the LCD. The DLP printing system uses mirrors to only reflect the needed shape onto the resin vat, allowing for extreme exposure times without losing part geometry. To modulate temperature during the printing, a custom heat box was designed to hold the entire printer and material at a consistent temperature with a forced convection heating element. Post-curing was performed inside an oven where the temperature could be raised above 80° C. 
The matrix material of choice was a commercially available high-temperature photopolymer from Phrozen labeled TR300. The provided specifications of the resin can be referenced in Table 4. Mechanical testing to determine UTS, elongation at break, and modulus will follow ASTM D638 standards. 

[bookmark: _Ref139573141][bookmark: _Toc139576684][bookmark: _Toc141315274]Table 4: TR300 Mechanical and Thermal Properties
	Property
	Value

	Ultimate Tensile Strength
	32 Mpa

	Strain at Break
	2%

	Youngs Modulus
	1857 MPa

	Glass Transition Temperature
	220° C

	Heat Deflection Temperature
	190° C



A total of 8 different runs were designed to focus specifically on in-situ cure time, CNT concentration, and post-cure time. Temperature, layer height, and post-cure temperature were constant for these eight runs. The specifications for each run have been detailed in Table 5. It should also be noted that there was an increased bottom layer cure time for each of the sample sets, with the 60-second in-situ cure time having a 180-second bottom layer cure time for the first eight layers and the 180-second in-situ cure time having a 240-second bottom layer cure time for the first eight layers. All runs were mixed in a planetary Thinky AR-100 mixer for 10 minutes. 
[bookmark: _Ref139574058][bookmark: _Toc139576685][bookmark: _Toc141315275]Table 5: Manufacturing specifications for each different nanocomposite sample set
	Run #
	Post Cure Time
	In-Situ Cure Time
	CNT Concentration

	1
	15 min
	60 seconds
	0.5 wt%

	2
	15 min
	60 seconds
	1 wt%

	3
	15 min
	180 seconds
	0.5 wt%

	4
	15 min
	180 seconds
	1 wt%

	5
	60 min
	60 seconds
	0.5 wt%

	6
	60 min
	60 seconds
	1 wt%

	7
	60 min
	180 seconds
	0.5 wt%

	8
	60 min
	180 seconds
	1 wt%



The printer had a light transmittance value of 92% and a rated power of 15 watts. An even energy reading of 3.052 mW/cm2 was observed across the build surface. The in-situ curing temperature was set at 50° C for all tests. This value was decided on by running multiple tests until no failures were present during the printing process. Most failures occur during the 1 wt% CNT concentration, so the in-situ cure temperature could likely be lowered for the 0.5 wt% samples. All samples were post-cured underwater at an ambient temperature of 80° C.
A minimum of 3 samples were created for each manufacturing technique and followed ASTM D638 Type V design constraints. An Instron 5969 was utilized with a 5kN load cell for force and strain measurement. All samples were pulled apart at a constant rate of 1mm/min following the ASTM recommendation. 
6.3 [bookmark: _Toc141315210]Results and Discussion
This study specifically focuses on the samples' manufacturability and mechanical results. There will be a qualitative discussion about the manufacturing defects and obstacles for each manufacturing set, along with quantitative results for the tensile results. 
6.3.1 [bookmark: _Toc141315211]Manufacturing
The manufacturability of the samples varied greatly based on the in-situ cure settings and the CNT weight concentration. To determine a baseline of cure characteristics, a custom system was designed and manufactured to measure the rate of cure of base resin materials. The apparatus utilized an LED matrix light source of 405nm and a light intensity meter tuned to 405nm. Using carbon fiber thermoplastic, the system was manufactured to absorb as much UV light as possible. It would then expose the desired material to the light and pick up the reflected light off the surface. The one downside to this apparatus was that it only worked with resins that did reflect some amount of the UV light. Any nanocomposite with higher CNT concentrations could not be quantitatively measured. This device was therefore used to determine the curing parameters of the base matrix material at room temperature and determine the remainder cure setting based on those values. 
The rate of cure test results is below in Figure 31, where it was determined that a complete cure was reached at 60 seconds. This value was used as a baseline for the shorter exposure time for the testing. This test was also performed at room temperature, whereas the samples were printed at 50° C. The test sample also rose in temperature by over 5° C during the cure test below. While this curing mechanism could not be reliably used to deliver a rate of cure results for higher concentrations, CNT nanocomposites could be used to determine maximum layer thickness before all of the UV light was absorbed or blocked by the top cured layer. The 1 wt% CNT nanocomposite was used for this test as it would be the most difficult to cure. The material was exposed to UV light in excess of 10 minutes, and the final cure depth was determined to be 125 microns. This reinforces the design decision to run all tests at a layer height of only 25 microns. 

[bookmark: _Ref139576143][bookmark: _Toc139576678][bookmark: _Toc139597247][bookmark: _Toc141351161]Figure 31: Rate of cure of commercially available TR300 resin.

	The first set of tests was performed at the shorter in-situ cure time of 60 seconds. These tests printed as expected, with most samples having very few defects or surface imperfections due to the cleaning process. Surface defects were more apparent in the 1 wt% samples, as shown in Figure 32a. This is where the viscosity of the resin plays a large role in the ability to manufacture consistent samples with low layer heights. As the resin needs to reflow between layers to coat the bottom sheet, any increase in viscosity properly will raise the probability of inclusions forming during the printing process. The elevated chamber temperature helps alleviate this, but there does reach a point where modifications to the matrix material through the addition of plasticizers or photoinitiators may be required. 
[image: ]
[bookmark: _Ref139580698][bookmark: _Toc139597248][bookmark: _Toc141351162]Figure 32: a.) 1 wt% samples with 60 seconds of in-situ pre- and post-curing. b.) 0.5 wt% samples with 60 seconds of in-situ cure pre-post curing.

	Unexpected anomalies began to form during the extended cure time, where the resin began to cure the surrounding material due to the overexposure and extreme temperatures that the material was experiencing due to this overexposure. The new material being formed outside the boundaries of the designed dogbones was extremely porous and would break off cleanly at the boundary layer of the designed part. Figure 33b demonstrates this extra cured material as a growth-like substance around the 0.5 wt% samples. This material formed more commonly in areas between two samples instead of on the outside edges of samples. This reinforced the idea that the material was cured due to the increased heat and overexposure due to a printer malfunction.
[image: ]
[bookmark: _Ref139581179][bookmark: _Toc139597249][bookmark: _Toc141351163]Figure 33: 1 wt% samples with 180 seconds of in-situ pre- and post-curing. b.) 0.5 wt% samples with 180 seconds of in-situ cure pre-post curing.

	The 1 wt% samples did not appear to suffer from this artifact as prominently as the higher CNT concentration helped disperse the thermal energy and absorb the UV light better. This also insinuates that the 0.5 wt% samples are likely reaching a fully cured state during the in-situ manufacturing stage before reaching post-processing. 
6.3.2 [bookmark: _Toc141315212]Tensile Test Results
The tensile test results varied greatly regarding UTS, Modulus, and strain at failure. This indicated that the proposed testing properly identified the key characteristics needed to improve mechanical strength. The results are summarized in Table 6, with run three showing the most promising results regarding UTS and modulus. The top three runs regarding UTS were all of the 0.5 wt% CNT concentrations. The worst performing nanocomposite was 1 wt% CNTs with long in-situ exposure and longer post-cure time. 
[bookmark: _Ref139584665][bookmark: _Toc141315276]Table 6: Average mechanical characteristics of each run
[image: ]

	It is expected that as CNT concentration increases, the strength of the nanocomposite will also increase. These results were not experienced in this study, likely due to defects and inclusions created during manufacturing. There will be a theoretical limit of CNT concentration where the proposed manufacturing method will no longer be effective due to the rise in the viscosity of the nanocomposite. That limit appears to be near the 1 wt% concentration, as the only way to decrease viscosity without modifying the chemical makeup of the nanocomposite would be to increase the in-situ curing temperature. With the artifacts observed in the 0.5 wt% samples raising the temperature further is not feasible while retaining part geometry. 
	The longer post-exposure time lead to some of the worst results on average, with run six being statistically equivalent to the base matrix with no increase in part strength. The reduction in strength due to increased post-exposure is likely due to the fact that the long exposure is over-curing the outer layers of the finalized part, causing them to become more brittle. This creates a weaker outer shell that will fail under tensile stress at a lower load than the properly cured samples. The 60-minute post-cure also subjects the samples to 80° C underwater conditions for 45 minutes longer than the shorter post-cure. This could be causing a thermal degradation that is not present in the other samples. 
	Concerning in-situ cure time, the longer exposure did appear to have a significant impact on part strength. Run three demonstrated a 15 MPa increase in strength over run 1 where the same composite and the same post-cure settings were utilized, but the in-situ curing was significantly shorter. Noteably run three also had the issue during printing with the formation of extra cured material around the tensile samples. Further testing would have to be conducted to determine if a reduction in in-situ temperature would help alleviate this issue or if slightly decreasing in-situ cure time would still lead to the same strength without the above problem presenting itself. All extra cured material that appeared to grow on the dogbones broke away very easily and was extremely porous in nature, so it provided no structural benefit during the testing as it was removed. 
	Further analysis of the stress and strain curves which can be found in Figures 42-49, can be seen that the 1 wt% samples often had anomalies compared to the 0.5 wt% samples. Run 4 and 6 specifically had large anomalies in the stress-strain curves. During run 4, one of the samples appears to hold a constant load while continuing to deform for the middle portion of the test as if it slipped but still breaks at an expected strain value. Run four ended up having the second lowest strain deviation out of all runs, even with this anomaly. This indicates that there were internal issues with the sample that likely led to this result. For run 6, sample 3 far outperformed the other samples in the data set. A fourth sample was tested to verify, and if the results from sample 3 are removed, the average strength for that run drops to the lowest average value of just 28.065 MPa. As this run had a lower in-situ cure time, we expect more anomalies to occur with the higher CNT concentration. This increased probability of anomalies paired with the extended post-cure that creates brittle outside layers explains the unexpected results and the very high standard deviation in UTS.
	To better determine the stress concentrations of a 0.5 wt% CNT nanocomposite, digital image correlation (DIC) was performed on a sample, as shown in Figure 34. This image was in the final frame before the sample failed, and it should be noted that the sample is only seeing about 5% strain compared to the chart above. This is likely due to the DIC's ability to only account for strain in the guage section based on the ASTM standards that are built into the Zeiss GOM software compared to Instron simply outputting strain as the total distance the mechanical system moved during the test. 
[image: ]
[bookmark: _Ref139595830][bookmark: _Toc139597250][bookmark: _Toc141351164]Figure 34: Digital Image Correlation displaying strain across a 0.5 wt% ASTM D638 Type V sample.

	The DIC also reported an increased Modulus of 2800 MPa, which would lead to over a 30% increase in modulus from the manufacturer resin. These results appear to be far more realistic, as an increase in CNT to a resin should increase the stiffness and UTS of the material. The lower values reported from Instron are likely inaccurate when compared to the data provided by the manufacturer. Due to this issue, the values are only used on a comparative basis, and a system such as DIC is used to provide the final quantitative results of the best nanocomposites. 
6.4 [bookmark: _Toc141315213]Conclusions
	This study helped provide a baseline data set for optimizing CNT-based photopolymers that can be manufactured in commercially available AM machines. By modifying in-situ cure time, post-cure time, and CNT concentration, an optimized formulation was determined for increased part strength. The 0.5 wt% nanocomposites performed best with the unmodified commercial machines and demonstrated strength increases up to 230% stronger than the matrix material. These results greatly exceed other published results and reinforce the need for process optimization of photocurable printing systems. The 1 wt% nanocomposite concentrations performed far worse than expected due to manufacturing defects and inadequate curing of the material. Other anomalies were also identified in the manufacturing process, such as maximum cure temperatures for the 0.5 wt% nanocomposites before other materials in the vat began to polymerize. Future work for this study should focus on changing more variables, including layer height, in-situ cure temperature, post-cure temperature, and photoinitiator additives. 



CHAPTER 7: [bookmark: _Toc141315214]Future Work and Conclusions 
7.1 [bookmark: _Toc141315215]Conclusions
The work presented in this dissertation provides a detailed insight into the challenges, solutions, and outcomes of utilizing commercially available AM machines to manufacture novel nanocomposites. A thorough study is conducted on the possibilities of improved mechanical, thermal, and electrical properties for different nanocomposites. These studies specifically focus on identifying and optimizing the manufacturing parameters for a given nanocomposite. The final results demonstrate composites that are greatly improved mechanically, chemically, thermally, and electrically. 
7.1.1 [bookmark: _Toc141315216]AM Manufacturing of Antibacterial Photopolymers
Utilizing ZnO and TiO2 as nanoparticle fillers proved advantageous when optimizing tensile strength, abrasion resistance, water contact angle, and surface hardness. These nanoparticles paired well with unmodified zero additive commercially available resins. Part strength was demonstrated to be increased by up to 25% when manufactured with the proper cure settings. Abrasion resistance was also improved in nearly all tests. The water contact angle was either improved or remained the same for all samples produced regardless of the base resin. 
It was determined that the mixing of the nanoparticle was best achieved through a planetary mixer at elevated temperatures. This mixing process reduced agglomerations witnessed during early trials and yielded more consistent results. Manufacturing in a heated environment also proved beneficial as it allowed the material to reach a further degree of cure given the same amount of time. Post-curing also followed the same protocol, except that samples were submerged underwater. This helped aid in reducing the warp caused due to the in-situ stresses, along with evenly heating the sample during curing. The water also helped refract the light around the sample, leading to a much more consistent post-cure. 
The top limit of nanoparticles was determined to be near the 5 wt% value for the given nanoparticles as manufacturing defects appeared above that value. These defects are due to the increased viscosity, inclusions caused due to uneven curing, and large layer height relative to the cure depth. It was proven that the cure time must be changed for each nanocomposite to achieve the best mechanical results. These tests were used to ensure that the increase in strength was not driven by the increase in cure time of previous tests but by the increased nanoparticle addition. 
It is possible to manufacture low-cost antibacterial parts utilizing custom novel nanocomposites on commercially available hardware. These parts are a promising option for the future of healthcare and public health in general as their low cost, quick manufacturing, and custom design options open up an array of engineering avenues for existing technologies. Incorporating other common lab equipment into the manufacturing and process control makes these parts significantly stronger and easier to manufacture than many existing options, such as injection molding and direct ink writing. 
7.1.2 [bookmark: _Toc141315217]CNT Reinforced Photopoymers
Utilizing the information gained from the previous sets of studies, two different experiments were conducted that successfully manufactured samples with CNT reinforcement. The first study utilized a flexible thermoset to manufacture custom strain sensors for human motion detection. These sensors could be manufactured at high rates of speed with custom design geometry based on the end user. The second study delved into optimization printing parameters for CNT-based nanocomposites. Utilizing a rigid, high-temperature resistant thermoset resin as a base, the study produced samples with a UTS of over 225% stronger than the base resin. 
The flexible-based sensors were developed using a low-concentration nanocomposite to help develop a manufacturing process for later projects that aimed to increase the CNT concentrations. These sensors were tested using a resistance meter to measure break-in, fatigue, gauge factor, and level of response correlated to strain. When paired with a human for automated motion control detection, a custom Matlab code was developed to automate the detection process. These sensors provided reliable results across 100s fatigue cycles and a consistent gauge factor throughout break-in. This novel nanocomposite would be well suited for incorporation into prosthetics, soft robotics, or human motion detection applications where user comfort is critical. 
The second study was designed around eight different runs to optimize the manufacturing process of a CNT nanocomposite. It successfully demonstrated which key characteristics played a role in the mechanical properties of a nanocomposite and led to improved mechanical strength in nearly all cases. This study also demonstrated that manufacturing CNT nanocomposites up to a 1 wt% concentration was possible, but there will likely be defects during the printing process that reduce the material's overall strength. If strength is not a concern but electrical response or thermal conductivity is the priority, these nanocomposites would be well suited for those applications. 
7.1.3 [bookmark: _Toc141315218]Key Parameters in Producing Mechanically Strong Parts
To summarize all results to form a conclusion and recommendation for future research, the energy input into each sample discussed throughout was calculated along with all of its mechanical properties listed in relation to the virgin material. This calculation aimed to determine at what stage the sample was being cured, how much total energy the sample was exposed to, and the effect of other manufacturing parameters such as temperature and layer height. Twenty-seven different process parameters were studied and utilized to perform correlation calculations to deliver the following conclusions. A value of 1 represents a strong correlation, and a value of -1 represents the opposite. 
I	The percentage of energy delivered in situ compared to post-processing has a 0.67 correlation to increasing the part's final strength compared to the virgin material.
II	The bottom several layers in situ cure time has a 0.61 correlation to increasing the part's final strength compared to the virgin material.
III	The standard cure time has a 0.55 correlation to increasing the part's final strength compared to the virgin material.
IV	The in situ temperature has a 0.45 correlation to increasing the part's final strength compared to the virgin material.
	The following correlations strongly support the idea that nanocomposite resin manufacturing must rely more heavily on in-situ manufacturing parameters compared to standard virgin resins. The nanoparticle's ability to absorb and interact with UV light creates manufacturing hurdles that must be overcome through temperature control and increased energy delivery. With only three different in situ temperatures being tested, it is expected that the correlation will increase with more trials. It is also recommended that for all future work, viscosity should be added as a data point to determine the effect of viscosity on cure rate and part strength. 
	Several manufacturing parameters that had little correlation to the final part strength, contrary to common practice, included manipulation of the post-cure time and the layer height. Post-cure time is less critical for nanocomposite parts as the UV light can only penetrate up to several hundred microns through the surface compared to translucent virgin resins. What did have a weak correlation regarding post-curing, though, was the temperature. Higher post-cure temperatures did show a weak upward trend with regard to final part strength. This is likely because it added more energy to the system to allow the material to finalize the polymerization started during printing. Layer height had no correlation to strength, not because it doesn’t affect processing time but because layer height was treated as an energy-independent variable, and therefore assuming the same energy is delivered per unit volume of material layer height does not affect final part strength. All layer height testing was performed at a value of 50 microns or less; therefore, UV penetration was not a concern. 
	My final recommendation based on these conclusions is that to improve the transparency and state of the art regarding resin-based AM of nanocomposites, the following should be done:
I	Present curing statistics for photopolymers utilizing energy delivered per layer rather than printer settings.
II	Collect temperature data for every stage of manufacturing, including mixing, printing, post-processing, and drying.
III	Perform cure tests to determine the maximum UV penetration of a nanocomposite to better tailor the printing parameters for that material.
7.2 [bookmark: _Toc141315219]Future Work
The work presented here clearly defines the critical variables and considerations for manufacturing novel nanocomposites on commercial photocurable resin systems. It highlights the importance of process control, nanocomposite concentration, and material handling. Utilizing these findings as a guideline, future work should be conducted to develop an optimization system that can be followed for any nanocomposite. Due to the large number of variables directly impacting part strength, the best way to optimize novel resins is through trial runs, as demonstrated in this research.
To develop a system that does not require the intricate process of running trials, a system should be developed utilizing a rate of cure meter similar to what was developed in this work paired with several thermal tests to outline the best manufacturing process for a given nanocomposite. This would allow for the rapid adoption of new resins into the industry while providing greatly improved strength and functional properties compared to current market offerings. 
The success of the flexible sensor system should be further researched to develop soft robotic systems and prosthetic additions. An initial design was performed of a soft finger robotic arm that could be manufactured with this resin, as shown in Figure 35. This material could be manufactured with varying CNT concentrations at different z heights of the robotic arm to deliver varying responses based on the deformation. The design freedom for systems like this is greatly increased compared to traditional manufacturing, as complex channels and internal pressure chambers can be designed and printed in one piece. 
[image: ]
[bookmark: _Ref139621355][bookmark: _Toc141351165]Figure 35: a.) Cutaway of soft robotic finger system with internal cavities and dynamic wall thickness. b.) Full render of finished CNT embedded print.
Additional modifications to the printing system should also be considered to aid in part manufacturing. The most significant obstacle to overcome at higher nanoparticle concentrations was inclusions or voids due to the lack of the ability to reflow properly. Implementing a recoating system similar to SLS machines in this scenario should be greatly beneficial as it will ensure the bottom is perfectly coated before each layer. A proposed system was designed and shown in Figure 36 to recoat the printing vat after each layer evenly. This system would also allow for direct heating of the material and additional data measurement through infrared sensors and thermocouples. 
[image: ]
[bookmark: _Ref139618451][bookmark: _Toc141351166]Figure 36: A custom recoating system designed for MSLA and DLP printing systems for use with high-concentration nanoparticles.

To summarize, the work presented in this report clearly defines the requirements for using AM to produce high-fidelity novel nanocomposites. The proposed manufacturing process demonstrated Significant improvements in all mechanical applications. Future work should include further refining secondary variables and making machine modifications to improve the capability of this technology further. The ability to manufacture advanced functional polymers at a sub-20 micron scale in all dimensions will allow for great advancements in many different industries.


[bookmark: _Toc141315220]Appendix – Supporting INformation
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[bookmark: _Ref139618953][bookmark: _Toc139576679][bookmark: _Toc139597251][bookmark: _Toc141351167]Figure 37: Calibration Test of Virgin Resin on MSLA Printer
[image: ]
[bookmark: _Ref139619060][bookmark: _Toc139597252][bookmark: _Toc141351168]Figure 38: a.) Virgin translucent resin during batch printing on MSLA printer. b.) Zinc Oxide reinforced nanocomposite during batch printing on MSLA printer.
[image: ]
[bookmark: _Ref139619118][bookmark: _Toc139597253][bookmark: _Toc141351169]Figure 39: a.) Custom heated in-situ manufacturing enclosure system. b.) High-temperature underwater post-curing system.
[image: ]
[bookmark: _Ref139619149][bookmark: _Toc139597254][bookmark: _Toc141351170]Figure 40: a.) Custom machined fixturing for machining off bottom layers of samples. b.) CNC machining of the samples using custom toolpaths and flood coolant to negate any chipping or stress concentrations.
[image: ]
[bookmark: _Ref139576133][bookmark: _Toc139576680][bookmark: _Toc139597255][bookmark: _Toc141351171]Figure 41: a.) Rate of cure testing apparatus with removable sample trays. b.) Live measurement of the reflected UV light and the temperature of the resin.
[image: ]
[bookmark: _Toc139597256][bookmark: _Toc141351172]Figure 42: Run 1 of CNT Manufacturing Test. a.) Tensile test results of the specimens. b.) A stress strain curve of all three specimens. c.) Modulus of all specimens. d.) Amount of elongation or strain before break.
[image: ]
[bookmark: _Toc139597257][bookmark: _Toc141351173]Figure 43: Run 2 of CNT Manufacturing Test. a.) Tensile test results of the specimens. b.) A stress strain curve of all three specimens. c.) Modulus of all specimens. d.) Amount of elongation or strain before break.

[image: ]
[bookmark: _Toc139597258][bookmark: _Toc141351174]Figure 44: Run 3 of CNT Manufacturing Test. a.) Tensile test results of the specimens. b.) A stress strain curve of all three specimens. c.) Modulus of all specimens. d.) Amount of elongation or strain before break.
[image: ]
[bookmark: _Toc139597259][bookmark: _Toc141351175]Figure 45: Run 4 of CNT Manufacturing Test. a.) Tensile test results of the specimens. b.) A stress strain curve of all three specimens. c.) Modulus of all specimens. d.) Amount of elongation or strain before break.
[image: ]
[bookmark: _Toc139597260][bookmark: _Toc141351176]Figure 46: Run 5 of CNT Manufacturing Test. a.) Tensile test results of the specimens. b.) A stress strain curve of all three specimens. c.) Modulus of all specimens. d.) Amount of elongation or strain before break.
[image: ]
[bookmark: _Toc139597261][bookmark: _Toc141351177]Figure 47: Run 6 of CNT Manufacturing Test. a.) Tensile test results of the specimens. b.) A stress strain curve of all three specimens. c.) Modulus of all specimens. d.) Amount of elongation or strain before break.
[image: ]
[bookmark: _Toc139597262][bookmark: _Toc141351178]Figure 48: Run 7 of CNT Manufacturing Test. a.) Tensile test results of the specimens. b.) A stress strain curve of all three specimens. c.) Modulus of all specimens. d.) Amount of elongation or strain before break.
[image: ]
[bookmark: _Toc139597263][bookmark: _Toc141351179]Figure 49: Run 8 of CNT Manufacturing Test. a.) Tensile test results of the specimens. b.) A stress strain curve of all three specimens. c.) Modulus of all specimens. d.) Amount of elongation or strain before break.
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