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Abstract: The introduction of novel composites suited for additive manufacturing machines offers a
solution for the current slow adoption of the technology. Many composites offer secondary functions
and mechanical improvements to suit unique applications better. This article presents the creation of a
set of novel nanocomposites consisting of zinc oxide (ZnO) and a photocurable resin using a masked
stereolithography additive machine. These nanocomposites are produced in 1%, 2.5%, 5%, and
7.5% concentrations and are characterized based on their mechanical and surface properties. Using
ZnO allows for the creation of mechanically stronger parts with reduced wettability while offering
antibacterial properties throughout the entire part. Best results were observed at a 5% concentration
of ZnO with a nearly 25% strength increase and 45% decrease in wettability. Additionally, SEM
analysis demonstrated proper dispersion with minimal agglomerations present. In the sporicidal
effect analysis, the ZnO (with 7.5% concentration) reduced 31.5% of Clostridioides difficile spores. These
results demonstrate the capability of producing antibacterial nanocomposites using low-cost additive
manufacturing to enhance public health options.

Keywords: additive manufacturing; masked stereolithography; zinc oxide; photocurable nanocomposite;
Clostridioides difficile; sporicidal effects

1. Introduction

The production of composites in additive manufacturing is limited to very few spe-
cialty machines. It is accepted that one of the best ways to incorporate composites into
additive manufacturing is by introducing composite resins [1]. The primary benefit to this
type of composite 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 matrix [2]. Currently, researchers are working to help
develop smart materials and characterize novel resins to solve this gap [3].

Composites have been successfully produced utilizing additive manufacturing tech-
niques, including fused deposition modeling, direct ink writing, selective laser sintering,
and stereolithography (SLA) [4-7]. 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 part [8]. 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 com-
pared to other additive manufacturing processes, and therefore, allows for a wider variety
of reinforcements. Additionally, the resolution of this manufacturing process is often under
25 microns [8]. This high resolution paired with a wide range of compatible fillers creates
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an ideal environment for producing medical prototypes, geometry-restricted parts, and
parts with opacity requirements that cannot be traditionally manufactured.

To maximize the applications of this high-resolution additive manufacturing technol-
ogy, it is critical to add a reinforcement that offers beneficial functions. Zinc oxide (ZnO)
nanoparticles have been widely applied due to their controllable nanostructures, morphol-
ogy, synthesis methods, and even antibacterial properties [9-14]. Extensive research has
been performed on the antibacterial effects of ZnO as nanoparticle sizing changes [15].
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 antibacterial activ-
ity [16-19]. 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.

The antibacterial properties have been well documented, and research has shown that
it is effective against many items such as the SARS-CoV-2 virus [20]. The ZnO used in
many of these studies also demonstrated a positive correlation between UV light exposure
and antibacterial performance [21]. 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. However, to our knowledge, no studies focused on the sporicidal
effects of ZnO nanocomposites on C. difficile spores, which is the leading cause of nosocomial
diarrhea worldwide with substantial morbidity, mortality and healthcare cost [22].

A concern when utilizing ZnO in a photocurable resin is the UV absorbance char-
acteristics of the material. Research has shown that ZnO is naturally UV absorbent and
increasingly absorbent at a range of 15-40 nm [23,24]. This creates a problem when com-
pounded with the antibacterial effectiveness also 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 strength [25]. 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 critical [26].

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 conditions [27,28]. The
integration of the ZnO and activation of it through UV exposure will again be essential to
achieve the desired characteristics.

Increasing the strength of a composite will often increase the wear resistance of
a material. 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 [29]. Previous work on this topic with several different matrix
materials demonstrated an increase in wear resistance when zinc oxide nanoparticles were
introduced at concentrations of 1% [30]. These results rely heavily on reducing voids in the
final printed part.

Previous research has defined the need for composites in additive manufacturing. Zinc
oxide was selected to form a nanocomposite due to its various chemical and mechanical
functions. The extensive documentation on these characteristics allows for focusing on
developing the nanocomposite and testing the printed parts. A masked SLA printing
system was selected due to its high resolution, low entry cost, and liquid material.

2. Materials and Methods

The additive manufacturing system utilized to produce the samples was an Elegoo
Mars 2 Pro masked stereolithography (MSLA) printer. MSLA and direct light processing
(DLP) curing systems often suffer from light leaks around the LCD. A monochrome LCD
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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 is composed of 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 zinc oxide sized between 10-30 nanometers from
US Research Nanomaterials Inc., Houston, TX, USA. 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 later in the manuscript. An AR-100 Thinky
mixer was used at a setting of 5 min of mixing and 2 min 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 the
reduction in 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 min 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 1 below of the fabrication and
manufacturing of the novel resin material.
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Figure 1. 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 °C and then left to cool to room temperature. This
resin was then utilized in the printer with no adverse effects on the printing process. This
data was then used to help set mixing times based on the change in viscosity due to the
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thermal change of the material. Mixing times of 2 min led to insignificant changes in matrix
temperature, and large agglomerations were still visible. Increasing this mixing time to
the 5 min mark 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. When mixing for a longer duration, substantial air pockets
were formed in the nanocomposite. A 2 min 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, it was
critical to ensure that the ZnO reacting with the bacteria was adequately bonded to the part
and not simply attached to the surface. Thorough cleaning with a solvent ensured that the
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. To achieve proper printing of the nanocomposite, cure times were
adjusted based on the concentration of the nanoparticle, as shown in Table 1. To deter-
mine optimal cure times, the nanocomposite was printed using control settings, 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
accordingly 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 then 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, therefore, must be more completely cured to support the rest of
the print. The remaining layers are cured at much shorter times 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 for 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.

Table 1. Cure Settings for All Different Novel Nanocomposites.

Weight % Bottom Cure Time (S) Normal Cure Time (S)
0% 30 25
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 strain rate of 1 mm/min. The tensile specimens were based on the ASTM D638
standard utilizing a barbell style with a gauge length of 40 mm, a gauge width of 10 mm,
and a thickness of 1.75 mm. The testing machine utilized a 5 kn 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 then analyzed under
an optical microscope to determine the failure mode. An optical microscope image was
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processed through Image] and tested across four samples to determine the water contact
angle [31,32].

In order to test its sporicidal effects, we generated C. difficile spores using the VPI 10463
(a toxin A and toxin B positive strain) in the lab. C. difficile spores (12 uL) were resuspended
in sterile water (4 mL), resulting the concentration of approximately 20,000 spores per mL.
The solution was dispensed by 1 mL onto four discs, including (1) baseline, (2) control
(with polymer only), and (3) ZnO nanocomposite. They were first sealed with parafilm
and left for 24 h. Then, they were diluted in serial and were plated to input sample on
Brain Heart Infusion Supplemented- Taurocholate Acid (BHIS-TCA). After another 24 h,
spores and water were mixed on discs for 10 s. Serial dilution was repeated on BHIS-
TCA. Finally, the colonies were counted. For spore cultivation, media was grown in an
anaerobic environment chamber to prepare media for spore placing. Finally, we obtained
three different colonies counting for each sample. ANOVA analysis with Tukey Multiple
Comparison post hoc analysis were used to test the difference of C. difficile colony counts
between each sample. The assumption of homogeneity of variance and normality was
tested with Levene’s test and Shapiro-Wilk test.

3. Results

To characterize each material in mechanical applications properly, tensile tests were
performed with metrics on ultimate tensile strength, modulus, and strain. 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.

3.1. Tensile Testing

For the six control samples consisting 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 strain [33]. 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 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, an increase in parameters was noted from the 1% speci-
mens. 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 value of 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
amount of strain at only ~6% and had the least amount of strain deviation out of all
samples tested.

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 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 was graphed in Figure 2. 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
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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 along with

standard deviation are presented in Table 2.

Modulus
1200 T

+

1000 +

800

———t

600 f

Modulus (MPa)

11137

653.89

75% 0% 1% 25% 5%
Specimen

(b)

0.095

Strain

0.056

25%

5% 7.5%

Specimen

(c)

Figure 2. (a) Average ultimate tensile stress with error bars representing standard deviation. (b) Av-
erage modulus with error bars representing standard deviation. (c) Average strain with error bars

representing standard deviation.

Table 2. Stress, strain and modulus data for all samples including standard deviation.

Weight % Stress (MPa) Strain Modulus (MPa)
0% 316 £2 0.066 &= 0.01 818.85 4= 96.37
1% 268 +12 0.095 £ 0.022 653.89 & 58.73

2.5% 303 £19 0.062 £+ 0.015 848.24 +73.39
5% 39.5£35 0.056 £ 0.01 1113.70 &= 30.18
7.5% 389 £37 0.064 £ 0.009 975.97 £+ 55.44

3.2. Water Contact Angles

To characterize surface quality and functions the ZnO provides, water contact angles
were measured for each sample. 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 5% ZnO sample is depicted in Figure 3.

3.3. SEM Imaging

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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(@)
Figure 3. (a) Water contact angle of the control sample. (b) Water contact angle of the 5% ZnO sample.

To investigate agglomeration of the ZnO, EDS was performed on the specimens,
and then particle analysis through Image] was performed. Figure 4 depicts this process
with a backscatter image of a ZnO sample of 2.5% weight concentration with the white
agglomerations representing the ZnO. All images processed provided a rough estimate of
surface coverage, demonstrating an increase in coverage with ZnO concentration. Based
on Figure 4b, it was 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 15 kV
accelerating voltage, these images depict the layer up to several microns under the surface
providing evidence for 3D dispersion of the ZnO.

Figure 4. (a) SEM backscatter imagery of 2.5% ZnO sample. (b) Particle analysis using Image]J
demonstrating surface agglomerations.

Inspection of the samples at magnifications above 5000 x 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 with
1% ZnO weight concentration (Figure 5a) and 5% ZnO weight concentration (Figure 5b).
In Figure 5a, 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 5b, shows
multiple voids and surface defects, although the concentration of zinc 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
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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 the reduction in the ability
to qualify the process over mass manufacturing.

(a) (b)

Figure 5. (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.

3.4. Sporicidal Effects

We summarized the sporicidal effects of nanocomposites in Table 3. Average colonies
were 273.5 = 47.4,260.5 & 41.7, and 178 =+ 5.66, respectively, which in turn, resulting 27,350,
26,050, and 17,800 spores per mL recovered. Compared to the control, ZnO nanocom-
posite reduced 31.5% of C. difficile spores. The samples are significantly different, with a
p-value of 0.0031. Tukey multiple pairwise comparisons indicated that ZnO nanocomposite
demonstrated reduction compared to baseline (p = 0.123) and control (p = 0.18). Although
Levene’s test outputs p < 0.0001, since ANOVA F-tests on an essentially perfect fit are
unreliable, we can ignore this result and assume that we have homogeneity of variances
in the different groups. The conclusion of the Q-Q plot is supported by the Shapiro-Wilk
test on the ANOVA residuals (W = 0.918, p = 0.4166), which finds no violation of the
normality assumption.

Table 3. C. difficile colony counting.

Baseline Control (Polymer Only) ZnO Nanocomposite
2735+ 47.4 260.5 £+ 41.7 178 £ 5.66

4. Discussion

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 [22]. 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 ap-
pendages, 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 is best suited for creating
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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, not being able 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.

The ZnO agglomerations can be measured in the SEM images in Figures 4 and 5. 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 in-
creases. This was demonstrated in Figure 5, with the 5% sample having significantly more
voids than the lower 1% concentration samples. These voids would soon reach an equilib-
rium 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 strain rate is a key
indicator of larger defects within the sample that also increase the large strength variability,
as seen by the error bars in Figure 2. Optical microscope images were taken of the fracture
point of several samples to provide more insight into the failure mechanism, as seen in
Figure 6.

(b)

Figure 6. (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 6a was taken of a sample that fell within the range of expected
tensile values as provided by the data. Obvious tear-out can be observed with a nearly
crystalline structure being left behind. The image in Figure 6b 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 lead to the theory that ZnO addition to a UV curable resin matrix
increases the part’s mechanical properties up to 25%. This considers the failure in achieving
a defect-free sample and therefore allows for 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
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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 solu-
tions 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.

In addition, this study is the first of evaluating the sporicidal effects of ZnO nanocom-
posite on C. difficile. The present work provides experimental evidence that the nanocom-
posites reduce C. difficile counts within contact in 24 h. C. difficile is a major health threat
that can easily spread and contaminate environmental surfaces. Even if Paired Comparison
did not show a statistical indication due to the small sample size, continued experiments
in the future would most likely demonstrate a significant difference by increasing the
sample size. Given the significant reduction in spores caused by nanocomposites, promot-
ing the evaluations of other nanocomposites and their further basic and applied research
are needed.

5. Conclusions

Additive manufacturing allows for implementing unique design ideas and products
not possible with traditional manufacturing. Creating a novel nanocomposite that inte-
grates into market available printing systems with improved mechanical and chemical
characteristics offers great promise for helping alleviate these issues. Nanocomposites open
an important sector in additive manufacturing as once the material is created; it can be
utilized in nearly any system. By adding zinc oxide into a photocurable resin utilized in
SLA-based printing systems, a novel nanocomposite could be created that offers antibacte-
rial properties while significantly increasing the part’s strength and stiffness. Up to nearly
a 25% increase in ultimate tensile strength and 35% increase in modulus was achieved
through just a 5% weight concentration of this nanoparticle. This low concentration allowed
for minimal printing parameter adjustments and reduced part failure compared to larger
reinforcement to matrix ratios. This material’s applications include custom prosthetics,
dental implants, and hospital tools and fixtures. Due to the antimicrobial features offered,
complex geometries can be produced that often lead to bacterial growth issues in other
parts. In addition, the added stiffness to the parts will allow for an increased tensile load as
the elastic region extends compared to control groups. While additive manufacturing is
still struggling to reach widespread adoption, the research into composite-based materials
will allow for novel use cases that require implementing these technologies. The future of
additive manufacturing will be in material science and composite research to create parts
that offer secondary functions without secondary processing requirements. The antibac-
terial function offered by these parts will not wear off compared to many coatings and
surface applications as the ZnO will continue to be exposed to the surface regardless of part
wear over time. The future steps for this research would include qualification processes
and further adjustments to printing environments to maximize part quality and strength.
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