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Abstract

While metallic resorbable materials offer excellent mechanical strength, they are
challenging to additively manufacture. In contrast, polymer-based resorbable materials
are generally well suited for additively manufacturing but often lack the mechanical
properties required for structural implant applications. Incorporating metallic powder
additives into polymer feedstocks has improved the mechanical properties of several
additively manufactured materials. However, this approach has not been extensively
explored for the development of resorbable metal-polymer composites, especially within
vat-based additive manufacturing. One potential barrier to the application of reinforcing
metallic particles in these fields is the problem of particle settling during vat-
photopolymerization additive manufacturing, which can produce non-uniform material
compositions and print defects. This study presents both a novel suspension-
maintenance methodology for vat-photopolymerization, achieved through continuous
mixing of the feedstock during the printing process, and a new additively
manufacturable and resorbable composite resin designed to combine the advantages of
metallic and polymeric materials without compromising resorbability or biocompatibility.
The composite resin was formulated using poly(ethylene glycol) diacrylate (Mn = 250)
activated with diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide and reinforced with
microscale magnesium particles at concentrations ranging from 0.0 to 6.0 wt%. The
agitated resins were fabricated using masked-stereolithography and evaluated for
printability through visual assessment and dimensional accuracy measurements to

determine the effects and practical limits of both magnesium incorporation and the use



of continuous mixing during printing. Composite specimens of each composition were
subsequently characterized through compressive and tensile mechanical testing,
microscopy, and mass-loss dissolution studies to evaluate the influence of magnesium
addition on mechanical properties and degradation behavior, while also assessing the
particle distributions within printed parts. Compression testing to failure was performed
using cylindrical specimens measuring 15 mm in diameter and 40 mm in height, while
tensile testing to failure was conducted using ASTM type V polymer specimens. The
findings demonstrate the feasibility of maintaining homogeneous particle suspensions
during vat-photopolymerization without modifying the resin formulation and establish a
foundation for future optimization of mechanically enhanced resorbable composites for

additive manufacturing.
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Chapter 1 - Introduction

Additive manufacturing (AM) has made significant strides in the last decade,
going from a rare though functional laboratory process to a common production method
used by millions. While the technological developments that enabled these strides have
made additive manufacturing more reliable, accurate, and accessible, there is still
considerable opportunity for further refinement. For many functional applications, the
material choices available for additive manufacturing can be limited by the requirements
of the additive manufacturing process itself. Even though a material might have
favorable properties for a specific application, that material might lack the properties
needed to be printable, ultimately restricting the properties of the manufactured
components [1]. Polymer-based additive manufacturing - including processes such as
Fused Filament Fabrication (FFF), Stereolithography (SLA), and Digital Light
Processing (DLP) - is relatively fast, accurate, and inexpensive, but the printable
polymers often lack the mechanical strength and thermal tolerance needed for many
applications [1]. Metal-based additive manufacturing has continued to grow in
popularity with processes like Scanning Laser Sintering (SLS) and Scanning Laser
Melting (SLM), but remains generally very expensive and, at times, involves difficult and
lengthy post processing to obtain a final product [1]. Despite their drawbacks, both
polymer additive manufacturing and metal additive manufacturing are used regularly in
research for medical applications [2]. Though polymeric methods are often more
favorable in terms of cost and processing difficulty, metallic AM is still applied when the
application requires properties, especially strength, which are not achievable utilizing

current polymer AM methods. A clear opportunity exists for the development of polymer-
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based materials which enable the AM fabrication of higher strength components without
requiring substantially more complex or expensive processing.

Due to their high flexibility and biocompatibility compared to metal variants,
polymeric materials are often favored for soft tissue implants, passive drug release
implants, or implants designed to be resorbable [3]. A resorbable implant is a medical
device that the body can break down and absorb. This means that a resorbable implant
can serve a specific purpose, like providing support during healing, and then safely
dissolve once it is no longer needed. The main benefit of resorbable implants is that
they eliminate the need for a second surgery for removal. Since the implant dissolves
on its own and generally won’t require further surgery at a later time, the overall
disruption to the healing process is substantially lessened [4]. However, higher strength
is an important enabling factor for resorbable implants to be used in a wider range of
applications, such as skeletal components and bone scaffolds [5].

In order to enhance the physical properties of polymers, it is a common practice
to add metal powders, fibers, or other components to create a composite matrix. This
principle has also recently been investigated for improving materials used in AM [6, 7].
Substantial improvements in the mechanical performance of additively manufactured
polymeric materials for medical applications have also been demonstrated through
compositing [3]. These composites can be more suitable for a wider range of implant
applications than unmodified polymers, mainly as a result of their enhanced mechanical
strength and durability [3]. Many investigations explore additives focusing on
biocompatible metals [8, 9] such as titanium [10]. However, while titanium is high

strength and biocompatible, it is not resorbable. As a result, composite materials
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utilizing titanium are not fully resorbable and are not suitable for resorbable biomedical
applications. Other notable biocompatible but non-resorbable metals commonly used in
the medical field include stainless steel, cobalt-chromium alloys, and nitinol alloy.
Relatively few groups have attempted to develop metal/polymer composites using
resorbable metals, such as iron, magnesium, and zinc. Even fewer research groups
have attempted to document the physical properties of composites made of entirely
resorbable components. Further research on using resorbable metal additives for
compositing is vital for developing biomedical materials with enhanced mechanical
properties. However, it remains an open question of what magnitude and what types of
mechanical property enhancement are achievable in these systems. Answering this
question will be a significant contribution to the advancement of 3D printable devices for
biomedical applications as it could lead to materials with improved mechanical
performance without compromising their crucial biodegradation characteristics.

Within medical polymeric additive manufacturing, several common production
methods are used but FFF, SLA, and DLP tend to be most common. Of these, FFF is
known for being clean, efficient, and often inexpensive while vat photopolymerization
(VPP) methods, including both SLA and DLP, have a reputation for high resolution and
can produce materials with a wider range of properties [1]. However VPP-based
methods are generally limited by the need for post-production processes like post-print
curing and the removal of excess resin [1]. Development of stronger and more resilient
3D printable polymers has focused on materials suitable for FFF. In contrast, research
into enhancing or adding any characteristics beyond mechanical properties, such as

shape changing behavior [11], tends to focus on materials suitable for VPP. The
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development of strengthening methods applicable to common medical VPP printing
materials is an important area for further investigation.

Within VPP systems, however, strengthening can be difficult to achieve. While in
FFF and similar processes the material is simply re-formed and reshaped, within VPP it
is, instead, chemically polymerized from a liquid feedstock of the appropriate reactants.
The chemical reactions involved in VPP printing can be disrupted by even minor
changes to feedstock composition and can result in large, negative, changes to material
performance [12]. For this reason, VPP feedstock formulation can involve a large
number of materials, each designed to carefully control various aspects of the material
in order to achieve favorable properties of the final part while also preserving properties
relevant for VPP printing within the feedstock [12]. One portion of this that must be
controlled relates to the addition of immiscible additives, like, for example, metallic
particles. Due to the immiscibility and density differences between the matrix resin and
the additives, immiscible materials tend to settle out of suspension over time and can
result in changes to the material properties, and thus also the properties of the printed
part, over the course of printing [13]. Current research towards the further development
of these materials focuses on the use of additional chemical modifications or additives
to keep immiscible additives suspended longer within each solution [14]. However,
these chemical methods still result in settling during printing, can result in changes in
the final part regardless, and are often specific to certain material types and
combinations [12, 13, 15]. Further, inside highly-regulated fields like the medical
industry, the application of any settling-suppressing chemical additives can necessitate

their own regulatory processes and either lengthy assessments to confirm non-
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hazardous nature or extensive post-processes for removal before material application.
For these reasons, a non-chemical, generally-applicable methodology for limiting
particle settling within VPP feedstocks during printing would be of great benefit to the
field and possibly enable new forms of composite materials to be manufacturable using
VPP.

As result of these research gaps, this study aims to test and evaluate resorbable
metals as a strengthening additive for resorbable VPP medical materials. However, due
to the possibility of settling within the system, this study also aims to develop and
validate a physical method of maintaining additive suspensions within VPP feedstocks
during the printing process through continuous mixing and agitation. The specific
hypotheses for this research are as follows:

I.  Continuously agitating the contents of the resin vat during printing will
enhance the homogeneity of arbitrary dense, powdered additives in parts
produced via the VPP printing process.

II.  The level of agitation required to maintain homogeneity of the dispersed
particles will have a minimum impact on the print quality.

[ll.  The incorporation of resorbable metallic powders within resorbable
additively manufacturable polymers will provide higher mechanical
performance without compromising resorbability.

IV.  The mechanical properties of the resorbable metal-polymer composites

will depend on the loading ratio and particle size of the metal powder.
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Chapter 2 - Literature Review

Modern Medical Implants and Applications

When picturing medical implants, it is common to think of joint replacements,
spinal or skeletal reinforcing rods, or the various plates and pins applied to repair
fractures. However, there are several other classes of implants with applications that
don’t necessarily involve being rigid, such as pelvic floor repair meshes [16], polymeric
materials for cosmetic implants [17], and scaffolds for tissue engineering [18]. Aside
from mechanical properties, many types of implants also demonstrate important
functionality, such as resorbability. A resorbable implant is an implant which facilitates
or accelerates natural healing while also passively decomposing into non-toxic and non-
disruptive byproducts. The decomposition of a resorbable implant results in the
complete removal of the implant by the time its purpose is fulfilled, without requiring
additional surgery. For example, sutures, one of the most common types of resorbable
implants, can be applied internally to hold various pieces of the body together long
enough for them to heal and maintain that connection on their own. After the point
where healing is sufficiently completed, the suture is slowly disintegrated by the body
around it and leaves little, if any, evidence that it was present. The additional surgeries
required to recover non-resorbable implants result in further damage to the body and
are an important factor in slowing recovery times [4]. Thus, resorbable implants can
provide a significant boost to patient well-being by reducing recovery times and avoiding
potential complications from additional surgeries. However, the number of situations
where a resorbable implant can be used is limited by the mechanical properties of

available resorbable materials [19].
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Resorbable implants have undergone several important advancements in
relatively low strength applications such as biodegradable polymeric stents [20] and
tissue engineering [21]. High-strength resorbable materials, for applications such as
bone fixation, are in high demand and development on the subject is ongoing, though
advancement in the field has been slow [5]. Efforts in the field have focused on two
fronts: the development of 100% metal-based resorbable alloys and the improvement of
the mechanical properties of resorbable polymeric systems.

Metal resorbable material choices are somewhat limited. The most notable
examples are iron, magnesium, and zinc, each of which has its own benefits and
disadvantages. While iron is mechanically strong and durable, its speed of degradation
within the body is far slower than would normally be considered ideal for resorbable
implant applications [19]. Magnesium also has a favorable set of mechanical properties
but, conversely, degrades far more quickly under body conditions than desired [19].
Zinc is closer to the generally desired degradation speeds than the other two
candidates, but is mechanically weak [22]. As a result, many researchers have sought
to develop alloys with considerable strength that are also safely resorbable.

Hong, et al. [23] investigated some possible resorbable alloy combinations in
order to determine which had the most advantageous degradation speed, based upon
predictions generated from computational models. To do this, they combined iron,
manganese, and calcium as powders and then utilized binder jetting additive
manufacturing to generate testable parts. Binder jetting utilizes an applicator head,
bearing similarities in role to the extruder in FFF processes, to layer-by-layer apply a

glue or “binding agent” to a powder bed of a semi-arbitrary material. Once the object is
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formed, it is then subjected to intensive de-binding operations where the binding agent
is burned away and the powder material sintered into a cohesive solid. While this
method did allow them to successfully produce testable components, the use of binder
jetting resulted in substantial porosity within the resulting materials. This was suggested
as a possible method of further increasing the effective degradation rates of the iron
component, through increased surface area, and thus getting closer to the target
degradation speed. However, while the porosity may accelerate the decomposition, that
increase to porosity appears to change with different material proportions. For example,
the Fe-(35wt%)Mn alloy displayed an open porosity of about 39.3%, while the Fe-
(34wt%)Mn-(1wt%)Ca alloy displayed a much higher 52.9% open porosity. While the
goal of the study was to determine the difference in degradation behavior of the alloys,
this difference in porosity was not predicted. The expected change in degradation was a
result of the different thermodynamic stability and resistance to hydrolysis of each alloy.
As a result, obtaining a specific desired degradation rate by altering composition of
these alloys would require carefully balancing the change in porosity with the change in
hydrolysis behavior, which may be difficult. It is also to be noted that binder jetting
results in substantial shrinkage of the final part compared to the part as designed for the
printer. Though this can sometimes be accounted for, this paper reported shrinkage
after de-binding was highly variable for the Fe-(34wt%)Mn-(1wt%)Ca alloy: 11.7+2.4%.
This variability is not acceptable for the high-precision fits expected from custom-printed
biomedical devices.

Oh-ishi, et al. [24] investigated Mg-(0.3 at.%)Ca-(0-1.6 at.%)Zn alloys. Calcium

was added to the magnesium as a method of increasing the creep resistance of the final
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parts. The addition of both calcium and zinc was reported as enabling the alloy to
demonstrate much more age-hardening than a binary alloy of the same components.
This behavior could be advantageous for custom-tuning the mechanical properties of
the resulting alloy, as might be needed for use in custom implant devices. However, this
study did not assess the degradation characteristics or biocompatibility of the alloy. Sun,
et al. [25] investigated an alloy of similar proportions, Mg-(0.2 wt%)Ca-(4.0 wt%)Zn,
finding it to be highly biocompatible and minimally cytotoxic. A resorbable and
hardness-tunable, through age-hardening, alloy of this type is promising. However, the
degradation speed was determined to be only 0.08 mm/year slower than that of pure
magnesium, 2.13 mm/year. As the alloy remains very similar in degradation speed to
magnesium, it is likely to degrade faster than acceptable for most applications [5]. This
type of alloy also requires complicated metallurgical processing to produce, limiting its
utility for the production of custom implants.

For the second branch and the improvement of resorbable polymer systems,
research often focuses on developing composite or hybrid materials that reinforce a
polymer with other materials. For example, work by Sharma, et al. [26] focused on
creating a composite of a poly(glycolic) acid scaffold then coated with poly(glycolide-co-
caprolactone) and crosslinked. This composite was found to have significantly improved
mechanical strength in both compression and tension when compared to the
unmodified poly(glycolic) acid base material. For the intended application as a stent
material, the composite was also found to have expansion properties similar to metallic
stents, which are otherwise difficult to approach with polymeric materials due to the

differences in mechanical properties. Following these improvements, testing was also
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conducted to determine resorbability of the composite and found that it degraded rapidly
and completely within conditions similar to the human body. However, the degradation
occurred too rapidly to be resorbed appropriately, resulting in unacceptable
inflammation of the cells surrounding the implant. Increasing the thickness of the
poly(glycolide-co-caprolactone) slowed degradation and provided more acceptable
levels of inflammation. However, this change in composition is likely to have influenced
the mechanical properties as well, though the mechanical properties of the more thickly
coated material were not assessed in this study. Aside from the development of the
composite, this paper serves as an important reminder of the importance of precisely
controlled degradation rates within resorbable implants.

Polymer-based composites do not, however, have to involve only combination
with other polymers and can involve the addition of both metals and ceramics as well.
Work by Oosterbeek, et al. [27] explored the addition of phosphate glasses to
polylactides to improve their mechanical strength. Additions in ratios near to 15wt%
phosphate glass led to increases in ultimate tensile strength and elastic modulus,
though also caused the material to become more brittle. Higher proportions of
phosphate glass were also correlated with higher absorption of water over the course of
degradation. Higher water absorption could have impacts on utility as an implant
material if the absorption caused the composite to swell, but swelling of the material
was not assessed. The phosphate glass was believed to heighten water absorption by
offering hydrophilic pathways for water at the interfaces between the polymer and the
glass. As these pathways also facilitate more contact surfaces with the dissolution

environment, higher proportions of glass were noted as having faster mass loss when
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degrading. However, it was also noted that this mass loss was largely the deterioration
of the phosphate glass while the degradation of the polymer component continued
largely unaffected. This is stated to possibly be the result of the solution approaching a
concentration equilibrium with the surroundings, which would not occur as significantly
under anatomical applications.

Strengthening of resorbable polymers via compositing has many possible
material combinations to be explored. Some refinement of these wide choices can be
found when discussing drug-eluting implants and materials. A drug eluting implant, as
the name implies, is designed to release a pharmaceutical agent over an extended
period of time and generally into a specifically targeted area adjacent to the implant.
Drug-eluting implants often utilize degradation and resorption as a mechanism to control
elution rates. Thus, there is a substantial overlap between the polymers and additives
utilized in polymer-based resorbable composite materials and those used in drug-eluting
implants. These materials have been investigated for a wide range of applications
including catheters eluting antibiotics to decrease infection chances [28], chemotherapy
agent distribution taking a variety of forms [28-32], stents [32], and pain relief in
combination with anti-inflammation [33].

Though drug-eluting implant materials do not tend to have their mechanical
properties as a priority, they can provide insights into the resorbability of composites. In
addition, drug-eluting implants can demonstrate that the presence of resorbable metals
or ceramics can provide benefits to the body and healing beyond simple physical
reinforcement. Such benefits to healing are especially noted in tissue engineering

scaffold development, where the release of various agents -- such as calcium [34],
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hydroxyapatite [35], and magnesium [36] — are used to promote increased healing
speed and quality. For example, Gu, et al. [37] investigated the magnesium doping of
tricalcium phosphate ceramic bone scaffolds to determine the benefits of magnesium
elution on osteogenesis. This paper found that the incorporation of magnesium had
substantial positive effects on osteogenesis and the expression of relevant genes
without compromising biocompatibility. Further, it was also found that magnesium
incorporation heavily strengthened the ceramic matrix.

Up to this point, the discussion of drug eluting implants within this paper has
focused upon a “passive release” based condition, where the release of material is
controlled primarily by how easily the relevant portions of the body can access it. The
correspondent “active release” methods do also exist and can utilize a variety of stimuli
-- such as thermal [38], chemical [39], magnetic [40], and many others -- to trigger the
release of various portions of the contained pharmaceutical. However, these active
types are, at the moment, of less relevance to composite resorbable materials.

In combination with the development of new materials for medical technology,
the development and refinement of production methods for those materials has
continued as well. One of the most prominent of those production methods is additive

manufacturing.

Additive Manufacturing in the Medical Industry

With the recent advances in additive manufacturing technology and
manufacturing, the use of additive manufacturing within medical applications has grown

substantially. While some of the earliest uses for the creation of dental implants, molds,
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retainers, and similar items are relatively well known [41], there are a significant amount
of applications which have yet to be fully developed. Some of the main benefits of
additive manufacturing in medical applications are the enabling of designed and
customized implants, relatively speedy part creation in most cases, and a less
expensive resulting component [2]. Of these three benefits, customization of medical
implants is considered to be very important for the future of medical technology and has
been a major research focus in recent years [2]. A customized implant has several
benefits, the most critical of which is that an implant or component can be designed to fit
the particular needs of the patient prior to surgery. In typical medical applications
involving pre-made non-customized implant components, the patient is made to fit the
implant which is available, rather than the implant made to fit the patient. This often
involves the shaving down of bone or tissue at minimum, which should generally be
minimized in order to preserve as much natural body material as possible. The fitting
process is also a significant portion of the time consumed by the general implantation
process. Shortening the process by providing a custom implant which requires
significantly less modification to fit to the patient can bring immediate benefits to
lowering surgical time, difficulty, and cost. Further, any dimensional differences between
the used implant and the body component it is designed to replace or supplement can
have major impacts upon patient health. In the case of a joint replacement, for example,
this can result in a permanent limp or similar if the replacement is a different size or
shape than the original [42].

Lee, et al. [42] discussed the drawbacks of conventional implants compared to

customized implants in the case of knee replacement. In this case, the contact
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geometry of the knee joint is often slightly different between patients, while the implant
is not. This means that after implantation with a standard implant, nearly a quarter of
patients would experience a substantial change in geometry of the replaced knee joint
[43]. The minimization of this difference in geometry, through the use of a custom
implant, also minimizes long-term pain as a result of the replacement and results in a
lower likelihood of other postoperative issues [42].

As mentioned previously, medical polymeric additive manufacturing generally
involves FFF, DLP, and SLA [2]. Medical metal additive manufacturing generally uses
some variation of Powder Bed Fusion (PBF), with the main variations directing a
scanning laser to melt (SLM) or sinter (SLS) specific portions of freshly applied
successive layers of powder in order to create the final object [2]. While PBF methods
produce accurate and durable parts, finalizing each component can be complex [1]. The
complexity is largely due to the postprocessing procedures required due to surface
disruptions. Many of the surface disruptions are generated as a result of spatter created
by the scanning laser, which then causes liquid metal to solidify in small amounts
outside of the intended printing area [44]. This can have large impacts and generate
significantly compromising inclusions, but is most often noted for simple accuracy loss
and causing substantial roughness on the part surface [44]. The other primary
complication of this process is the creation of significant residual stresses during
printing, which can lower the apparent physical properties substantially when compared
to bulk formed material [45]. Most PBF production necessitates the use of a purge gas,
often argon or nitrogen [46], to minimize the chances of ignition of the powder and to

minimize the oxidation of the material before printing. For medical purposes, it should
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also be noted that the produced components are typically covered in a thin layer of
loose metallic powder. Depending on the material, this powder may pose a variety of
dangers to the patient if the component was to be implanted as is, necessitating a
thorough cleaning process. Further, the metallic spatter will generally end up
contaminating the unused powder from the printing process, either invalidating or
significantly complicating reuse of the un-melted powder [47]. These details together
generally define PBF and similar processes as very expensive, but providing the
valuable capability of producing complex and custom designed metallic components.
The cost only increases when adding further parameters such as larger maximum print
size or higher print speed.

FFF utilizes a layer-by-layer application of melted thermoplastic filament
continuously extruded through a nozzle to develop a final printed component. While one
of the most common additive manufacturing processes, it does have drawbacks. One of
the most important to consider is that all printing in the FFF mode must occur with final
components comprised of layers upon layers of semi-cylindrically cross-sectioned
material. Without post-processing, this necessitates a rough, and generally directionally
rough, surface [48]. This roughness can be advantageous for facilitating cell adhesion,
but can be detrimental if attempting to limit the friction applied by the final surface.
Another important consideration is that printing in this mechanism requires the print
material to be thermoplastic to allow for flow through the extruder at high temperature,
which can limit the choice of materials [1]. In the case of materials designed for drug
release, the temperatures involved can also limit the material compatibility or require

modifications to the pharmaceutical loading. The high required temperatures bring the
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possibility of exceeding the decomposition temperature of the pharmaceutical agent
during printing and can facilitate unwanted chemical interactions between the various
components. As summary, FFF processes for medical applications are accurate as well
as being relatively inexpensive, but can produce high surface roughness and tend to
display high amounts of anisotropy [49].

VPP additive manufacturing methods, such SLA and DLP, both rely upon layer-
by-layer photopolymerization of a liquid print material, which is generally held in a large
vat. Compared to other printing processes, these methods can be considered to be
often “upside down”, wherein the printed component moves upwards away from the
base material and printing apparatus at the bottom. In these methods, an ultraviolet light
or laser is focused onto specific locations to initiate a polymerization, which is then
continued layer by layer to complete a structure. These methods are well known for
their high accuracy and capability of producing materials with a relatively wide range of
properties, with particular focus on the ability to print non-thermoplastic materials [1].
DLP and M-SLA (masked stereolithography) are both known for relatively fast printing
speeds resulting from being able to polymerize an entire layer simultaneously. However,
these printing processes have drawbacks as well. One of the most important is the
requirement of a photoinitiator within the print material in order to generate the free
radicals necessary to begin the polymerization process [50, 51]. These photoinitiator
materials can have their own limiting characteristics including very precise light
wavelength requirements [51], unfavorable biocompatibility or toxicity [51, 52], and can
pose the possibility for the free radicals released to interact with not just the intended

polymeric material for solidification, but with other components of the material mixture
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as well. Different print materials and additives can also necessitate the addition of a UV
absorber [52]. Materials demonstrating high refractivity, transmissivity, or similar optical
properties can lead to scattering of the UV light which activates the photoinitiator. This
scattering causes polymerization to occur in a wider area than might be intended and
limits the accuracy of the print. A UV absorber blocks the UV light of the relevant
wavelengths, allowing control over the maximum penetration depth of the optical system
and the horizontal propagation of the polymerization simultaneously. In whole, VPP
processes are very important for the medical industry due to providing highly accurate
printing of various highly functional materials. However, the printing material can be
more expensive than the polymers used in FFF, and similar processes, and usually
requires a thorough cleaning to remove excess liquid print material from the surface of
the part.

While the strengths and benefits of metallic additive manufacturing are
significant, the processes do have limitations which polymeric additive manufacturing
methods do not. Metal additive manufacturing methods have long had the stated
difficulties with controlled surface roughness, dimensional consistency, and contaminant
leeching as a result of the powderous nature of the print material and the high energies
involved [53]. Polymeric additive manufacturing generally involves lower temperatures
and more stable print materials, which lowers the cost substantially simply due to having
less strenuous performance requirements for the printer. Further, these types of additive
manufacturing generally boast high accuracy and comparatively wide print material

compatibility [54], both of which can be quite beneficial for medical applications.
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Methods of Improving Additively Manufactured Medical Materials

As a result of the rapid increase in interest in additive manufacturing, research in
the field of additively manufacturable materials has increased as well. The growing
importance of AM in certain high-end manufacturing applications called for materials
boasting specific and advantageous qualities to be created [54]. Some examples
include additively manufacturable materials demonstrating increased strength,
increased electromagnetic absorption, altered electrical properties, and even responsive
materials suitable for the fabrication of solid-state actuators [55]. However, not all of the
methods used for producing these enhanced qualities are applicable to additive
manufacturing or to the medical field.

In standard metallic manufacturing, a handful of options are available for
improving the properties of the resulting materials. If the composition is not restricted,
alloying can be used to enhance or modify the properties in many ways. Under most
conditions, Cold working, and other physical processes, can be generally used to
increase strength and hardness while reducing ductility. Heat treatment can be used to
influence the grain structure and generate corresponding changes in mechanical
properties as well. Other methods like aging might be applicable to specific systems for
the control of material properties [24], but are based on atomic interactions that might
not be sufficiently pronounced in all cases. Polymeric manufacturing has less possible
property improvement methods. Within each polymer, variances on crosslinking ratios
and chain length can be produced to result in different bulk properties of the polymer,

though this can be difficult to do at the consumer end of production.
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Within additive manufacturing, the particularities of layer-by-layer production can
introduce other methods of influencing the mechanical properties of resulting materials.
For both metals and polymers, changing print parameters can result in altered layer
adhesion and altered effective porosity. In metals, the laser parameters used in
SLS/SLM can be altered to introduce different grain formations and heat-effected-zone
penetration depths, thus also affecting the resulting mechanical properties. Changes in
the sizes of the metallic particles that are used as the feed material in printing can also
influence the resulting porosity and grain formations. Heat treatments can be used to
influence the grain structure or further solidify the structure following printing, though in
some cases this can cause shrinkage of the part depending on how it was formed [56].
However, additive manufacturing generally implies a specific structure will be formed,
largely invalidating the use of deformation-based strengthening methods like cold
working. In FFF polymer manufacturing, different layer heights and the size of the
extrusion nozzle can both influence the shapes of the interfaces between each layer
and thus the adhesion between layers as well. Heat treatments can be used to slightly
melt the polymer and increase adhesion between each layer in FFF processes, which
can have few drawbacks so long as the melting does not lead to degradation and can
even lead to mechanical strengthening [57, 58]. Chemical treatments can be applied to
smooth the surface of the printed part, but this can lead to size reductions and losses in
mechanical strength [58]. In VPP processes, post-curing can be performed using
additional application of both heat and UV light to increase the extent of polymerization

and the mechanical properties of the final material.
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When focusing specifically on medical, resorbable, additively manufacturable
materials, the number of available strengthening methods reduces heavily. The alloying
of metals becomes difficult as many metals are not biocompatible, let alone resorbable,
and must be excluded from use. Chemical treatments, like crosslinking agents or part
smoothing of polymeric materials, can have many simultaneous impacts on the
molecular structure and can be difficult to implement without compromising
resorbability. However, while modifying the mechanical properties of each material
category can have limitations, combining multiple material categories into a composite
can provide an additional method of controlling the resulting properties. Within additive
manufacturing compositing, the printability of the “parent” or “matrix” material, that being
the material making up the majority of the final composition, can be largely inherited by
the following composite. With careful development, the creation of a composite can
show the desired additional properties without significant modification to printability and
without disrupting resorbability.

In metallic additive manufacturing, the compositing of a metal with a small
amount of polymer is not generally an option as the heat required to melt the metal
would generally decompose the polymer. However, compositing metals with reinforcing
ceramics during PBF processes has had some success in non-medical fields [59].
Within polymeric additive manufacturing, compositing opportunities are more
pronounced and involved. Two of the most common methods of creating an additively
manufacturable polymer composite are powder incorporation and fiber incorporation. In
both cases, a small amount of a second material is added before printing occurs,

generally while the base material is in a fluid or fluid-like state or while it is a powder. In
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the case of fiber incorporation, the length of the fiber is of great importance [60]. FFF
processes can utilize longer fibers since the printing process occurs parallel to how
those fibers would be arranged within the filament, while processes like VPP or powder
FFF require shorter fibers due to the directional relationship between the feed material
and the printed material being much more difficult to predict [60]. The fibers can be a
variety of materials for a variety of purposes, but the addition of carbon fiber to increase
strength is one of the most common. In this case, longer fibers are generally associated
with higher strength, but can have negative impacts upon layer adhesion and maximum
print accuracy due to the increase in mechanical stiffness [60]. Powder-based
compositing can have a generally easier material incorporation process, but the
homogeneity of the produced printing material can be difficult to maintain [61].

One field of interest for polymeric composite materials is composites combining
metals with a polymeric primary structure. Composites of this type can demonstrate a
wide range of helpful qualities including increased electrical conductivity, thermal
conductivity, increased toughness, increased stiffness, and increased strength [62, 63].
Compared to combination with other polymers, metal compositing can generally allow
for much larger increases in the noted properties. This field has seen major
development with specific focus on additive manufacturing, wherein these mixtures can
provide improved qualities without significantly compromising the manufacturability. It
should be noted that there are two major methodologies for the usage of this type of
material. The first consists of the development of a material mixture where a polymer
base is reinforced or supplemented with a metallic secondary component for the

purposes of augmenting the properties of the bulk. The second method involves the
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development of a material mixture which can be printed using inexpensive polymeric
additive manufacturing methods, followed by thermal or chemical processes to eliminate
the polymer from the structure and fuse the metallic components into a solid final piece.
Despite initial compositing, this method serves as an additional method of producing
components that are almost entirely metal. As the second pattern focuses on composite
development only to facilitate the creation of a final material which is not intended to be
a composite, the rest of this section will focus on the first methodology.

Metal/polymer composites are commonly based on a homogeneous distribution
of a powderous metallic material within a polymeric matrix [64]. A further benefit of
producing a metal/polymer composite material for medical applications can also be the
lowering of the effective stiffness from the values demonstrated by the pure metal.
While this may seem contrary to common expectations, fully metallic implants can have
their own difficulties that require mitigation. One of the most important is called stress
shielding, which describes a phenomenon where an implant which has a substantially
higher stiffness than bone ends up absorbing the loads normally applied to an adjacent
section of bone. The resulting lack of loading on that section of the skeleton then
causes it to degrade over time due to atrophy and disuse. With an appropriate material
selection and mixing process, the strength differences between a prospective implant
material and human bone can be mitigated. One major application of this type of
compositing is the creation of bone tissue engineering scaffolds. These scaffolds
provide support and occasionally even nutrients for the regrowth of bone tissue, which
necessitates not only a porous structure but also an overall rigidity and strength

comparable to that of bone. Many of these scaffolds are also designed with resorbability
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in mind so that the scaffold itself does not cause delays or complications during the
healing process. Metal/polymer compositing can provide additional control over the
properties of scaffolds through modification of the composition of the composite. This
control over the compositional material ratios enables an additional method of tuning the
performance of parts which require specific mechanical properties in combination with
specific degradation rates. Given that the three major resorbable metals — iron,
magnesium, and zinc — are also important for a number of bodily processes including
healing, their addition to implant components even has the potential to improve healing
rates by providing the regenerating tissue with an adjacent and available source of
critical nutrients.

Dong, Q et al. [36] investigated this directly by producing polymeric scaffolds
composed of polycaprolactone (PCL) and powder-composited with magnesium before
FFF fabrication. The produced scaffolds demonstrated improved osteogenic and
angiogenic behavior compared to unmodified PCL, indicating that the presence of
magnesium did lead to increased regeneration speed. In the case of PCL specifically,
the magnesium present was also believed to have served as a catalyst for increasing
the biodegradability of the polymeric material. While the majority of this study was
focused on bioactive effects of the final composite, compressive strength testing was
also conducted and reported. These results indicated that the addition of magnesium to
PCL, in weight percents between 1% and 9%, led to increases in compressive strength
and modulus. The most significant improvement occurred at 5wt% magnesium with a

strength approximately double that of the unmodified PCL.
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Jiang, D et al. [8] investigated the incorporation of 316L stainless steel within
polylactic acid (PLA) and producing scaffolds via FFF. Similar to magnesium in PCL, the
resultant material demonstrated substantially improved compressive strength but
conversely showed a negligible effect upon degradation speed. The lack of degradation
impact is most easily explained by the fact that 316L itself has minimal vulnerability to
the environmental conditions within the human body, which leads to an additional
important note on this research. With a 316L steel impregnated PLA structure, the
primary structure of PLA will degrade over time, while the steel powder within will not.
Though it was not assessed in this study, incorporation of non-resorbable metal
powders within resorbable polymers would, during application, eventually expose the
inside of the human body to a potentially harmful free floating non-degradable metal
powder.

Another scaffold compositing study, conducted by Lee J, et al. [10] combined
PLA with titanium. The resulting material demonstrated substantial improvements to
compressive strength, as was generally expected, but also demonstrated significant
increases to tensile strength. Normally, tensile strength improvements are related to
fibrous additives since metallic powders can often serve as stress concentrators,
leading to lower strength when tested in tension. Impact toughness increases were also
noted and determined as resulting from titanium particulates causing crack pinning. The
biocompatibility was noted as being enhanced due to increased cell activity compared
to unmodified PLA, but no further investigation was performed into the degradation or

terminal degradation behavior.
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Shuai C, et al. [65] investigated PLLA (Poly-I-lactic acid) combined with
magnesium and produced via SLS. The produced material was described as having
substantially increased compressive strength, hardness, compressive modulus, and, by
design, degradation rate. The main goal of this study was to evaluate the impact of
magnesium inclusion upon the degradation rate of PLLA. It was hypothesized that
magnesium would accelerate degradation by altering the pH through formation of
Mg(OH)2, which was supported by the conclusions in this study. The study also
indicated various biocompatibility benefits from magnesium compositing, including
enhanced cytocompatibility, cell adhesion, and cell proliferation.

From each of these studies, it seems clear that compositing in this method has
the potential to improve the mechanical characteristics of the implant material, tune the
degradation rate of a resorbable material, and provide increases to cellular regeneration
all at the same time. However, several investigations have used metallic materials for
compositing that are not themselves resorbable. As previously noted, these
combinations could cause a release of free non-resorbable metal powder within the
body following terminal degradation of the host implant. While some studies have
determined that, for example, solid titanium implants demonstrate significant
osseointegration [66] and this has been applied to indicate that titanium powder would
pose few health hazards due to integrating with the bone rather than being free floating
[10], this does not conclusively negate the issue. It remains possible that metallic
powder could escape the implant prior to osseointegration depending on the
degradation rate, which might be difficult to control to the degree required to eliminate

any hazard. This leads naturally to a focus on compositing with resorbable metals that
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pose less health risks but still demonstrate the noted mechanical property
enhancements. However, extensive analyses of these property enhancements from
resorbable metal additives have limited availability at this time, and the field remains
open for the development of experimental data quantifying the benefits in certain areas.
For example, the development of experimental data related to the compositing of

materials for VPP additive manufacturing.

Composites in VPP Additive Manufacturing

Within VPP additive manufacturing, compositing has an additional
complication that is not present inside FFF or SLS/SLM systems: settling. Because the
printing resin for VPP is a liquid, compositing with solid particulates or fibers will
generally result in those solid particulates or fibers falling out of the solution over time
[14]. As many SLA/DLP prints can take several hours, especially for larger model
designs, the instability of the solution can easily become a factor impacting the
properties of the final composite. At this time, there is not a commonly accepted
solution.

Several investigations into solid-additives within VPP environments [62, 67-70]
have employed ultrasonication to attempt to ensure the resin and additive are
homogenized before printing. While this is generally effective at initial homogenization,
this method is unlikely to do anything to maintain homogeneity during the printing
process. Regardless, these papers did not feature any collection of information related
to the changes in the concentration of the additive within the printed component over

the course of printing. The investigation by Gil, et al. [70] specifically concluded that
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agglomeration and settling could be a problem for further testing, even suggesting
possible solutions like heating or the addition of emulsifiers, but did not assess the
distribution within printed specimens.

Safee, et al. [14] performed some investigation into the feasibility of chemical
modification of additive particles to maintain dispersions. Magnesium particles (~300 nm
in diameter) were treated to apply silane functional groups to their outer surface. This
process was intended to increase interactions between the resin and the nanoparticle
and thus slow precipitation. In order the measure the rate of precipitation, samples of
resin containing the dispersed particle were stored under static conditions and sampled
from the top layer at selected times. The gathered material was evaluated by collecting
an image of the specimen under a microscope and assessing the coloration of the
result. The treatment method used here was seemingly successful at slowing
precipitation. However, the performance of this process was heavily affected by the
resin system that the particle was inserted into. In the tested commercial elastic resin
system, only a small amount of particle loss was recorded over the period of testing,
while the tested commercial ultra-high resolution resin showed a much lower presence
of particles after the same time period. Separately, this test also makes clear that the
precipitation rate of materials, even after a chemical treatment, can still be fast enough
to be relevant over the course of a VPP additive manufacturing process.

Mousapour, et al. [71] attempted to produce metal powder/polymer resin
composites and noted that settling was an issue once crossing a certain threshold of
printing time. In order to avoid this, samples were redesigned to be very thin (2mm tall)

and print as quickly as possible. While the reduction of physical parameters might avoid
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the issue of settling, it does not solve the problem and is unlikely to be reasonable for
most additive manufacturing purposes. Xiao, et al. [72] investigated lunar regolith as a
filler for photopolymers and suggested that smaller solid particles produce more stable
suspensions and more homogeneous particle distributions. However, this study also did
not assess the distribution of particles within printed solids or the effect of that
distribution upon the final properties. Tang, et al. [73] investigated silicon carbide
ceramics dispersed within resin for DLP printing and noted that sedimentation and
settling were an issue with time. However, this study provided only that the stability of
the produced slurries met the requirements of the printer for production, without further
analysis of the impact of settling during printing on the printed parts.

Some recent studies have, however, performed important assessments of
settling within commercial resin systems. Prause, et al. [13] examined the
microstructure of parts printed from commercial, medical VPP polymer/ceramic
composite feedstocks. Though there was significant variance between the materials
examined, settling and agglomeration were recorded at the micro-scale even during
regular printing processes. In particular, the settling of additive material was shown to
occur inside each layer, presumably as the polymerization for that layer occurs, driving
the creation of intra-layer inhomogeneity. Further, general inhomogeneity was noted
within the whole of the material, even after following manufacturer recommendations for
processing and printing only small 2 mm diameter cylinders. Picariello, et al. [15]
investigated how several of the properties of a commercial filled resin evolve over time

as a result of settling. Most critically, settling within the printing environment, though
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exaggerated through the use of an abnormally slow printing profile, was noted to cause
immediately noticeable and impactful defects in the final parts.

From these studies in this section, it appears clear that settling of solid material
during composite vat-photopolymerization is important for many applications. However,
limited investigation has been carried out into the assessment of the effect of settling on
the properties of printed materials. Depending on the mixture, it is likely that later-
printed layers will have lower concentrations of solid additives compared to earlier
printed layers, as a result of those additives settling over time. When printed, this could
mean that the final printed layers have substantially different properties when compared
to the earlier layers. At this time, very little investigation has been done into the
minimization of settling during printing and what research has been done depends on

chemical processes that have limited applicability.

Summary and Research Directions

Medical metal/polymer additively manufactured composites are developed based
on two main ideas. First, the creation of a stronger material increases the number of
potential medical applications due to the increased mechanical properties [64]. Second,
the creation of a component demonstrating additional non-mechanical functionality due
to the presence of metallic materials — such as components that can supply nearby
bone with nutrients to improve healing — increases the range of possible applications as
well [36]. However, the literature contains little information on the mechanical
performance of many additively manufactured metal/polymer composites. Given that

knowing the mechanical properties of an implant would be absolutely critical for its safe
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application, a greater understanding of how metallic additives affect the strength,
toughness, viscoelastic behavior, and other mechanical properties of polymer-based
additively manufacturable composites should be developed.

However, composite development focused towards strengthening or the addition
of non-mechanical functionality can result in the mixing of materials without direct
concern for their other properties, such as resorbability. As with some of the noted
material combinations in the literature review [8, 10], this can lead to the combination of
a non-resorbable metallic powder with a resorbable polymeric base. After implantation,
this type of mixture could degrade into a cloud of free-floating and moving metallic
powder within the body. At this time, there are limited studies that attempted to develop
a composite which was fully and safely resorbable while also demonstrating improved
mechanical properties.

In addition, the research thus far has focused on FFF and similar extrusion-
based processes. However, VPP printing can produce materials with superior
performance due to increased crosslinking and limited thermo-plastic behavior [2].
However, the issue of settling during the printing process limits the use of VPP for
composite production. There is limited research into preventing or documenting settling
within vat-photopolymerization and there is not currently a commonly accepted solution.
The lack of significant data on mechanical properties and the clear bias toward FFF as
a production technology leaves a clear gap in current research for resorbable
metal/polymer composites. This dissertation is intended to help close the gaps in
knowledge related to the production characteristics and requirements of metal/polymer

compositing within vat-photopolymerization environments and the mechanical
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properties of the resulting resorbable composites, while also suggesting a method for
addressing settling within VPP printing going forward. Specifically, a mechanical mixing
system was designed, constructed, and applied to allow for continuous agitation, and

homogenization, of the VPP feedstock during printing.

Chapter 3 - Methodology

Materials

Poly(ethylene glycol) diacrylate (PEGDA, Mn = 250; SigmaAldrich) was selected
as the base polymer and diphenyl 2,4,6-trimethylbenzoyl phosphine oxide (TCI
America) was used as the photoinitiator to form a photoactive resin. Magnesium powder
(99.8%, Beantown Chemical) was selected as the test additive and obtained sieved to -
325 mesh, corresponding to a nominal maximum particle size of approximately 44 um.

For some testing, the obtained magnesium powder was filtered and fractioned
further using a 400 mesh screen, producing two additional particle sizes used in specific
tests: particles with a nominal maximum particle size of approximately 36 ym and
particles with sizes larger than 36 um, but smaller than 44 pm. Unless otherwise

indicated, the as-obtained <44 um condition was used for testing and formulation.

Feedstock Preparation

For each print, PEGDA was loaded to 2.5 mg/mL of the photoinitiator inside a
beaker and magnetically stirred until fully dissolved and a macroscopically

homogeneous solution was obtained. 200 mL of the produced solution was then
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combined with magnesium powder to the desired loading, between 0.22 wt% and 6.0
wt% magnesium, and additional magnetic stirring was applied for 10 min at 800 rpm.
Once the 10 min of initial mixing was completed, the prepared feedstock was
immediately transferred to the mixer system and its mixing started, followed immediately

by the start of printing.

Gravimetric Sedimentation

A 100 ml volume of PEGDA feedstock was prepared as described above and
loaded with magnesium to achieve a concentration of 2.5 mg/mL. The suspension was
magnetically stirred at 800 rpm for 10 min in a 150 mL beaker to ensure a uniform initial
dispersion. The stir bar was then removed and the beaker was transferred to a balance
equipped with an aluminum collection pan which was suspended, within the feedstock,
approximately 1 mm above the bottom surface of the beaker. A distance of 1 mm was
selected to allow continuous evaluation of accumulated mass without disrupting the
experiment and while maintaining sufficient clearance to prevent interaction between
the collection pan and sediment accumulating on the beaker base.

The mass of sediment collected on the pan was recorded at regular intervals
over a period of 5 hours for correlation with the Stokes’ law-based settling velocity of the
magnesium particles within the PEGDA matrix. The measured mass was also
normalized by the theoretical maximum mass expected to collect on the pan based on
the ratio of the pan area to the beaker cross-sectional area, allowing the fraction of

settled magnesium to be estimated throughout the experiment.
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Additive Manufacturing

Initial test printing was performed on an Anycubic Photon Mono M3 Plus vat
photopolymerization — masked projection (VPP-MP) printer, hereafter referred to as the
M3P printer, while later PEGDA-Mg composites were produced on one of two Anycubic
Photon M7 Max VPP-MP printers, hereafter referred to as M7M-1 and M7M-2. All three
printers are shown in Figure 1. VPP-MP, like several VPP methods, enables the

polymerization of entire layers simultaneously.
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Figure 1. Printers used in this work. Anycubic M3 Plus (left), Anycubic M7 Max - 1 (center), and Anycubic M7
Max - 2 (right).
A summary of used printing parameters for the M3P printer is provided in Table
1. For reference, the mixing speed refers to the speed of the mixing system during
printing and exposure time refers to the number of seconds that each layer is exposed
to the UV source for polymerization. Layer thickness is the vertical height of each liquid

layer as it is polymerized, which is controlled by a corresponding change in build
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platform position between layers. Movement of the build platform is controlled by the Z
lift speed, which controls how fast the platform moves upwards after a layer is
completed, Z lift height, which controls the total height that the platform is lifted to
between layers, and the Z retract speed, which controls the speed at which the platform
returns downwards to start the polymerization of the next layer. A layer exposure time
of 8 s was selected, which provided stable curing behavior and consistent part
formulation under the tested conditions. Mixing behavior was kept to simple, single-
direction, single-speed, continuous mixing throughout the whole printing process.
Printer M3P was used only to produce low-additive samples (2.5 mg/mL of magnesium)
under various mixing speeds, with two stir bars attached opposite each other in the

mixing chamber.

Table 1. Print parameters utilized in the production of the test samples on printer M3P, including total print

time for a single 40 mm tall cylinder with a 15 mm diameter.

Printer | Mixing |Exposure | Off Layer Z Lift Z Lift Y4 Total
Speed | Time (s) | Time | Thickness | Distance | Speed | Retract | Print
(rpm) (s) (mm) (mm) (mm/s) | Speed | Time

(mm/s) | (hours)

M3P 0 8 5 0.05 6 6 6 4.43

M3P [100-250 8 10 0.05 40 6 6 8.28

Due to slight variances between printers, as can commonly occur in consumer
and commercial grade systems, the print parameters needed to achieve the same

printer performance were different between all three tested printers. In addition, higher
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additive content resulted in more limited UV penetration, as expected, requiring slightly
higher curing times in each layer to achieve appropriate print quality. Similarly, printer
M7M-2 experienced a slight reduction in UV curing efficiency, likely a sign of aging
within the system’s UV source, over time, requiring additional exposure time to preserve
print quality in later prints, generally needing approximately 2 s of additional exposure
time compared to M7M-1. To account for these differences in the mechanical evaluation
of PEGDA-Mg, off time was used to increase per-layer time and keep total printing time
for each parameter set the same. In addition, the M7 Max printers supported newer two-
stage movement profiles for the build platform, allowing a slow withdrawal and retract to
the printing surface (stage 1) while also allowing a higher speed for moving to the total Z
lift distance afterward (stage 2) and allowing homogenized resin to refresh the printing
zone. The primary printing parameters for printers M7M-1 and M7M-2 can both been
seen in Table 2. All printing of PEGDA-Mg hybrids on printers M7M-1 and M7M-2
occurred at a mixing speed of 250 rpm, in single direction mixing with four stir bars

attached, unless otherwise stated.
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Table 2. Primary print parameters utilized in the production of the compression and tensile test specimens

on printers M7M-1 and M7M-2.

Printer Type Exposure Off Layer Z Lift Z Lift |ZRetract | Total
Time (s) Time Thickness | Distance Speed Speed Print
(s) (mm) (mm) (mm/s) | (mm/s) Time

(stage 1— | (stage 1 | (stage 1 | (hours)

stage 2) —stage | —stage
2) 2)
M7M-1 Compression 14 6 0.05 2-30 1.5-6 1.5-6 7.33
M7M-1 Tensile 14 0 0.05 2-20 1.5-20 [1.5-20 6.86
M7M-2 |Compression 16 4 0.05 2-30 15-6 15-6 7.33

Printed used three primary models. First, a cylindrical, 40 mm tall 15 mm
diameter cylinder model was printed, with one circular face directly on and in the center
of the build platform, for compression testing and microscopic analysis. Second, ASTM
Type V tensile testing dog bones were fabricated vertically, in sets of three, positioned
radially around the center of the build platform and alongside a small set of supports to
assist with stability. Third, an hour-glass shaped model was designed to provide various

measurements related to print quality. All of the printed models can be seen in Figure 2.
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Figure 2. 3D models of printed parts: (A) tensile specimens with supporting structure for printing, (B) Tensile

specimen, (C) Quality Test Model, and (D) Compression Cylinder.

Print Quality Assessment

In order to assess the quality of components, and how the operation of the
mixing system may impact the quality, the quality test model was printed without
magnesium at speeds of 0, 100, and 250 rpm and at curing times of both 10 and 14
seconds on printer M7M-1, otherwise using the same printing parameters as the

compression cylinders. Once printed, these models were visually assessed for general
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quality, then measured using calipers with a resolution of 0.01 mm. Measurements were
collected of the total height of the hourglass section, the diameter of the hourglass at its
thinnest point, and the diameter of the hourglass at its widest point. The small cylinders
on top of each hourglass were assessed by measuring by their diameter and height,
while the square cut-in was assessed using its depth and wall length. Each
measurement was collected three times on the same specimen, then averaged and

recorded.

Microscopy

Cylindrical compression specimens were fabricated as described above.
Following fabrication, each cylinder was sectioned so as to expose the longitudinal
centerline using an aluminum oxide cut-off wheel. The exposed surface was then
polished via sequential grinding with using 180 grit aluminum oxide abrasive paper
followed by 400, 800, and 1000 grit silicon carbide abrasive papers to produce a surface
suitable for microscopic examination and particle counting.

Microscope images of the polished longitudinal centerline were acquired at 2 mm
intervals along the height of each cylinder. Images were not collected from the extreme
top or bottom edges as artifacts resulting from the sectioning process had affected
those regions. Both optical microscopy and scanning electron microscopy (SEM) were
used for characterization. For optical microscopy, each image captured an area
measuring 1.12 mm wide and 0.839 mm tall, with the width of the image parallel to the
print direction. SEM images, for image processing, were acquired at 40x magnification,

corresponding to an imaged area measuring 2.98 mm wide and 2.24 mm tall, with the

53



height of the image parallel to the direction of printing. All SEM images used for image
processing were collected in compositional-contrast backscattered electron (BSE)
mode, while selected images for topographical interest were collected via secondary
electron imaging (SEI). SEM images for other analysis were obtained under similar
magnifications and specimen orientations to those used for image processing, unless
specified otherwise. Prior to SEM imaging, specimens were sputter-coated with gold to

a nominal coating thickness of 24 nm.

Image Analysis

Image analysis was performed using ImageJ. Individual particles were identified
via grayscale intensity thresholding, allowing determination of both particle count and
particle area fraction for each image. Due to slight variations in background intensity
within the collected images, a single global threshold was not applicable across the
entire dataset. Therefore, the contrast limits used for thresholding were adjusted
manually according to a consistent criterion, selecting threshold values such that
measured particle boundaries coincided with the visually identifiable particle edges in
the original image with a minimal inclusion of background pixels. All image analysis was
performed by the same researcher and according to the same image-processing

procedure.

Simulation

In order to determine what area fraction would be expected for a given

metal/polymer ratio, the stereological relationship described by Delesse’s principle

54



should apply, where the average plane-intersected area of particles would be identical
to the volume fraction of those particles. However, this relationship assumes that a
representative image set is available. In the case of the produced samples, microscopy
focused on high magnification with the intent of providing distribution information as
close to a layer-by-layer assessment as was feasible. For this reason, microscopy could
not sample a sufficiently large representative area for direct application of Delesse’s
principle and a particle-size-based imaging bias due to limited imaging area was likely.
To account for this issue, a Monte Carlo simulation was implemented in MATLAB to
produce expected values for area percent from images which could not capture a fully
homogeneous continuous volume. Within this simulation, particles were randomly
distributed throughout a periodic 1 mm? representative volume element. Then, two-
dimensional cross-sectional planes of the volume were randomly selected and the area
fraction of particles in each plane could then be calculated and recorded. After many
simulations, these calculated measurements were averaged to produce an expected
area fraction occupied by additive particles for a range of specified weight fractions. To
account for particle overlapping during the random distribution, any overlapping
particles were assigned repulsive interaction forces and the system was iteratively
relaxed until the total overlapping particle volume fell below 1%. The periodic nature of
the volume allows for moving particles which exit one boundary to immediately re-enter
from the opposite side, minimizing boundary effects on both particle distribution and
sectional area evaluation. The particles were simulated under the assumption of
spherical morphology and assuming that particle diameter was normally distributed with

a 10 ym standard deviation. Mean particle size was varied between 20, 25, and 30 pym

55



while the additive loading was varied between 0.1 wt% magnesium and 20.0 wt%
magnesium. For each condition, a total of 1000 random particle distributions were

simulated and each evaluated using 1000 randomly selected measurement planes.

Mechanical Testing

Compression testing was conducted utilizing an Instron 5982 universal testing
machine while tensile testing was conducted utilizing an Instron 68TM-10 universal
testing machine. Compression testing was conducted at a strain rate of 1.3 mm/min, in
line with ASTM D695, with a 100 kN loadcell, calibrated according to ASTM E2 to an
accuracy within 1% of reading, a resolution of 0.25 N, and a minimum calibrated loading
of 0.18 kN in compression. Tensile testing was conducted using a strain rate of 1.0
mm/min, in line with ASTM D638, using a 10 kN loadcell, calibrated according to ASTM
E2 to an accuracy within 0.5% of reading, a resolution of 0.025 N, and a minimum
calibrated loading of 10 N in tension.

Mechanical testing was conducted on specimens containing 0, 1, 2, 3, 4.5, and 6
wt% magnesium, which each condition containing at least three specimens. Additional
testing was performed at 3 wt% concentrations using magnesium particles filtered, from
the obtained condition of <44 ym in size (-325 mesh), to <36 um (-400 mesh) in size
and utilizing the particles retained above the filter to create specimens with particle size
between 36 and 44 um. In the case of compression, only one specimen could fit on the
build plate at a time, resulting in each condition being produced over multiple individual
prints, each with their own feedstock preparation process. In the case of tension, three

specimens could be printed simultaneously, allowing indicated testing within the output
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of a single print job except in cases where tested specimens exceeded 3. Number of

prints and tested specimens for each condition can be seen in Table 3.

Table 3. Number of mechanical tests and number of individual prints used to produce specimens for each

condition.
Feedstock |Particle | Number of Number of | Number of | Number of
Loading size Tested Prints for Tested Prints for
(wt% (um) | Compression Tested Tensile Tested
magnesium) Specimens | Compression | Specimens Tensile
Samples Specimens
0.0 N/A 5 5 4 2
1.0 <44 9 9 3 1
2.0 <44 5 5 3 1
3.0 <44 3 3 3 1
3.0 <36 3 3 6 2
3.0 36-44 3 3 3 1
4.5 <44 3 3 3 1
6.0 <44 3 3 3 1

Mass-loss dissolution

To evaluate the degradation speed of PEGDA-Mg composites, one compression

cylinder was printed for loadings of 0, 1, 2, 3, 4.5, and 6 wt% magnesium in the

feedstock. Two additional cylinders were printed at 3 wt% magnesium in the feedstock,
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but with additional filtration to yield particles less than 36 um in size and particles
between 36 and 44 ym in size. The printed cylinders were then weighed, placed into
separate glass vials, submersed into 20 mL of 1X phosphate buffered saline (PBS) with
a pH of 7.4, and held at a temperature of 37°C for 30 days. Every five days, the
cylinders were removed, patted dry, weighed, and then returned to the dissolution

environment following replacement of the phosphate buffered saline with fresh material.

Chapter 4 - Results and Discussion

VPP Mixing System Design

The proposed mixing system was designed with ease of production, cost-
effectiveness, chemical compatibility, and adaptability as primary objectives. The
majority of the components can be additively manufactured using widely available, low-
cost materials, and the assembly relies entirely on easily sourced, standardized
hardware (such as M3 screws and captured hex nuts), eliminating the need for thread
tapping or complex machining. The following subsections detail the design and
implementation of the system on an Anycubic M3 Plus desktop VPP printer (M3P) and
an Anycubic M7 Max VPP printer (M7M). For reference, a fully-assembled mixing
system setup for an Anycubic M3 Plus printer, along side a 3D model of the mixing
system, can be seen in Figure 3. An exploded view of the system including all major
parts for this setup can be seen in Figure 4, while a further view details the

subcomponents of the main mixing chamber assembly in Figure 5.
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Figure 3. Fully assembled M3P printing setup with the mixing system (left) and 3D model of the mixing

system and M3P printer modifications (right).
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Part# Name

1 Mixing Chamber Assembly

2 Mixer Gantry

3 Motor

4 Motor Shield

5 Motor Coupling

6 Drive Gear

7 Build Platform Extension Arm
8 Build Platform

9 Sensor Extension Arm

Figure 4. 3D rendered exploded view of the mixing system and printer modifications.
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Part# Name

1-A Mixing Chamber
1-B Magnet Arm

1-C  Chamber Liner
1-D  StirBar

1-E Release Film

1-F Film Retaining Ring

Figure 5. 3D rendered exploded view of part 1, the mixing chamber assembly, showing all sub-components.

Mixing Chamber

The design of the mixing chamber was guided by three main considerations:
minimizing the possibility of turbulence-based disruption of the fabrication process,

maintaining a simple and adaptable design, and ensuring wide compatibility with
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conventional desktop VPP systems. For the first consideration, it was hypothesized that
turbulence near the curing interface could affect layer formation during polymerization.
To reduce this risk, the mixing mechanism was positioned well above the release film
such that, during fabrication, the build surface can provide a physical barrier between
the curing interface and the mixing mechanism. Using this setup, the chamber can be
divided into a large “mixing zone” above the build platform where full agitation occurs
and a confined “printing zone” below the build platform that is comparatively isolated
from mixing action, particularly during the initial layers where adhesion to the build
platform is established.

The second consideration was to balance the project interests of adaptability,
ease of production, and mixing performance. Accordingly, the design of the mixing
chamber avoided highly complex mixing geometry in favor of a simple, flat-walled
cylindrical vessel that could be readily produced and replaced while still demonstrating
the benefits of the process. Mixing was achieved using commercially available magnetic
laboratory stir bars, which provide excellent chemical compatibility while remaining
inexpensive and easily replaceable. The stir bars were driven externally by rotating
permanent magnets surrounding the mixing chamber, eliminating direct contact
between the drive mechanism and the feedstock.

The final consideration was compatibility with the dimensional constraints of
conventional desktop VPP printing systems while maximizing the available build volume
and minimizing required machine modifications. Because the circular profile of the
mixing chamber is dissimilar to the typically rectangular build area of commercial VPP

systems, the available build area is limited by the maximum circular diameter
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achievable within the rectangular build area. Similarly, an increase in chamber height,
compared to a conventional wide and shallow resin vat, reduces the available build
height within the attached printing system and motivates towards minimizing the vertical
size of the system.

The tested mixer body was designed as a hollow cylindrical chamber with an
internal diameter of 80 mm and a height of 65 mm, shown with a cross-section in Figure
6. This chamber serves as the feedstock reservoir during printing. The chamber
diameter was selected to accommodate the build area available in many common
desktop VPP systems, while the chamber height was set at the minimum necessary to
provide sufficient space for the external drive components, thus maximizing the
available build height within the system. To provide interchangeability and chemical
compatibility, the mixing chamber is separated from the rest of the structure by a 3.5
mm thick cylindrical liner (part 1-C) composed of borosilicate glass. two laboratory stir
bars (part 1-D) are placed within and a release film (part 1-E) is mounted and sealed
over the bottom edge of the chamber to serve as the printing surface. The release film
is secured using a retaining ring (part 1-F), which is similar to the film attachment
methods commonly used in commercial printing systems. The stir bars used in testing
were polytetrafluoroethylene coated, 25.4 mm in length, 9.5 mm in diameter and
polygon-style, without a pivot ring, obtained from VWR. The release film used was 0.15-
0.20 mm thick FEP film obtained from Koyofei. In this configuration, the mixer body only
has three components which are in significant contact with the feedstock: the release
film, the stir bars, and the liner. Each of these components can be readily sourced out of

a variety of materials and easily replaced as needed.
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Figure 6. 3D rendered cross section of the mixing chamber assembly, release film not pictured.

Mixing is achieved using several pairs of permanent magnets that are mounted
onto an externally-driven gear-toothed bearing. Though the bearing is designed to
support up to four magnet pairs, testing on the M3P was conducted using only two sets
and two stir bars, spaced 180° apart, while testing on the M7M utilized all four sets and
stir bars, spaced 90° apart. One of the arms used to mount the magnets externally (part
1-B) is shown in Figure 7. The permanent magnets in each arm were circular,

neodymium magnets of sizes 25 mm in diameter and 2 mm in thickness (Obtained from
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MAGXCENE) and 12 mm in diameter and 1.5 mm in thickness (Obtained from
TRYMAG). Within each arm, the magnets were mounted in stacks to each achieve an
effective thickness of 6 mm and paired such that the larger magnets and the adjacent
smaller magnets were presenting opposite poles towards the mixing chamber. In this
orientation, the magnets each couple with one pole of the stir bar inside the chamber,
holding it into a single, vertical, orientation against the chamber wall. Rotation of the
bearing causes the magnetically coupled stir bars to rotate along the chamber wall,
driving mixing activity within the system. This configuration minimizes any direct
interaction between the drive components and the photopolymer resin. As a result,
standard laboratory stir bars are the only drive component which contacts the feedstock.
Due to selecting the system height to be as small as possible and due to the geometry
of other necessary components, the stir bars could only be mounted at a single height,
suspended in a vertical orientation with the mid-point of the bar held approximately 42

mm above the release film.
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Figure 7. 3D rendered example of an external magnet arm.

66




During printing, the center of the cylindrical mixing chamber is occupied and
periodically disturbed by the build platform. Consequently, fluid motion is governed by a
combination of the wall-driven agitation, vertical translation of the build platform, and,
critically, the evolving geometry of the printed part. Assuming that the magnetic stir bars
are powered in a constant, single-direction rotation throughout printing, a vortex is
expected to form above the build platform during polymerization and then be disturbed
during the subsequent lifting motion of the build platform. However, as printing
continues, the position of the build platform relative to the chamber changes
continuously as the printed model grows larger. As a result, the geometry of the printed
part continuously becomes more relevant for the flow behavior within the chamber. This
dependence, combined with the change in build platform position, leads to time-variant
flow conditions that depend on the geometry of the printed part and complicate the
application of fluid modeling to predict system performance. Given the cylindrical nature
of the chamber, stagnation zones are expected to occur primarily within the printing
zone during polymerization and at the interface between the chamber wall and the
release film, but may be heavily disturbed by the regular motion of the build platform.

The Reynolds number for the mixing system can be estimated using the reported
properties of commercial VPP feedstock materials, which typically indicate viscosities
within the range of 0.15 Pa-s to 2.00 Pa-s () and densities (p) between 1.00 and 1.25
g/mL. Rheological information on commercial resins is limited, but materials are
reported as generally near-Newtonian and otherwise often best performing when
demonstrating only minor non-Newtonian behavior [74]. As a result, fluids are assumed

to be Newtonian for this calculation and comparison. Assuming an applied rotational
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speed of 250 rpm, equating to 4.17 rps (N), and a characteristic impeller diameter of 80
mm (D) for the wall-driven mixing system, the Reynolds number is estimated using

expression (1) for impeller driven flow within a cylindrical mixing chamber.

__ pND?
1l

Re (1)

Under these conditions, the system is estimated to operate within the transitional
mixing regime for many commercial resins, with Reynolds number values ranging
approximately from 13 to 222 depending on fluid properties.

For comparison, composite feedstock preparation in literature commonly relies
on mechanical stirring for initial homogenization [75-77], often specified as simple
magnetic stirring [14, 78-82]. Assuming a representative stir bar size of 25 mm, a speed
of 800 rpm, the same properties common to commercial VPP feedstocks, and
expression (1), these systems yield a range of Reynolds numbers approximately
between 6 and 100. Based on these comparative estimates, the developed mixing
chamber provides mixing conditions comparable to, or more intense than, the

environments typically used for pre-print homogenization.

Printer Attachments and Modifications — M3P

In order to attach the mixer system to a conventional VPP printer, four main
components are required: a supporting frame to hold the mixer to the printer (part 2)
hereafter referred to as the gantry, a build platform extension arm (part 7), a specially
shaped build platform (part 8) and a sensor extension arm (part 9). The gantry is
primarily responsible for securely fixing the position of the mixer body to the used VPP

system and supporting the motor and drive system as well. For the design used for the
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M3P printer, the gantry was connected to the mixing chamber via four mounting flanges
which extend out from the bottom of the chamber. Then, the Gantry could itself be
affixed to the used printer via the two mounting thumbscrews which normally hold the
traditional resin vat in place.

Due to the shape of mixer, a specially shaped build platform with a diameter of
approximately 50mm is required for operation. In this work, the build platform consisted
of a circular section cut from a consumer aluminum build surface produced by Anycubic.
Because the mixer body extended significantly above the form factor of conventional
resin vats, an extension arm, shown in Figure 8, was needed to offset the build platform
sufficiently such that the Z-axis carriage of the printer did not interfere with the mixer
body during operation. The used platform extension arm provided an offset of 130mm
compared to the original height of the build platform relative to the Z-axis carriage. To
increase the tolerances allowable in part production and assembly, the design of the
extension arm preserved the build platform mounting and leveling system of the original

printer.
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Figure 8. 3D models of a build platform extension arm (left) and sensor extension arm (right).

The introduction of the build platform extension arm necessitated a

corresponding sensor extension arm, example also shown in Fig. 6, to appropriately
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activate the z-axis end stop sensor at the corrected height of the build platform. In
general, this sensor arm should provide the same effective offset as the build platform
extension, though leveling adjustment systems can allow for significant tolerances
between the two offsets.

In this work, a NEMA 17 pattern stepper motor (part 3), controlled by an Arduino
Uno Rev3 and a A4988 stepper driver, was used to provide continuous rotation at
precise speeds. Because stepper motors are driven in discrete step pulses, the rotation
speed can be regulated through software without requiring closed-loop feedback
mechanisms or rotary encoders, thereby minimizing setup cost and difficulty. Though
not necessary for operation, a small shield (part 4) was added to protect the motor from
any contact with the feedstock during the removal of the build platform. To provide
power to the toothed-bearing and perform mixing, the motor is coupled (part 5) to a
small drive gear (part 6). The standard gearing of the toothed-bearing uses 36 teeth and
was matched to the drive gear in a 18:7 (bearing : drive) gearing ratio. A smaller drive
gear was selected to help avoid low-speed stepper resonance by allowing the motor to

remain at a significantly higher speed than the mixing chamber.

Printer Attachments and Modifications — M7M

In comparison to the simplified variation for the M3P, the reinforced version of the
mixer attachments used for the M7M still have the same four main components: a
supporting frame, or gantry, to hold the mixer to the printer, a build platform extension
arm, a specially shaped build platform, and a sensor extension arm. The reinforced

gantry, shown in Figure 9, is instead composed of several pieces, allowing more
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interchangeability and production using printers with smaller build volumes. Otherwise,
the reinforced gantry also features several major revisions to the drive system. In the
simplified version, high torque motors operating at high speed creates a significant
torque on the gantry, leading to flexing and a loss of performance if the flexing causes
the mechanical components to jam. In order to address this, the new system uses the
upper attachment interfaces to secure the gantry to the mixing chamber at the top as
well, lowering the significance of flexure, while also incorporating a separate driveshaft
supported by small commercial bearings on both sides, shown in Figure 10, limiting the
flexure which could result from the drive gear being directly attached to only the motor.
As a result of these improvements and the goal of mixing at speeds above 250 rpm, the
gearing ratio was also changed to be 1:1, using the same motor and control system as
the M3P system. This leads to a more significant risk of low-speed stepper resonance,
but also affords a greater top speed as stepper motors lose torque at higher rates of
rotation. Lastly, a removable cap, shown in Figure 11, was added around the build
platform arm to minimize any chance of the feedstock splashing out of the mixing
chamber under high agitation conditions. An exploded view of the various parts of the

new drive system can be seen in Figure 12.
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PHCTON MONO M7 MAX

Figure 9. Fully assembled mixing system attached to printer M7M-1 (left) and 3D model of the mixing

chamber and M7M adapters (right).

Figure 10. Side view of the drive system for M7M adapter setup (left) and 3D model of the detached drive

system (right).
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Figure 11. Mixing chamber cap attached to build platform extension arm (left) and as 3D model (right).
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Part# Name

A Motor

B Motor Shield
C Drive Gantry
D Drive Axel

-
B
- — 4
=
O
_7
1 Custom Lovejoy-pattern Coupling
B — 2 Lovejoy Spider
3 Lovejoy Coupling
- — 4 Bearing
5 Shaft Collar
6 Drive Gear Securing Ring
7 Drive Gear
8 Drive Gear Mounting Core

Figure 12. Breakdown and exploded view of the M7M drive system.

75



Similarly, the original bearing design prioritized ease of assembly, but the
tolerances needed to successfully print an all-in-one bearing design on available
equipment meant that the final part was not tightly fitted, allowing some wobble in the
bearing as it rotated. At speeds at or below 250 rpm, this effect was minimally impactful.
However, at high speed, this became a significant source of energy loss and drag,
requiring more energy to turn and causing issues with reliability as a result. To
compensate, the bearing was redesigned to be produced in several pieces and
assembled later, allowing much more freedom to iterate on roller dimensions with the
goal of producing a much more tightly fitted bearing. For reference, the original bearing
experienced an angular misalignment during rotation of approximately +/- 0.5° between
the inner and outer rings. Due to its size, this translates to approximately +/- 1 mm in the
vertical positioning of the outer components. In the new bearing design, shown in Figure

13, no angular misalignment could be detected macroscopically.

AL

Figure 13. The revised bearing attached to the mixing chamber (left) and exploded view of the bearing halves

and rollers (right).
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The build platform and extension arm used for this new design was unmodified
from those designed for the M3P. However, the new printer did not support the same
attachment geometry and required a replacement attachment interface to match the
pre-existing designs, incorporating a simple replacement leveling system as well. Lastly,
the sensor arm, shown in Figure 14, required a different geometry due to the difference

in sensor placement in the M7M, but otherwise served the same purpose.

Figure 14. 3D model of the M7M Sensor offset arm.

Quality of Printed Parts

The printed quality model for each condition can be seen in Figure 15 and Figure
16, while the measurements taken of each model can be seen in Table 4. The percent
error of those measurements from the real values can be seen in Table 5 along side the

calculation of the average absolute percent area for each condition.

77




14 s

Figure 15. Top view of quality models produced on printer M7M-1, at different indicated mixing speeds and

layer exposure times.
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14 s

10 s

Figure 16. Overall view of quality models produced on printer M7M-1, at different indicated mixing speeds

and layer exposure times.
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Table 4. Measured dimensions of quality models produced on printer M7M-1.

Mixing Speed (rpm) De s’?;e 4| © |100|250 | o | 100|250
Exposure Time (s) De:i\;e gl 10| 20| 10 | 14| 14| 14
Height of Hourglass (mm) 35.0 34.1|33.9(34.3|34.1|33.7|341
Diameter of Hourglass Top (mm) 15.0 14.7 | 145 | 145 | 14.7 | 14.7 | 14.6
Diameter of Hourglass Narrow Point (mm) 3.0 4.05|3.66 | 283|478 |4.04 | 2.98
Diameter of a Small Cylinder (mm) 2.0 1.83|1.86|1.68 192 | 1.91 | 1.82
Height of a Small Cylinder (mm) 3.0 3.07 1294|297 |2.99 | 3.05| 2.87
Square Cut-in Wall Length (mm) 3.0 2.94 | 3.04 | 3.03 | 2.94 | 2.98 | 3.02
Square Cut-in Depth (mm) 3.0 1.26 | 1.62 | 3.38 | 1.18 | 1.78 | 3.07

Table 5. Percent error of measured dimensions of quality models produced on printer M7M-1.

Mixing Speed (rpm) 0 100 250 0 100 250

Exposure Time (s) 10 10 10 14 14 14
Height of Hourglass (%) -260 | -3.23 | -2.14 | -2.54 | -3.80 | -2.63
Diameter of Hourglass Top (%) -2.00 | -3.20 | -3.53 | -1.73 | -2.00 | -2.73
Diameter of Hourglass Narrow Point (%) 35.00 | 22.00 | -5.67 | 59.33 | 34.67 | -0.67
Diameter of a Small Cylinder (%) -8.50 | -7.00 | -16.00 | -4.00 | -4.50 | -9.00
Height of a Small Cylinder (%) 2.33 -2.00 | -1.00 | -0.33 1.67 | -4.33
Square Cut-in Wall Length (%) -2.00 1.33 1.00 -2.00 | -0.67 | 0.67
Square Cut-in Depth (%) -58.00 | -46.00 | 12.67 | -60.67 | -40.67 | 2.33
Average Absolute Percent Error (%) 15.78 | 12.11 6.00 18.66 | 12.57 | 3.19

In quality tests produced at 250 rpm and with a 10 second exposure time, some
of the small cylinders detached after successfully printing approximately 1 mm. The
same behavior was not found within the 14 second exposure time prints, indicating this
may be a result of the lowered exposure. Prints at 250 rpm demonstrated noticeable
surface roughness on the successful small cylinders, though the dimensions remained

generally accurate to the design parameters. Lower speed tests, conversely,
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demonstrated significant polymerization outside of intended zones, leading to the
narrow section of the hourglass being printed larger than indicated and the square cut-in
being filled almost entirely with solid polymer. This behavior is present even under static
conditions, indicating it is more related to the performance of the feedstock than to the
performance of the mixer system. However, this behavior was also most severe under
static conditions, becoming almost unnoticeable at 250 rpm. Based on this, the mixer
may also have some utility for arresting unintended polymerization, also known as
overcuring, by disrupting unintentionally-exposed zones through turbulence without
requiring the addition of a UV absorber, as would be the common solution to this
problem in industry. Ultimately, a small loss in dimensional accuracy of fine positive
elements was noted when increasing mixing speed, but an increase in the dimensional
accuracy of negative elements was also noted. As a result, excluding the loss of the
small cylinders in the 10 second exposure condition, the highest mixing speed

conditions demonstrated the lowest average inaccuracy of printed dimensions.

Simulation Results

An example of one of the generated particle-volumes is shown in Figure 17. The
results of all 106 measurements for each condition were averaged to produce the final
expected value for each particle loading, shown in Figure 18. The dependence on
particle size that was observed in the simulation results indicated the expected diversion
from Delesse’s principle despite identical weight fractions. For evaluation of printed
specimens, a mean particle size of 25 ym was selected as this condition produced

particle sizes closest to the distribution observed during microscopy and additional
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simulation was conducted up to 20 wt%, shown in Figure 19. The full range of
simulation results, 0.1 — 20.0 wt%, was found to closely fit linear behavior and the line of
best fit was used to determine an equation relating measured area percentage to likely

loading quantity of the bulk material in weight percent, shown in expression (2).
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Figure 17. Example of simulated 1 mm? particle volume.
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loading and for average particle sizes of 20, 25, and 30 ym.
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Figure 19. Extended simulation-predicted area fraction coverage of magnesium particles versus the weight-

percent loading for an average particle size of 25 ym.

Gravimetric Settling and Static Printing

Results from the gravimetric settling experiment can be seen in Figure 20,
including a basic Stokes’ law fit to the earliest data points. Gravimetric settling indicated
that more than 40% of the added material was expected to settle out of suspension in
just 30 minutes. Given that most printing processes take several hours at least, this

confirms that settling with this system is rapid enough to be relevant during printing and
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is likely to be a significant issue under static conditions. The Stokes’ law approximation
was derived based on expression (3), defining the terminal velocity (vt) of settling
particles based upon the density of the particles (pp), the density of the fluid (ps), the
dynamic viscosity of the fluid (u), gravity (g), and the radius of the settling particles (R).
As exact information on the particle size range and viscosity of the printing material was
not available, the fit was performed using a single particle size of 25 ym (R = 12.5 ym)
and controlling viscosity to match most closely to the earliest data points. Though
insufficient for describing the full range of different particle sizes, this fit was able to be
predictive of the behavior of about 40% of the particles in this experiment.

2 Pp=Pf

vt:g*T*g*Rz (3)
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Figure 20. Percentage of magnesium remaining in suspension versus time since the start of gravimetric

sedimentation, including single-fit Stokes’ law approximation.
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To confirm the static settling behavior and its relevance for printing further, a
control sample was fabricated under static conditions using a conventional commercial
VPP resin vat system on printer M3P and subsequently processed and analyzed using
the microscopy methods described previously. The gold-coated, sectioned cylinder and
a representative SEM image are shown in Figure 20. The particle area fraction
measured across the full height of the cylinder is shown in Figure 21. Across all
evaluated regions, only negligible magnesium content was detected when produced
under static conditions, confirming limited incorporation of particles in the absence of
active mixing. By comparison to the gravimetric settling results, this experiment
indicated a substantially lower presence of magnesium remaining in solution over time.
This disparity can be explained by the difference between the gravimetric settling
environment and the printing environment. In gravimetric settling, the fluid column
height was approximately 40 mm, while in a conventional resin vat the used amount of
printing material would yield a column height of less than 5 mm instead. Based on
Stokes’ law, this implies that settling should also occur approximately 8 times faster as
the settling distance has decreased by the same factor. Using the Stokes’ law model
from gravimetric settling, this indicates total settling within the system at approximately
7.5 minutes. The first data point in microscopy of the sample was collected at 2mm,
corresponding to 13.5 minutes into the print, or nearly double the amount of time that
the Stokes’ law approximation predicted for total settling. While the single-fit Stokes’ law
approximation does not describe the full range of particle settling, it does still indicate a

likely reason why minimal additive material was present within the print.
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Figure 21. (left) Prepared gold-coated static-printed cylinder for SEM and (right) example SEM image

obtained on the centerline of the same cylinder 4 mm from the build platform.
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Figure 22. Area percentage occupied by magnesium in collected SEM images of a static-printed cylinder.

87



Particle Distributions in Printed Material

Particle distributions within printed material can be seen collected in Figure 22 for
speed-varying tests conducted on printer M3P, Figure 23 for loading-varying tests
conducted on printers M7M-1 and M7M-2, and Figure 24 for particle-size-varying tests
on printers M7M-1 and M7M-2. For reference, the macroscopic difference between
selected printed cylinders can be seen in Figure 25. Using expression (2) obtained from

the simulation results, the estimated loading of magnesium at each location is shown in

Figure 26.
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Figure 23. Variation of measured area percentage occupied by magnesium with mixing speed, using a

magnesium loading of 0.22 wt%.
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feedstock, printed under 250 rpm of mixing.
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Figure 25. Variation of measured area percentage occupied by magnesium with magnesium particle size,

printed under 250 rpm of mixing.
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Figure 26. Visual comparison of cylinders produced with no magnesium (left), cylinders produced with 0.22
wt% of magnesium in the feedstock under static conditions (center), and cylinders produced with 0.22 wt%

of magnesium in the feedstock under 100 rpm of mixing (right).
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Figure 27. Variation of estimated weight percentage magnesium in each cylinder with the magnesium loading

in the feedstock, printed under 250 rpm of mixing.
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In speed-varying tests, a clear downward trend is seen in occupied area as
printing continues, though the slope of the trend decreases vastly as mixing speed is
increased. Additional testing was attempted up to 500 rpm, but speeds of 300 rpm or
above resulted in a substantial amount of air inclusion within the printed parts, seen in
Figure 27. Subsequent testing with higher loadings at 250 rpm yielded a curious result
where the concentration trend had reversed. Rather than decreasing over time, the
measured concentration tended to increase as printing continued. Also interesting is
that measured area percentage seemed to hold to a consistent value around 11%, even
with substantial changes in the concentration of magnesium within the feedstock. This
may indicate that the system had reached an equilibrium at some point, but, with
comparison to the speed variant data, the fact that an increase in particle loading by a
factor of ~5 caused an increase in area percentage within printed parts by a factor of
more than 10 is unexpected in this case. The variation with particle size, instead, seems
to provide an alternative possibility. Once filtered, either to isolate the larger particles or
to isolate the smaller particles, the area percentage resulting from the powder drops
much closer to the expected level for each condition. Representative microscope
images can be seen in Figure 29 for the 3 wt% magnesium samples. From these
images, one possible effect of the particle processing appears to be the breaking up of
pre-print agglomerates as agglomeration is noted early in the unmodified particle
images, but not in the early images using the other particle sizes. This change in
agglomeration may also have led to the difference in settling behavior as a result of the
change of the effective size of the additive due to particles clumping together and

agglomeration in general may be part of the source of the difference in additive content
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noted within the higher feedstock concentration prints compared to the testing at 0.22

wt%.

Figure 28. Example failed prints demonstrating substantial air inclusions resulting from mixing speeds of 300

rpm and above.
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Figure 29. Representative optical microscope images of 3 wt% magnesium samples at 10 mm and 38 mm

from the build surface.

Microstructure of Printed Material

Within microscopic examination of the produced material, several features were
noted. First, high interfacial contact was noted between the matrix and additive material,
as can be seen magnified in Figure 30 and from the representative particle SEM image
in Figure 31, and did not have any dependence on the direction of printing. This
behavior indicates that the additive particles did not prevent the polymerization of areas
immediately behind them due to occlusion of UV light. Second, also observable in
Figure 31, the polishing marks can be seen to be consistent across the boundary
between magnesium particles and the PEGDA matrix. This, and other imagery,
indicates that both magnesium and the used PEGDA were efficiently abraded by the
used polishing process. Third, additive material did, however, demonstrate some short-

range sedimentation during each polymerization.
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AUBURN COMPO 200kV X13,000 WD 10.1mm 1um

Figure 30. SEM BSE compositional-contrast image of the interface between the PEGDA matrix material and a

magnesium particle, rotated compared to normal SEM image orientation for clarity.
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Figure 31. Magnesium particle demonstrating polishing scratches that are continuous with the surrounding
PEGDA matrix material. Shown in both SEI topographical contrast (left) and BSE compositional contrast

(right) SEM imaging.

During the VPP printing process, a finite exposure time is required for each layer
to cure, during which the resin remains effectively static. Under these conditions,
suspended additive particles may sediment over short distances toward the release film,
resulting in intra-layer concentration gradients. Similar short-range sedimentation effects
in VPP composite systems have been reported in previous studies [13].

When using broad particle size distributions, this settling behavior is difficult to
arrest. Under such conditions, spatially distinct regions of varying additive concentration
may become visible within a single printed layer, as shown in Figure 32. This
heterogeneity may introduce local variations in material composition and, consequently,
contribute to effects arising from alternating regions of high and low additive content.
However, the use of micro-scale particles may allow for matching particle size to the
used layer thickness, in this case 50 um, in order to mitigate this behavior by limiting the

maximum settling distance during exposure.
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AUBURN COMPO 20.0kV X100 WD 11.1mm 100um

Figure 32. SEM image of interior fracture surface of a magnesium containing cylinder printed under 100 rpm
of continuous, single-direction mixing and with a layer height of 50 ym. Annotated with distances between
selected settled particles, print direction is oriented left to right from the perspective of the image, displaying

vertical layer-lines of settled particles.

Mechanical Testing

The results of the mechanical testing can be seen in Figure 33 for compression
and Figure 35 for tensile. In general, compression tests had a wide variance in

outcomes, while tensile tests were far more consistent. One-way ANOVA was used to
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determine if particle loading had a significant effect upon the tested mechanical
properties. For each property, loading percentage was used as the independent
variable, with all conditions containing at least three specimens and statistical
significance threshold of 0.05. The results from ANOVA indicated that particle loading
did not have significant effects on ultimate compressive strength ( F(5, 22) = 0.23, p =
0.95) or ultimate compressive strain ( F(5, 22) = 0.17, p = 0.97), but did have a
significant impact on compressive modulus ( F(5, 22) = 13.43, p = 4.54E-06). Follow up
evaluation using the Tukey method indicated that only the 0 wt% loading had a
significantly different modulus compared to the other conditions. In tension, particle
loading was found to have a significant effect on both ultimate tensile stress ( F(5, 13) =
57.91, p = 2.00E-08), ultimate tensile strain ( F(5, 13) = 13.04, p = 1.10E-04), and
tensile modulus (F (5,13) = 157.74, p = 3.67E-11). Follow up evaluation using the Tukey
method indicated that the 2 wt% and 0 wt% loadings were significantly different from all
other conditions. between 2 wt% and 0 wt%, the ultimate tensile stress was significantly
different, but the ultimate tensile strain was not. Lastly, the tensile moduli of the 4.5 wt%

condition and the 6.0 wt% condition were also significantly different from each other.
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Figure 33. Results of compressive testing on samples containing magnesium loadings between 0 and 6 wt%.
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Figure 34. Results of tensile testing on samples containing magnesium loadings between 0 and 6 wt%.
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Further analysis of how particle size may affect ultimate strength and ultimate
strain indicated that the particle size did not have a significant effect in compression on
ultimate strength ( F(2,6) = 0.86, p = 0.47), ultimate strain ( F(2,6) = 0.79, p = 0.50), or
modulus ( F(2,6) = 3.34, p = 0.11). In tension, however, ultimate stress ( F(2,9) = 12.41,
p = 2.5E-03), and ultimate strain ( F(2,9) = 7.92, p = 1.03E-02), and modulus ( F(2,9) =
13.15, p = 2.13E-03) were significantly affected. For ultimate tensile stress and strain,
the two filtered conditions (<36 and 36<x<44 pym) were significantly different from the
original condition (<44 um), but not from each other. In tensile modulus, the 36-44 pm
particle size was significantly higher than the other two groups.

No tested magnesium loading was found to significantly exceed the mechanical
properties of unmodified PEGDA, but magnesium inclusion did significantly reduce the
compressive modulus without causing a corresponding change in ultimate compressive
strength. In tension, a 2 wt% magnesium loading was found to produce a significantly
higher set of mechanical properties compared to other samples with magnesium. This
result may prompt further testing to evaluate loadings close to 2 wt% for the possibility
of exceeding the properties of unmodified PEGDA. In addition, particle size was found
to significantly affect ultimate strength as well, with substantial increases possible with
smaller particles. Combining these two results, testing of smaller particle sizes near
loadings of 2 wt% may be a promising direction for PEGDA-Mg composites. However,
the difference between the loading in the feedstock and the estimated effective loadings
from microscopy indicates that the real loading of these samples is likely to be

significantly above the intended ratio and the amount in the feedstock. Further, the real
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magnesium loadings may also be much closer in value to each other than the
magnesium loadings in the feedstock.

By intent, the addition of magnesium particles was to serve to strengthen the
material by reducing matrix deformation as a result of the presence of particles, allowing
for force transfer to the particles, and pinning the formation of cracks. However, as the
mechanical properties decreased, it appears that these effects may have been
outweighed by the particles, especially agglomerated particles, serving instead as force
concentrators and crack initiating points instead. These negatives may have also been
exacerbated as a result of the increased effective loading compared to the intended
loading within the feedstock, and may be partially addressed by reducing the effective
loading. Lastly, the agglomeration noted was less present following the filtering and
fractioning of the obtained magnesium powder, which may mean that pre-print powder
processing may partially address these negatives as well, and may be part of the
reason why the fractioned particle size samples performed significantly better than the

as-delivered particle size samples in tension.

Mass-loss dissolution

The recorded masses of each specimen across the 30-day test period can be
seen in Figure 36, and the total percent change in mass for each specimen at each day
in Figure 37. Magnesium containing samples appear to have substantially higher mass
changes compared to unmodified PEGDA in all conditions, with higher particle loadings
in the feedstock leading to generally higher percent change in mass as well, as shown

in Figure 37. Particle size variations at 3 wt% magnesium loadings each demonstrated
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similar behavior, with a slight trend towards lower mass change as particle size
decreased, as shown in Figure 38. As time in the dissolution media increased, all
samples demonstrated an increasingly present layer of a white material on their surface,
represented in Figure 39. This layer is expected to be primarily magnesium hydroxide
as a result of the degradation of magnesium and magnesium oxide within 1X PBS. This
particular degradation process may also have caused a correspondent raise in the pH
of the material adjacent to magnesium particles due to the aqueous presence of
numerous hydroxide groups, which then may have accelerated the hydrolysis of the
bonds within the PEGDA and led to faster degradation of the polymeric material. Faster
degradation of the PEGDA may have led to a higher porosity and, thus, water
absorption. Both the presence of solid magnesium degradation products and increased
PEGDA degradation allowing higher water absorption are likely to have contributed to
the higher mass-increases noted in magnesium-containing samples compared to

unmodified PEGDA.
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Figure 38. Percent change in the mass of 3 wt% magnesium cylinders at 30 days in dissolution environment,
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Figure 39. Representative images of cylinders at 10, 20, and 30 days of dissolution. Images are of the 3 wt%

magnesium cylinder, using particles less than 44 pm.

Chapter 5 - Conclusions and Future Directions

VPP Mixing System

The presented mixing system for VPP additive manufacturing provides

substantial improvement in the distribution of additive material, can be produced rapidly
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and inexpensively and can be easily adapted for attachment to a large number of
commercial VPP systems. Compared to heavily involved chemical modification
methods, this design can be added to presently existing research workflows far more
quickly and with minimal effects on the properties of the final part. For some
applications, chemical additive solutions may still be viable if not highly beneficial, but
the mixer system provides the ability to test additive combinations prior to the
development and testing of specialized suspending compounds or similar. This allows
for the rapid development and testing of new composite materials for use in a variety of
applications without the pre-existing development of specialized suspending agents.
Additionally, suspending agents used in industry, though often suitable for many
purposes, do not always suspend the additive material permanently. Though settling is
often substantially slowed, it can still lead to noticeable inhomogeneity over the course
of printing. The mixer system, by contrast, provides homogenizing forces and currents
which may be able to maintain presently existing commercial composite resins longer
than chemical solutions, possibly providing greater repeatability in part outcomes and
also limiting the need for feedstock to be removed from the printing environment for re-
homogenization between prints.

Mechanical solutions are currently becoming relevant in industry with several
companies exploring solutions such as resin recirculation systems which pump the
feedstock to a separate environment for homogenization or slight axial oscillation of the
resin vat during printing. However, the system presented here has a much smaller form
factor than publicly available descriptions of presently existing industrial solutions and

may provide similar or greater benefits. Further, the mixing system here can be used
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with consumer desktop printers quite easily, where prior solutions are often only suitable
for much larger industrial printing systems. From the perspective of enabling future
research, desktop VPP printers have a far lower bar for entry and new equipment which
enables them to be used for the more efficient design and production of composite
resins could be significantly beneficial to the field.

In terms of improving the mixing system from its current state, moving away from
single-direction mixing and into reversing mixing patterns and more developed internal
mixing geometry may enable superior homogenization performance. While this
improvement may be useful for PEGDA-Mg, it may also enable the system to be more
easily applied for material combinations demonstrating even faster settling than this test

material.

PEGDA-Mg Hybrids

Though there were no successfully produced composites demonstrating higher
mechanical properties than unmodified PEGDA, the PEGDA-Mg composite material
does still offer promise. In particular, the particle distributions within printed samples
seems to indicate that, despite the feedstock loading, the settings or geometry of the
mixer may have led to a stratification of material within the feedstock, or similar
behavior, causing the effective concentration within the printed material to approximate
the same value despite the differences in the feedstock. This is further supported by the
very similar mechanical performance of several of the loadings. Further research
utilizing revised mixing patterns and behavior may be able to overcome this behavior

and test a wider range of effective loadings. In addition, the microscopy information on

106



the samples using other particle sizes seems to indicate that agglomeration of the
particles prior to printing may be a significant factor for print performance. In particular,
the filtered-particle-containing samples demonstrated enhanced performance when
evaluated in tension compared to the unmodified-particle-containing samples, which
may further indicate that either smaller particles are beneficial in this material, or that

agglomeration is a significant source of the weakening noted in tensile testing.

Summary

In conclusion, this work presents and qualifies a new system and methodology
for producing composites within VPP additive manufacturing. The test material,
PEGDA-Mg, did not demonstrate the desired mechanical properties in the tested
loadings, but did demonstrate the ability of the system and methodology for producing
composites, without any suspending agents or modification of the feedstock. Given that
present methods of addressing settling inside of composite VPP feedstocks rely on
additives and altered rheology, often making sacrifices to print quality or part
performance in the process, the mixer system presents a new, viable, method of limiting

settling in VPP without necessarily imposing the same penalties.
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