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Abstract: The complex geometries and material properties necessary for generating accurate organ
mimics require new procedures and methods to fully utilize current technologies. The increased
accessibility of 3D printers, along with more specialized bioprinters, allow the creation of highly
tunable models of various body parts. Three-dimensional printing can reduce lead-time on custom
parts, produce structures based on imaging data in patients, and generate a test bench for novel
surgical methods. This technical note will cover three unique case studes and offer insights for how
3D printing can be used for lab research. Each case follows a unique design process in comparison
to traditional manufacturing workflows as they required significantly more iterative design. The
strengths of different printing technologies, design choices, and structural /chemical requirements
all influence the design process. Utilization of in-house manufacturing allows for greater flexibility
and lower lead-times for novel research applications. Detailed discussions of these design processes
will help reduce some of the major barriers to entry for these technologies and provide options for
researchers working in the field.
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1. Introduction

The assessment process required by regulatory bodies poses a significant hurdle to the
development of new drugs and surgical techniques [1-3]. Prior to usage, a treatment option
must go through four stages of development: Discovery and Development, Preclinical
Research, Clinical Research, followed by review by the Food and Drug Administration or
other relevant regulatory body. The average time taken from the approval of clinical trials
to full approval can take roughly 8 years on average [4]. In addition to the long timeframe,
extensive animal testing is often necessary, incurring significant costs. An organ mimic
is an artificial model meant to replicate the structural and chemical properties of human
tissue. Easily modifiable and reproducible organ mimics may provide effective tools in the
early stages of research, reducing the need for animal testing [1,5,6]. Unlike living animals,
artificially created structures can minimize variation, allowing for more consistent results
and easier analysis. This technical note will cover the use of additive manufacturing for
in-house production of three different organ mimics as case studies for how 3D printing
can used for these different applications.
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1.1. Organ Mimics

Organ mimics have a broad range of uses in the medical field. Testing imaging
equipment faces many of the same challenges as drug research. For example, the movement
and variability between people will lead to inconsistent results and serve as a problem
for providing accurate assessments when using a computed tomography (CT)-scanner for
assessing lung tumors. Imaging phantoms can allow the creation and tuning of algorithms
to account for lung movements [7]. Respiratory phantoms specifically mimic the structures
within the chest cavity and movement found within the lungs. Although existing models
can represent the basic structure and movement of lungs, there exists a need for a more
easily modified and customizable model [7-9]. One such model; Casper (Figure 1) [10]
required a ribcage comparable in both geometry and material density when viewed under
a CT scanner. Several materials have comparable attenuation coefficients to human bones,
but very few can accurately produce complex structures, such as a ribcage [11,12].

Figure 1. The fully assembled breathing phantom (CASPER) with one side of torso removed. This
phantom is used to tune algorithms to account for lung movements.

Another application for organ mimics includes spinal cord injuries. Spinal cord injuries
continue to be researched in depth, using both in vivo and in vitro models [13-15]. Mend
the Gap is a multinational collaboration aiming to improve the regeneration of spinal cord
lesions using an injectable hydrogel [16]. The hydrogel contains microscopic rods that
are aligned using a magnetic field post-injection. These rods provide pathways for the
regrowth of nerve cells. The project uses both in vivo and in vitro models, including the
use of 2D models to track cell growth. However, it is necessary to develop new 3D models
to better track the movement and alignment of the hydrogel injections. The ability to
reproduce lesions, use a range of microscope types, lower cost, and higher throughput for
screening materials give acellular phantoms practical advantages over natural models.
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Organ mimics can provide accurate initial testing for surgical techniques [17]. More
specifically, the use of artificial ureter models can also provide many advantages over
in vivo models [18,19]. A model that can more accurately represent the size of human
tissue may be of value when testing novel surgical techniques and equipment. For example,
when testing the use of a laser for incisions and assessing tissue damage to surrounding
areas [19], a rat model may provide more accuracy physiologically, but is drastically
different in size. The use of biomaterials will both reduce the reliance on animal models
and provide more accurate comparisons to humans. The production of artificial ureters has
the possibility of being transferring to other tissue models. Due to similarities in material
and structure, the production of the trachea, bronchiole tubes, and fallopian tubes will
likely be possible under the same method. These three applications will be discussed in
this technical note.

1.2. Three-Dimensional Printing

Three-dimensional printing has advanced significantly in the last decade, with accessi-
bility being one of the key changes from previous generations of the technology [20]. It is
no longer restricted to industry specialists, but instead is at the hands of many hobbyists.
Even within one printing technology, the costs of printers can vary significantly from the
cheapest consumer printers to high-end industrial machines, and with that, material costs
fluctuate as well. Even including post-processing time, a major benefit to 3D printing is the
ability for in-house manufacturing and the significant reduction in manufacturing time.
More affordable printers often can utilize cost-effective materials. All 3D Consumer print-
ers, such as the Creality Ender 3 (Shenzhen Creality 3D Technology Co., Ltd., Shenzhen,
China) and Elegoo Mars (Elegoo, Shenzhen, China), have many applications for medical
research and offer a valuable tool for the creation of organ mimics while maintaining a
relatively low purchase price [21]. The lower material cost and simpler post-processing
make Material Extrusion more accessible in a lab setting, although it struggles to create
detailed parts to the same degree as Vat Polymerization methods. Many of the shapes
found within human and animal bodies consist of complex structures not reproducible
by standard manufacturing methods. Medical imaging, such as CT-scans, can produce
high-fidelity 3D models of structures, such as ribs, and from there a 3D printer can be used
to accurately replicate them [9].

Bioprinters are a type of 3D printers able to utilize biomaterials, a subset of materials
allows for directly printing living cells or creating suitable scaffolds for cell growth. Bioma-
terials are highly specialized and require unique constraints to print, thus requiring more
specialized printers. Maintaining accurate pressure, temperature, and a clean environment
are required to properly utilize these materials. Newer bioprinters offer more consistency in
environmental and mechanical factors while having some added conveniences. Using bio-
materials expands the capabilities of organ mimics by replicating the material composition
of tissue and allowing the growth of living cells [5,6,22].

There are several 3D printing methods, each with its own applications and challenges
(Table 1), many of these have bioprinting analogs which add the use of biocompatible
materials. The basic steps for developing models stay consistent regardless of the printing
method and structure created. The material choice, structural design, and printing method
all affect one another with the limiting factor in one variable, affecting the selection of
the others. If a certain print method is chosen, then the design and materials must be
applicable. Similarly, if there are material constraints then the printing method and design
must accommodate for that.
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Table 1. Comparison of non-metal 3D printer types.

3D Printer Type Accessibility * Accuracy ** Materials Structural Properties
Small features and large
Material Extrusion Consumer Low-Medium Thermoplastics (PLA, ;)Zslﬁzni/s[i;ﬁnillfgzil;z
(Nozzle Dependent) TPU, PETG, ABS) p ) y
compared to other
printing methods
Smooth surface finish,
Vat Polymerization Consumer High—Very High UV-Cured Resins concave shapes and hollow
structures can cause
suction forces
Polvmer Powder Bed Powdered materials Textured surface finish,
y Fusion Industrial High (Plastics, rubbers, self-supported so
ceramics, etc.) minimal restrictions
Similar to Vat
Polymerization, but with
Material Jetting Industrial Very High UV-Cured Resins multi-coloured prints
possible and smoother
surface finish
. . . . Plastics, Metals, Similar process and
Binder Jetting Industrial Very High Ceramics limitations to SIS

* “Consumer grade” printers can be readily purchased for under $5k CAD, these technologies can still have
industrial versions that cost upwards of $100k CAD but affordable versions are available. ** Can vary due
to different configurations of the printer technology. Accuracy is considering both dimensional accuracy and
minimum feature size which can affect one-another.

2. Materials and Methods

This paper uses a basic protocol is used to develop organ mimics (Figure 2). Al-
though 3D printing is used for each of the projects, this protocol can be applied to any
manufacturing method and serves as a framework for the key features in manufacturing.

Requirements

Determine the structural and
chemical properties required

Materials
Select a suitable material
given the requirements
— = . e .
-~ = Design Modification
~ Create and modify the design Iterate on the design and make
N for 3D printing modifications to better suit
requirements
\ O
O O
N / Testing Efficiency
~ / Test the initial design Increase throughput of manufacturing
~ - and material choice method through small changes

—~ — -

Manufacturing Method
Choose which manufacturing method
is compatible with the material
and design constraints

Figure 2. Basic design Process for developing and manufacturing of 3D printed parts. The manu-
facturing method is often an iterative process to determine if the organ mimic meets the necessary
performance standards for the target application.

Each of these steps will have a different breakdown depending on the structure chosen
and the desired application. When iterating, it is important to look at previous iterations
and reconsider design and material choices when necessary. For low volume production,
increasing the efficiency and speed may not be required as tuning the process can take
longer than producing a few examples of it.
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2.1. Ribcage for Casper

The production of Casper; an anthropomorphic breathing platform, required the
development of a ribcage reproduced from XCAT data [10]. The process was completed
through a program and done automatically. A different team did the processing and sent
the resulting STL file. The ribcage was initially split in half to aid in the assembly process
(Figure 3a). Key features of this structure are the size and complexity of the shape. The
front of the ribcage and sternum had a size of 21.9 cm X 8.9 cm X 17.9 cm, and the back of
the ribcage and spine had a size of 22.8 cm x 9.3 cm x 21.8 cm. There is an internal channel
along the spine and the ribs are narrow, overhanging features. Due to client specifications,
the structure should also be as solid as possible. This factor will affect the structure, material,
and manufacturing method choices. Creating parts in-house was desired due to a limited
time frame, this meant Material Extrusion and Vat Polymerization were the most viable
options for printing.

(b)

Figure 3. Ribcage models created from CT-scan data (a) Initial file received, produced from scan and

cut in two (b) Further separated parts with modified orientation. Each of the separated parts can fit
within the build volume of the printer being used.

The key material consideration was an accurate representation of human bone by
attenuation value. A Photon Counting CT scanner (PCCT) was used to determine the
radiographic density of materials. Poly (lactic acid) (PLA) with a Strontium Aluminate
additive (Glow in the dark PLA) was found to be the most similar in density to human
bone out of usable materials [11]. Consumer-grade materials, such as this filament, have
little relevant information, such as the amount of Strontium Aluminate added. The amount
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of additive varied between different brands and future studies should consider analyzing
the composition of each material for more accurate results. UV-cured resins were found
to have low attenuation values compared to the material options for material extrusion
printers. The final ribcage had an attenuation value of 292 HU, whereas target values
for the spine were 358 HU [10]. Strontium Aluminate, the substance producing the glow,
creates the increase in radiographic density, but is highly abrasive. The use of a PCCT and
client recommendations prohibited the use of cement or stone-like materials for replicating
the ribcage which may have provided additional options. Aside from the radiographic
density, the ribcage cannot interfere with the other materials within the breathing platform.
The base contains laser-cut wood, a polyurethane foam for the lungs, and epoxy resin for
the outer section of the torso. To create the final model, the ribcage will be submerged in
epoxy resin as it cures, this process can generate significant heat. The low glass-transition
point of PLA had the potential to cause issues, but the heating did not cause significant
deflection in ribs.

Time and restraints limited material choice to off-the-shelf products, where little
information can be found. The process of finding suitable materials required using the
previous literature and trial and error with available 3D printing materials. Getting custom
made filament, especially with Strontium Aluminate is largely inaccessible which makes the
specific radiographic density of both this, and previous results difficult to closely replicate.

Due to the material and structural requirements, Material Extrusion printing was
determined to be a suitable manufacturing method with a Creality Ender 3 was selected
for printing. The overhangs, thin features, and internal structures make this a challenging
structure to create using a mold or subtractive manufacturing. Structural design was
minimal as converted CT scans were provided [23]. The only modifications were separating
the halves into smaller sections to accommodate for the maximum build volume of the
printer (Figure 3b). The separated pieces had to be oriented correctly to minimize overhangs,
this both reduces the need for support structures and minimizes the chances of print failure.

As the requirements of the structure were clearly defined, the testing process was used
to modify printer settings and achieve the required structure and density. The completion
of this project required a single complete ribcage to be produced, hence the optimization
of print speed was not necessary. The testing of various parameters for optimal speed
would likely take more time than the amount saved so it was not deemed necessary in this
case study.

2.2. Spinal Cord Phantoms

The creation of spinal cord phantoms required high resolution models with an internal
channel, these had to be small enough to mimic the size of a rat spinal cord. Rat spinal
cords are typically less than 5 mm in diameter, so certain details would need to be in the
range of 100 um [24]. The final phantom had to be translucent and smooth enough to be
imaged using light sheet microscopy. The creation of complex internal geometries and
channels is a significant application of 3D printing in the medical field. These geometries
can be challenging to create using alternative manufacturing methods.

The structural requirements of this project largely dictated the material selection.
A printing method using photopolymerization would be required to create an optically
clear model at a small scale. The inclusion of an internal channel with a complex geometry
further pointed towards these methods. An additional constraint is the need to do injections
directly into the material. Resins found on typical vat polymerization printers tend to be
hard and brittle, and elastic materials available are difficult to puncture. Biomaterials, such
as PEGDA or GELMA based inks, are significantly softer and better replicate the walls of a
spinal cord. This material had the added benefit of biocompatibility if testing with cells
were to occur. A form of vat-polymerization printing called Digital Light Processing (DLP)
was selected due to its accessibility, fast-throughput, high resolution, and compatibility
with biomaterials.
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To create the design, a polygonal 3D modeling program was used. There are three
main types of 3D modeling software: polygonal, parametric, and sculpting. Polygonal
modelling is quite flexible and can be used with accurate dimensions in both mechanical and
organic designs. Parametric modeling software, such as Solidworks (Dassault Systemes,
Vélizy-Villacoublay, France) and Fusion360 (Autodesk Inc., San Rafael, CA, USA), use
mathematical equations to determine the shape; they are very precise, and dimensions
can be easily modified, but it struggles with more organic shapes. Sculpting is primarily
used for organic shapes and is rarely used when dimensional accuracy is concerned,
rather it is used more artistically. Blender (Stichting Blender Foundation, Amsterdam, The
Netherlands), is the polygonal modeling software used for the modelling of these spinal
cord phantoms. It is open source and can be modified with custom plugins, including tools
for general modeling, 3D printing, and even specialized biomedical applications.

Initial testing occurred with two different materials, one with Cellink PEGDA Start
(BICO Group), and the other with PEGDA 200 (BICO Group). Creation of the spinal cords
was possible with both materials, but the Start ink was too brittle to handle an injection
from a needle. Before sending out the completed spinal cords to the clients, they also had
to be filled with artificial cerebrospinal cord fluid (aCSF). A commonly used recipe was
followed to create aCSF although oxygenation was omitted [25], the material was then
injected into the spinal cord sections. The injection port was then sealed using additional
bioink and cured using a handheld UV light.

New designs and variations were being explored to better serve the needs of re-
searchers (Figure 4). Some versions were tested with randomized variations to the internal
cavity instead of a smooth spheroid. These were found to be unsuitable for microscopy
as the ridges and valleys created inconsistent light diffraction. New types of channels,
cavities, and orientations are being tested to see what can most accurately replicate spinal
cord lesions while being viewable. When using mock spinal cords for injection testing,
multiple copies should be made for accurate testing. Due to the nature of DLP printing, the
vertical axis is the only one that affects the speed of the print. Whether printing one spinal
cord column or many, the print time remains the same. In this case, finding an appropriate
number of spinal cords to print meant a significant increase in efficiency when producing
large batches. When printing seven at a time, injections could be done concurrently with
the printing of the next set (Figure 5). Printing more spinal cords per build plate meant
the injection rate became the bottleneck for manufacturing and did not decrease in total
production time.

e

—=

— 5 mm

Figure 4. Designing artificial spinal cords using Blender. Starting with key dimensions, add details
and curvature, then remove internal cavities and channels with boolean subtraction.
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Figure 5. One set of printed spinal cords after printing and removal of uncured material. aCSF is
added at this stage post printing to create the organ mimic.

In standard DLP printers, the vat is filled with a significant amount of resin and parts
can span across the entire surface of the build platform. Due to the cost of bioinks, only the
amount necessary is deposited into the center of the build vat instead of filling it up to save
on cost. The more space a print takes up horizontally, the more waste material is produced.
This cost was also minimized by printing fewer spinal cords.

2.3. Mock Ureters

The creation of mock ureters, along with other tube-like structures found within the
body require relatively simple shapes to be created. Other channels, such as the trachea, fal-
lopian tubes, and bronchiole tubes, have different wall thicknesses, diameters, and length,
but can utilize a similar method of creation. Material selection should serve to mimic
existing structures with commonly used biomaterials. Animal derived materials such as
collagen, gelatin, and plant derived materials, such as alginate, are a good foundation
for biocompatibility and mimicking structures within the human body [6,22]. Combina-
tions of these three can result in different stiffness, biocompatibility, and strength. The
initial material will be a viscous fluid, but can be crosslinked through chemical and UV
crosslinking, increasing its stiffness and creating a final model more comparable to the
tissues it emulates.

The production of tall, cylindrical shapes is challenging when utilizing biomaterials.
Many common biomaterials are printed as a viscous fluid and must be crosslinked after
their creation to increase structural stability. During the printing process, their shape can
significantly deviate from the intended result. Alternative manufacturing methods such as
using a mold or extrusion would support the biomaterial during crosslinking and minimize
structural deviations. Variations of a basic mold designs were created using Blender and
printed on a Creality Ender 3.

The mold variations utilized different removal methods to seal and remove the com-
pleted structures. A baseline combination of 3% Alginic Acid and 5% Gelatin was used
for testing. Each test using the baseline material was partially crosslinked with much
of the structure remaining in liquid form. Varying concentrations of Alginic Acid and
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Gelatin were tested but created similar results. Adhesion to the mold provided additional
challenges when removed the crosslinked portions. Both mold designs (Figure 6) had
issues with even crosslinking and removal of the completed construct. Due to these limita-
tions, manual extrusion was considered as an alternate manufacturing method. Using a
handheld syringe instead of a 3D printer allowed greater flexibility with the angle of the
nozzle. Extruding biomaterial directly into the crosslinking material would allow consistent
crosslinking for the interior and exterior surfaces of the material. A custom extruder was
designed using Blender to fit the specific dimensions required. Due to the precise details
and internal geometries of an extrusion, a Masked Stereolithography (mSLA) printer was
selected to create it. This is a form of Vat Polymerization printer that can be affordably
purchased at a consumer grade option, such as the Elegoo Mars.

1

(a)
(b)

| - |

Figure 6. Ureter mold designs (a) Two-part mold, the mold is separated after curing (b) Original
single part mold, ureters were difficult to remove from this.

Testing the extrusion method began with material selection, the material had to rapidly
crosslink and be easily modifiable. The same 3% Alginic Acid and 5% Gelatin solution
from the mold test was selected. The material was loaded into a 5 mL syringe with the
extruder attachment (Figure 7a), and manually extruded into 150 mL of a 0.5% Calcium
Chloride solution. Extruding created a long tube with consistent wall thickness. Variations
were created with 1% and 2% Alginic Acid concentrations, along with replacing Gelatin
with 2% Collagen. The variations were extruded successfully and showed varying material
properties depending on their composition. The resulting ureters were sent out to be
analyzed and accessed for viability as surgical tools.

Due to the low volume of production, speed and efficiency was not a high priority. The
use of multi-channel extruders, or multiple extruders along with a syringe pump would
increase throughput but would not be efficient for small batches.
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(@) (b)

Figure 7. Extrusion attachment for a standard luer-lock syringe (a) Syringe with ureter extrusion
nozzle. A Collagen-Alginate mixture is loaded. (b) The 3D model of the extrusion attachment, the
right view has a cutaway showing the internal structure.

3. Results
3.1. Ribcage Model

The manufacturing of a 3D printed ribcage proved to be a difficult process due to
material and structural requirements. Other printing methods were incompatible with the
selected material but would have provided a more solid and homogenous interior structure.
Creating a fully solid part using Material Extrusion created many challenges as an over
extrusion of filament is needed to create a solid structure. Each extruded line has a circular
cross-section, when multiple lines are stacked horizontally, or vertically small gaps will
form at the top and bottoms of the individual layers. Extruding excess material can help fill
these gaps but will not be consistent and can cause additional issues. In this case, the excess
material would cause over-extrusion at sharp corners, leading the printhead to collide
with the raised corners and shift the print. These print failures would often occur after a
significant portion of a print was completed and required the section to be printed again.
The use of glow-in-the-dark filament also caused issues due to its abrasive nature. Many
printer components were damaged after each print, reducing the quality of subsequent
prints. After producing half of the rib cage, some components had to be replaced before the
other half could be printed.

The result provided an acceptable model for the imaging phantom (Figure 8), but
left room for improvement, the structure was consistent with the CT-scan data, and the
material provided similar radiographic density to human bone. The final model had more
discrepancies in density than the smaller test models, which was likely due to the more
complex and less uniform geometry of the ribcage.
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Figure 8. The printed PLA ribcage sections after assembly and sanding for the Casper phantom. They
are mounted to laser-cut alignment guides.

3.2. Spinal Cord Phantoms

Production of spinal cord models posed a few challenges during the manufacturing
and design process. The components created were designed specifically for the technology
and material, with limitations being accommodated. When printing using light-based
technologies, internal channels can retain uncured material. A channel was added to the
spinal cord sections so this could be remedied. This solution doubled as a method of
injecting aCSF without increasing pressure in the cavity. Early versions of the model had a
single channel for resin evacuation and aCSF injections. This worked during printing but
there would be no path for air to escape during the injections, often rupturing the side of
the spinal cord mimics. Each of the prints was successful and there were no failures during
the process.

Hydrogels could be injected directly into artificial spinal cords without blowouts or
other damage to the artificial models. This property allowed testing of the magnetically
aligned material with reduced need for animal testing. The final material is transparent
with a yellow hue, this yellow hue being dissolved into water during storage. Although
the material was transparent, the slight ridges between layers caused diffraction under a
microscope and meant the models had to be cut in half for imaging, future iterations will
attempt to remedy this problem.

3.3. Mock Ureters

Mock ureters required specialized equipment to be created and tested. The design and
creation of each construct occurred with the printing technology in mind and had minimal
issues during printing. The initial molds had simple designs and required no supports to
be manufactured using material extrusion printers. The extrusion attachments (Figure 7)
were created with an mSLA printer and used minimal support structures; this was chosen
to maximize their surface finish. The molds created using material extrusion had several
challenges. The models created with this method were difficult to remove from the molds
and non-functional for surgical testing, thus a new method of production was required.

The use of vat polymerization proved more successful, with iterations on the design
providing better results. Changing the length of the inner part of the nozzle, along with
adding fluid channels allowed for better crosslinking of the inside of tube structures.
Manual extrusion was used, which meant the rate of extrusion would not be consistent
and could cause some issues with material density. Slight variations in the angle when
extruding also caused deflection in the produced tube structure. It was not a straight line,
but rather a curve that was not consistent between each model (Figure 9).
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Figure 9. Alginate and Gelatin extruded ureters.

4. Discussion

The use of 3D printing in the laboratory allows production of the advanced geometries
required for some surgical models. Under cuts, internal cavities, and infill structures can
be difficult, and sometimes impossible to create with traditional manufacturing. The use
of biomaterials expands on this and allows cell growth inside of these complex structures.
When testing new drugs or surgical methods, the ability to determine cell death can provide
insights on safety while reducing the need for animal models.

4.1. Imaging Phantoms

Imaging phantoms are useful in a wide range of medical imaging for both machine
optimization and training purposes. Buying commercially available products both limits
options and has substantial costs associated. Having local manufacturing allows the
rapid production of new variations and the cost of a hobby-grade 3D printer is significantly
cheaper than equipment for machining. One significant factor that is detrimental to Material
Extrusion printing is the process by which models are manufactured. A line is laid down
following a certain pattern to create each layer. The resulting layer has some air channels
where each path meets as it is not a single homogenous layer of plastic. Within a CT-scanner,
these channels reduce the accuracy of the final model. Using mSLA or other light-based
printers creates more solid layers, but limits material options. Most of them were found to
have low radiographic density and were not appropriate for bone replication. Although
there are limitations, the complex shapes found in the ribcage, and material requirements
would have been difficult to create using alternative methods of manufacturing. The
process of taking a CT-scanned human model and recreating it was cost-effective and
created a high-quality bone structure with similar radiographic density.

4.2. Spinal Cord Damage Models

Spinal cord damage is a complex subject that has proved difficult to research. The re-
cently announced Mend the Gap project is an international collaboration seeking to improve
outcomes in spinal cord injuries. Part of this project is the creation of an injectable hydrogel
with magnetically aligned rods facilitating the regrowth of tissue. Artificial models can be
used in conjunction with animal testing to determine the viability of the strategy. The use
of artificial models reduces the need for animal testing by creating a consistent damage
model that can be replicated each time [19]. When damage occurs to a rat spinal cord, the
size and shape of the lesion will have significant variation each time making injections
difficult to do. These damaged sections are also opaque, limiting the types of imaging that
can assess it. With the use of aCSF, the artificial models can provide a good baseline for
material testing and tweaking.
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Each layer is printed one-by-one, causing the final print to be a stack of individual
layers rather than one homogenous part. Although the layers are each 50 um tall, the
small ridges this creates can refract light and cause some issues with imaging. Coating the
surface with the biomaterial and curing it or using a tube as a mold for the outside could
minimize this issue. Although the model provides a good starting point for research, it is
far from eliminating the need for animal models. The material is not able to fully mimic
the diffusion of liquids through actual spinal cords and finer details would lead to a more
optimal mode. The use of a DLP printer also means that fully enclosed channels will not be
possible as material cannot drain out during printing. Any reduction in animal testing can
be useful to consider with ethical and financial concerns, along with the limitations they
may have. For small-scale and detailed structures, the use of 3D printing can be a valuable
tool and allows for initial testing of new materials. This can accompany 2D methods of
testing and animal testing to provide the best possible model of human tissue prior to
clinical testing.

4.3. Creating Custom Tools and Equipment

Lab equipment and tooling can be expensive to source and have many challenges with
supply chain issues and shortages. Highly specialized lab equipment with exact sizing
and functions can be expensive to purchase or impossible to source depending on how
niche the use-case. When equipment is not available, the only option is the manufacturing
of it which is typically outsourced. This causes similar issues as it is often expensive and
takes significant time to produce. When prototyping and iterating a design, waiting a week
instead of a few hours can drastically increase the project timeline.

When creating custom lab equipment, hobby-grade 3D printers can often produce
sufficiently accurate results. The main difference between them and industrial machines
being material selection, consistency of results, and machine maintenance. Both Material
Extrusion and Vat Polymerization printers can be purchased for ~$200 USD at the lower end
and produce unique structures and attachments not purchasable from retailers. Depending
on the material, printing method, and the lab work being done, the created structures may
not be appropriate to use. Many materials are not autoclavable and cannot be cleaned as
easily due to layer lines. If this is a concern, then other manufacturing methods may be
more appropriate. Three-dimensional printing may still be valuable for prototyping but
not for final usage.

4.4. Additive Manufacturing Experience

The creation of artificial tissue models and organ mimics can have numerous use
cases in research and will provide valuable tools in upcoming years. Being able to produce
and manufacture them in-house offers significant advantages over purchasing existing
models. The customization and rapid production of new models is something difficult to
accomplish without the use of 3D printing, and the costs associated are often lower when
specialized bioprinters are not needed. The one main issue that prohibits the utilization of
additive manufacturing is that of experience.

The use of 3D printers and 3D design software is rarely taught outside of specialized
courses, often in the field of engineering. Even within these courses, the hand-on experience
with printers may be quite limited. In many cases, researchers of a laboratory may have
minimal experience with 3D printing and designing, and the steep learning curve can
prohibit the use of this technology unless outsourced, negating some of the benefits to it.

As the market for personal 3D printing increases, so will the exposure many people
have to them. The intricacies for 3D printing are often difficult to learn without hands-on
experience. This skill will be easier to provide as more people use them. In the field of
replicating human structures, 3D printing can be a valuable tool, solving many of the
challenges faced by other manufacturing methods as detailed in this technical note. It will
likely be utilized significantly more in upcoming years.
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