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ABSTRACT
Additive Manufacturing is an engineering technique in which material is
deposited additively, instead of subtracted away from a quantity or made from a mold. In
the past thirty years, this technology has made significant advancements and has
revolutionized the manufacturing industry. Recently, this technique has been brought into
use in the medical field and has become an astonishingly successful idea. It is possible to
3D print biomaterial housing (known as scaffolds) for living cells, and thus develop
living organs. Although there are many challenges yet to overcome, it is clear that with
continued advancements and innovative technology, additive manufacturing could
completely change the face of medicine. One main issue in the ‘Tissue Engineering’ field
is that of vascularization. There is currently a need for methods to effectively provide
cells with proper nutrients. The research completed for this thesis investigates design and
fabrication of the vascularization and how it can one day hopefully be overcome.
The first objective was to determine the design parameters of a basic tissue
scaffold. This information was vital to better understand how to approach a unique
design. The second objective was to design a functional and effective 3D model of the
scaffold. This proved to be quite a challenge due to the parameter and technology
constraints. Upon deciding on a model, it was tested and analyzed. The final goal was to
have a standard model so that this research may be continued in other aspects.
The results of this research showed that out of four prospective designs, one stood
above the rest. This design, nicknamed the ‘Stack Build’ fulfilled all predetermined
design requirements, performed well in the Volume Flow Rate Test, and provided
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possible solution ideas to solve the vascularization issue within tissue engineering. This
‘Stack Build’ design can be used easily for future research and progression of this
project.
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Chapter 1
Introduction
Additive Manufacturing is a rapidly growing technology in use today. The many
benefits of this process are making it newly useful in transportation, forensics, arts,
paleontology, animal testing, construction and many more industries. It has recently been
discovered that additive manufacturing can be revolutionary to the field of medicine and
extensive research is being done to further knowledge of this realization.

Background Information
Additive Manufacturing is a process in which material is built up, instead of cut
away, in order to create a part or prototype. The process has roots in topography and
photosculpture, both of which can be categorized as creating objects in a ‘layerwise’
fashion and which date back almost 150 years. The first well-known additive
manufacturing attempt was a powder deposition method proposed by Pierre Ciraud in
1972 (Bourell, 2009). Since then, significant advancements have been made in this field,
and it is now a commonly utilized process.
Although challenges have been encountered, many advantages of additive
manufacturing have been identified in the past forty years. As opposed to traditional
manufacturing methods, this process utilizes only the material necessary to create an
item, and thus involves minimal waste. There is no necessity of a mold or die-cut, so a
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part or prototype can be manufactured on demand. Also, changes to a prototype can be
made quickly and easily. Along with this flexibility comes low cost. If a new mold does
not need to be made with each design change, fabrication is less costly. For these reasons,
and many more, additive manufacturing has revolutionized the manufacturing industry.
There are many methods of additive manufacturing; some of these methods
include: stereolithography, fused deposition modeling, 3-D printing, laser sintering, and
laser engineering net shaping. This thesis will focus mainly on 3-D printing and the role
this process can play in biomaterial additive manufacturing. In this specific method,
layers of plaster or resin powder of a material are laid out in the desired pattern and then
bonded together with a UV healing light.
3-D Printing is much more affordable and user-friendly than other additive
manufacturing techniques. This method also allows the combination of several materials
with completely different physical and mechanical properties to be printed at the same
time (Society of Manufacturing Engineers).
While 3-D Printing first became popular with plastic materials, recent discoveries
have shown that metals and even biocompatible materials can also be ‘printed’. With this
knowledge, it was discovered that it is possible to manufacture a scaffold to house and
nurture living cells that will grow and form into a functional human organ (Williams).
‘Bioprinting’, as it is cleverly named today, is the process of designing and printing
functional human tissues. This process has recently become of major interest within the
medical community.
The process of bioprinting is completed as follows. First, a patient’s cells are
taken (skin cells, hair cells, etc.). These cells are stripped of their nutrients and
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characteristics that make them exactly what they are. Once stripped, they are basic stem
cells. With the proper combination of nutrients and conditioning, these stem cells can
grow to become another cell in the body. This is where the 3D printing comes into play.
The stem cells require a stable housing in order to grow and receive proper nutrients. This
housing, commonly called a ‘scaffold’, can be designed and 3D printed. Once the cells
have grown properly, they are taken from the scaffold and layered with one another to
form the desired organ (Williams). Bioprinting is not always completed using the
scaffold approach; sometimes an inkjet material is used along with a supporting hydrogel
to actually lay out tissue structures. For this work, the scaffold approach will be the main
focus.

Objectives
It is with the previously noted information in mind, that the objectives of this
research are founded. A major task of this research will be to determine the design
parameters of a tissue scaffold. Information will be gathered from previous efforts of
others, as well as collaborative efforts at the Pennsylvania State University, in order to
create a list of design requirements of the tissue scaffold.
Once all parameters are known, the next objective will be to design a functional
model of a scaffold. Several variations of the scaffold will be designed, and with each, a
discussion of the effectiveness and usefulness of that design is presented. This
information will be used to improve the design until an efficient and functional design is
found.
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The decided upon model will be used to run tests and analyze important
information concerning the possible future success of that model. A volume flow rate test
will be completed to determine how well the scaffold will provide nutrients to the cells
within. This test will likely provide information about the efficiency of the design and redesign will possibly take place.
With a standard model, this research can be utilized to further the study of Tissue
Engineering at Penn State and within the medical field.

Literature Review
Organ transplantation today is suffering the ramifications of its own past
accomplishments. Because of the great success seen with transplantations, the demand
for organs is rapidly growing, whereas the supply is asymptotically reaching a plateau.
Every ten minutes a new patient is added to the United States Department of Health
Waitlist. Although an average of seventy-nine patients receive organ transplants each
day, eighteen patients die because they do not. Unfortunately, even if a patient does
receive a transplant, many complications may arise due to rejection. Five years after the
procedure, 69.3% of kidney recipients, 74.9% of heart recipients, 73.8% of liver
recipients, and only 54.5% of lung recipients are still alive (U.S. Department of Health
and Human Services). These statistics have guided professionals in the medical field to
understand that a new and distinct approach to the solution is vital.
Organ transplantation is considered a ‘halfway technology’ for two reasons: it
does not eliminate the original disease, and lifelong antirejection therapy is necessary
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post-surgery. An organ transplant may be considered a complete technology if the patient
receives the transplant from a syngeneic (genetically similar or identical and this
immunologically compatible) donor. Johanna Nightingale received a kidney from her
identical twin sister in December 1960; her surgery is an example of full-treatment
technology. Today, she is the longest living renal transplant survivor. Johanna’s case,
however, is rare within organ transplant studies because syngeneic donors are very
difficult to find (Orlando, Soker and Stratta, 2013).
If ‘bioprinting’ becomes a mainstream process in the medical field, the
complications connected to traditional organ transplants will be reduced. In the past
twenty years, over 160 patients have received organs developed from 3-D printed
scaffold housed and nurtured cells. Some of the human body parts that have been used in
transplants include the urethra, cornea, bladder, bone, ear, and trachea, among many more
(Orlando, Soker and Stratta, 2013). The excellent outcomes of these procedures are
proving that utilizing additive manufacturing in this field can solve both the issue of the
supply of organs as well as the necessity of anti-rejection medication.
Development of biocompatible materials is a major concern within this field. The
tissue scaffold that will be used to hold and nurture cells must be compatible with human
body materials or it will be quickly rejected and severe infection may occur. The scaffold
itself must also be able to degrade along the same rate that the cells within grow and
develop to fulfill whichever purpose they have been placed for. The scaffolds are often
constructed to slowly release morphogens and growth factors to help the object dissolve.
Even considering the limiting factors, the scaffold approach to tissue engineering has
produced excellent clinical results in studies (Marga, Jakab and Khatiwala, 2012).
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The Institute for Cell Engineering at Johns Hopkins Medicine has made major
accomplishments in the field of regenerative medicine. Immunobiology,
neuroregeneration, stem cell biology, and vascular biology are the main research areas of
the institute and all focus on a wide range of conditions such as Parkinsons, diabetes,
heart failure, etc (The Johns Hopkins University). Scientists at the Institute have
developed a reliable method of retracting blood cells and returning them to their original
stem cell state. Elias Zambidis, the lead of this study, stated that the task was completed
using plasmids (rings of DNA that replicate and quickly degrade inside cells). The team
treated cord blood cells with growth factors and then used plasmids to transfer four genes
into the cells. Small holes were made in the cells for the plasmids to move inside using
electrical pulses. Once inside, the plasmids cause the cells to revert to a more primitive
and thus stem cell state (Matthews Mehl and Wasta, 2012). This research is extremely
important to the field of tissue engineering because these stem cells are what will be
nurtured and will develop into new tissues and possibly organs. Figure 1 displays a
colony of blood derived stem cells at Johns Hopkins University.

Figure 1: Johns Hopkins: Blood Derived Stem Cells (Matthews Mehl and Wasta, 2012).

7

A group of scientists at Princeton University have used 3D printing to create a
functional human ear. The primary goal of this group was to determine a method of
merging electronic and biological materials because there are several mechanical and
thermal challenges that come along with. To solve this issue, the team used 3D printing
to create a combination of hydrogel and calf cells to form an ear. The calf cells later
turned to cartilage and the ear was formed with electronic materials intertwined. This
‘bionic’ ear can hear frequencies far beyond the range of normal human capabilities and
is an engineering feat in today’s society. Figure 2 displays the ‘bionic’ ear (Sullivan).

Figure 2: 3D Printed 'Bionic' Ear; Princeton Research (Sullivan).

The Wake Forest Institute for Regenerative Medicine has been a leader in the
tissue-engineering field throughout its growth. Anthony Atala is the head of this program
and has helped demonstrate that it is possible to successfully 3D print and implant living
tissues. In 2001, Dr. Atala implanted a 3D printed and grown bladder into Luke Massella.
Luke was born with spina bifida and by age ten it was necessary for him to receive a new
bladder due to the congenital disorder. Dr. Atala used a small sample is tissue from
Luke’s own bladder so that rejection of the new organ would not be an issue later on.
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Today, Luke is healthy and living a normal lifestyle (Atala). Dr. Atala’s team has also
been successful with harvesting stem cells from the amniotic fluid of pregnant women.
These cells can be nurtured and may develop into any cell type within the body. Dr. Atala
and his team are currently researching methods to grow tissues for over thirty different
areas of the human body (Wake Forest). Figure 3 shows the printer used at The Wake
Forest Institute of Regenerative Medicine (left) along with a small sample of cells being
laid out to develop tissues (right).

Figure 3: Wake Forest Institute of Regenerative Medicine Printer (Atala).

Although 3-D Printing for tissue engineering is extremely successful where in
use, there are limitations. One of the current challenges is that of vascularization.
Improper nutrient supply can lead to death of cells in tissue-engineered organs. Tissues
rely on blood vessels to supply blood, oxygen, and vitamins. For a tissue larger than 200
microns (the maximum limit of oxygen diffusion), multiple blood vessels are required.
Because vascularization is currently a major issue, bioprinting, or tissue-engineering, is
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limited to thin or avascular tissues where the demand for oxygen and nutrients can be met
otherwise, such as skin or cartilage (Rouwkema, Rivron and Van Blitterswijk, 2008).
Although it cannot completely solve the problem, the design of the tissue scaffold
plays a major role in the rate of vascularization after the organ is implanted. If designed
efficiently, the scaffold can greatly promote vascularization throughout the tissues.
Channeled scaffolds (which will be specifically studied throughout this research) have
been created to mimic the capillary network and allow for a flow of culture medium
throughout the construct. A study conducted concerning vascularization strategies
recommends that future scaffolds be analyzed to determine which features most greatly
affect the tissue vascularization efficiency (Lovett, Lee and Edwards, 2009).
Organovo is a unique company taking an innovative approach to someday solve
the issue of vascularization. The company uses living cells as a building block to generate
highly cellular tissues. These tissues may achieve spatially defined 3D structure without
any dependence of polymeric or decellularized scaffold builds. In other words, instead of
using scaffolds to tackle the vascularization issue, Organovo constructs tissues from
small multi-cellular building blocks. The resulting tissue has a tissue-like cellular density
and enables replication of spatial relationships among the tissues (Organovo). Organovo
uses a bio-printer that lays a pattern of cultured cells within a supporting hydrogel. With
this technique, the company has already grown engineered blood vessels. In January of
2014, Organovo announced its delivery of 3D printed liver tissues (Organovo). Due to
the complexity of liver tissues, this is a groundbreaking accomplishment. Organovo used
hepatocytes along with endothelial and hepatic stellate cells positioned relative to the
hepatocytes; which created a compartmentalized architecture. Two defining features of
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these tissues are notable: the development of microvascular networks within, and the
formation of intercellular junctions among the hepatocytes. These tissues are the most
advanced technology concerning the vascularization issue available. The tissues,
however, will be used solely for research and development purposes. Figure 4 displats the
liver tissue microvasculature network created at Organovo (Organovo). This company is
certainly a leader in the tissue engineering community.

Figure 4: Organovo's Liver Tissue Microvasculature Network (Organovo).

Regenerative medicine has been called ‘the next evolution of medical treatments’
by the U.S. Department of Health and Human Services and many research efforts are in
place to continue the outstanding progress of this field (Wake Forest). Whether using
inkjet and hydrogel, scaffolds, or other technologies, it is clear that tissue engineering is
the ‘state of the art’ technology of medicine.
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Conclusion
In conclusion, it is clear that additive manufacturing has taken a major role in the
medical field industry. It is hopeful that the knowledge gained from this research will
provide insightful clues to help diminish the challenges currently facing this field. With
new discoveries every day, one can see that 3D Printing will certainly play a part in
changing the face of medicine.
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Chapter 2
Methods and Materials
The methods and materials for this research can best be explained in the following
sections: the Objet260 Connex printer, scaffold variable values, SolidWorks designs and
challenges faced, and the volume flow rate test.

Objet260 Connex Printer
The Object260 Connex is described as a ‘Compact Multi-Material 3D Printing System’
(Stratasys). The machine is manufactured by Stratasys and will be the primary printer used for
this project. This printer is available at The Penn State Learning Factory. Information
concerning relevant printer features is included below in Table 1.

Table 1: Objet260 Connex Printer Information (Stratasys).

Printer Features

Constraint

Accuracy

20-85 μm (features below 50 mm)

Resolution

600 dpi (x & y axis); 1600 (z axis)

Printing Layer Thickness

High Quality Printing: 16 μm
High Speed Printing: 30 μm

This printer was chosen for this research because it has a novel feature of printing up to
14 different materials in one build- this is the widest range of material possibilities in the 3D
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printing world. The base materials of this printer include a transparent material (VeroClear), a
group of rubber-like materials (Tango family), a group of rigid opaque materials (Vero family)
in white, gray, blue, and black, and a polypropylene-like material (Stratasys). For this specific
research, the VeroClear and TangoBlack will be used primarily in the scaffold print.
Although the Objet260 Connex will be the printer used for this research, it must be
noted that this printer does not have the capability to print any type of biomaterial. This printer
was selcted due to the multi-material capacity and the good resolution. In future research for
this project, a biomaterial printer will need to be used.

Scaffold Variable Values
Previous studies concerning 3D Printing of biomaterials have provided information
concerning specific aspects of the scaffold. In order to effectively house and nurture cells, the
scaffold must be designed according to the design requirements provided in Table 2:

Table 2: Scaffold Variable Design Requirements

Element

Constraint

Pores

200-250 μm radius

Vasculature Channels

10-100 μm radius

Maximum distance from Pore
to Vasculature Channel

200 μm

Porosity

80%

Channels

1 input, 1 output
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As mentioned, these design parameters were determined from previous research
efforts. The pore size is determined from the size of cells that will be nurtured within the
scaffold. The vasculature channel size is based off of the nutrients that will be flowing
throughout. For example, blood cells are, on average, 6-8 μm in size (Inglis, Davis and
Zieziolewicz, 2007). The channels range from 10-100 μm so that the blood cells may spread
evenly throughout the entire scaffold to supply nutrients. The maximum distance that a
developing cell may be from nutrients is 200 μm (Rouwkema, Rivron and Van Blitterswijk,
2008). The porosity was set at 80% because all cells in pores will be able to receive ample
nutrients at this value. Lastly, a single input and single output are set because this is the most
convenient approach for nutrient insertion. Due to the extremely small sizes presented, the
scaffold was designed and printed at a ten-times scale of the actual size so that the printer was
able to physically construct the scaffold.

SolidWorks Designs and Challenges
The 3D CAD software used to design this scaffold is SolidWorks: 2013 Student
Edition by Dassault Systemes (Dassault Systems).
Four designs were considered for this research. This section includes figures of the
solid models of each design with an analysis of the specific challenges and limitations
encountered.
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Design A: Basic Initial Approach

36 mm

20 mm
20 mm
Figure 5: Design A, Entire Block View

2 mm radius

0.25 mm radius

Figure 6: Design A, Section Cut View

Design A, pictured in Figures 5 and 6, is a very basic initial approach to a scaffold
design. It is one solid block with spherical pores and cylindrical channels cut out. This design
is not very realistic because all of the pores are aligned in a basic pattern. In an actual scaffold,
the pores will be different sizes, shapes, and will overlap in some cases.
Upon completion of this design, it was quickly realized that the printer will need to use
support material when building the 3D structure. This support material will be placed
wherever there material needs to be placed on top of empty space within the model and thus,
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all of the pores and channels would be filled in. If the scaffold is printed entirely, there is not
an effective method to remove this material and the scaffold is essentially just a solid block
and cells cannot be placed within.

Figure 7: Support Material Example (Isis 3D).

Figure 7 provides an example of a structure which requires the use of support material.
Notice that all void spaces are filled with a less dense material. This, similarly, would occur
within the pores and channels of scaffold Design A.
In order to avoid the support material issue, it was determined that the scaffold would
need to be designed and printed in two symmetric halves and then fold together. All features
would need to be completely symmetric so that the entire scaffold can fold together and still
have void spaces for pores and channels.

Bend direction.

Flexible bend material

Stiff material; half of
design.

Stiff material; half of
design.

Flexible bend material
Figure 8: Diagram of 'Fold' Approach
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Because the scaffold must be designed in halves, part of the 3D effect will be lost. All
of the pores and channels must be on one single layer instead of staggered through the
thickness of the block. This makes the scaffold design less realistic.

Design B: Symmetric Halves Approach
0.1-1 mm
radius

2-2.5 mm
radius

Figure 9: Design B, Front View

20 mm

3 mm
38 mm
Figure 10: Design B, 3D View
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Figure 11: Halves Approach, Actual Print (Half)

Figure 12: Halves Approach, Actual Print (Whole)

Once printed, it was seen that the minimum channel size in Design B was too small for
the printer resolution. The smaller channel extensions were barely visible to the naked eye and
thus would not likely hold fluid efficiently. Design B was printed using VeroWhite and
TangoBlack materials and took approximately 25 minutes to print entirely.
Because the minimum width channels were too small for the printer, the solution was
to simply enlarge them for one design. The original channel size design was kept and an
enlarged channel design was added.
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Enlarging the channels violates the minimum channel width constraint value and again
makes the design less realistic. Unfortunately; this adjustment was necessary for testing
purposes.

Design C: Enlarged Channels
0.3-1.5 mm
radius

20 mm

2-2.5 mm
radius
38 mm
Figure 13: Enlarged Channels Approach

Figure 14: Enlarged Channels Printed Model

As seen in Figures 13 and 14, the enlarged channels are much more visible and useful
for the flow rate test. All dimension, except for the channel size range, remained the same
from Design B. The materials used for Design B were VeroClear and TangoBlack and the
overall print time for Design B was approximately 25 minutes.
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It was determined from the volume flow rate test (explained in the next section) that
the fluid seemed to simply move in the direction of gravity with the channels laid out in this
curved pattern. Also, the overlaying of the channels and pores made an impact because the
liquid tends to pool up inside the pore instead of moving smoothly through the model.
In order to avoid both issues of the gravity pull and the pooling of liquid, an entirely
new design approach was taken. The previously known information was reconsidered and
reanalyzed. A new list of design requirements was developed and can be seen in the Table 3
below.

Table 3: Updated Variable Design Requirements

Element

Constraint

Pores

150-250 μm radius

Vasculature Channels

10-200 μm radius

Maximum distance from Pore
to Vasculature Channel

200 μm

Porosity

70%-80%

Channels

1 input, 1 output

Most element constraints remained the same. The major adjustments were in the
channel size and the pore size. The vasculature channel size was changed from 10-100 microns
to 10-200 microns. This change was made because it was realized that although not all, some
of the channels can be made larger to help nutrients flow better throughout. The pore size was
adjusted from 200-250 microns to 150-250 microns. This change was made to improve the
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porosity (a porosity calculation example can be found in the following section). Using pores
ranging from 200-250 microns created a shelled out effect in the scaffold when trying to
increase porosity. Instead of a porous look, the scaffold was carved out entirely and was
unrealistic. The porosity was changed from 80% to 70%-80% because, again, the porosity
level was creating a shelled out effect. The combination of allowing smaller pores and a lower
porosity helped a great deal in getting rid of the shelled out look.
With this new information, it was decided that the best approach would be to build the
scaffold in separate layers. There would be pore layers and channel layers. The channels layers
would consists of straight branch-like channels instead of curved, bending, ones and the pore
layer would be able to accurately represent the porosity value.
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Design D: Stacked Build, Straight Channels

Figure 15: Stack Build Assembly Process

Figure 15 shows the process of stacking the pore layers and channel layers together to
create one scaffold model.
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Smallest channel radius:
0.2 mm
Largest channel radius:
1 mm

Figure 16: Channel Layer; Size Scale

Figure 17: Channel Layer Closed; Size Scale

Figures 16 and 17 provide details concerning the channel layer of Design D. This is the
layer of the model in which fluid will travel; thus, this layer is important to the overall design.
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Smallest pore radius:
1.5 mm
Largest pore radius:
2.5 mm
Porosity:
73%

Figure 18: Pore Layer; Size Scale

Figure 19: Pore Layer Closed: Size Scale

Figures 18 and 19 provide details concerning the pore layer of Design D. This layer
will hold the developing cells.
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Porosity calculations were completed using the mass properties tool within SolidWorks
along with the values in Table 4 and following calculations:
Table 4: Dimension Values for Porosity Calculations

Dimension

Value

Length
Width
Thickness (entire object)

46 mm
26 mm
2.7 mm

Thickness (no effect from pores)

0.7 mm

The entire solid volume, v, is given by equation 1, where l, w, and t, are length, width,
and thickness, respectively.
Equation 1

(l)(w)(t)= v
(46)(26)(2.7) = v = 3229.2 mm3

The volume of the object with pores, v2, is provided by the Mass Properties tool within
SolidWorks.
v2 = 1723.13 mm3

The volume of the portion of the model that has no effect on the porosity, v3, because
there is not enough void space from pores here is given by equation 2, where l, w, t2 are
length, width, and thickness of the section that has no effect on the porosity, respectively.
Equation 2

(l)(w)(t2) = v3= 837.2 mm3

The volume of the portion of the model that does affect porosity, v4, is given by
equation 3.
Equation 3

v2-v3= v4 =885.93 mm3
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The percent of solid material within the model, x, is provided by equation 4.
Equation 4

v4/v= x = 0.27

The percent of void space within the model, thus, the porosity, p, is given in equation
5.
Equation 5

1-0.27=.73 * 100= p = 73 %
This layer is 73% porous.

Figure 20: Stack Build; Size Scale

Figure 20 provides dimension details of the entire stack build. This build only consists
of three layers, so as more layers are added, the stack will be larger.
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With this build, the only foreseeable issue is that once more than one channel layer is
included, there will be multiple inputs and outputs. This issue can be corrected easily though
by creating a connection device between the layers.
All design requirements were fulfilled with this build. The channel size, pore size,
distance, porosity, and input/output are all within the prescribed values. Next, a volume flow
rate test was completed on this design model; the procedure is explained in the next section.

Volume Flow Rate Test
As mentioned, a volume flow rate test was performed with designs B, C, and D for this
research. This test was utilized to determine if the scaffold would effectively allow fluid flow
throughout the channels. This is essential so that nutrients will flow through to the cells so they
may develop properly. Materials used for this test are described in the following table. The
purpose of each object is provided as well.

Table 5: Volume Flow Rate Test Materials

Material
3D printed designs C & D
Dyed water
Syringe
Graduated Cylinder
Super glue
Timer
Camera
Paper & Pencil

Purpose
Test subjects
Fluid to be injected
Injection device
Fluid collection
Secure faces of 3D
scaffolds
Time process
Record procedure
Data collection

28

The materials required for the test can be seen laid out together in Figure 21 below.

Figure 21: Volume Flow Rate Test Materials

The test protocol was as follows:
1. Super glue was applied to the faces of the 3D models so that the device is sealed closed and
fluid can move within (seen in Figure 22).

Figure 22: Super Glue Application
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2. All materials were set up in order for efficient testing (as pictured in Figure 23).

Figure 23: Volume Flow Rate Test Set Up

Figure 24: Volume Flow Test Experiment Set Up

3. The syringe was used to inject the dyed fluid into the model. The graduated cylinder
collected the fluid as it left the model (displayed in Figure 24).
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4. The four samples (designs B, C, and two samples of design D) were each tested ten times
for a duration of ten seconds.
5. Data was recorded and analyzed. This information is provided in Chapter 3: Results and
Discussion.

Conclusion
Knowledge of the standard engineering design process was very useful with this
research. Each design had a unique and innovative approach and each had advantages and
disadvantages. The final selection for design is provided and explained in Chapter 3: Results
and Discussion.
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Chapter 3
Results and Discussion

Finalized Model
Each of the four designs had advantages and disadvantages. The basic initial design
(Design A) was quickly disregarded due to the necessity of support material from the printer.
The symmetric halves design (Design B) had potential and was tested in the volume flow rate
test. Unfortunately though, because the channels were so small, the volume flow rate test was
inconclusive because the model was unable to hold any fluid whatsoever. The enlarged
channels design (Design C) worked better than Design B and provided results in the volume
flow rate test. The stacked build (Design D) was by far the best approach as was decided as the
finalized design.

Figure 25: Stack Build Printed Model Open
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Figure 26: Stack Build Printed Model Closed

Figures 25 and 26 show the actual printed models for Design D. Materials used
included VeroClear and TangoBlack. The overall print type of this model was approximately
25 minutes for each layer. So, for a stack build of three layers, the entire build took about 75
minutes.
The stack build (Design D) is effective and was chosen as the most appropriate model
to move forward with for many reasons beyond the fact that it fulfilled all predetermined
design requirements. With layers, the size of the scaffold can be adjusted extremely easily.
One important note is that when the cells in the pore layers begin to produce tissues, these
tissues will penetrate through the channel layer and all layers will be integrated. This means
that this, essentially, is a vascularized tissue unit that is assembled layer by layer. It is
necessary to still determined how to connect each scaffold to the host circulation; however,
this approach may present a possible solution to the major vascularization issue within the
tissue engineering field. If all units are assembled together and there is a single inlet and outlet,
this is essentially one large vascularized unit.
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This design also performed extremely well during the Volume Flow Rate Test. This is
yet another reason why Design D was chosen as the design to use for future research. The
Volume Flow Rate Test results are explained in detail in the next section.

Volume Flow Rate Test
The Volume Flow Rate Test was used to determine which design models would most
efficiently move fluid throughout. The protocol of this test was described in Chapter 2:
Method and Materials, and the results are provided here.

Halves Approach (Design B) Test:
This test, unfortunately, was inconclusive. When attempting to inject the fluid into the
model, it would simply spill out; none of the fluid actually went into the mode, as hoped. The
fluid was not able to move through the scaffold model at all (seen if Figure 27). This design
was promptly taken out of consideration.

Figure 27: Halves Approach (Design B) Test; Inconclusive Results
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Enlarged Channels (Design C) Test:
Design C was much more effective in moving fluid through the model. Fluid was able
to enter the inlet and exit the outlet, as hoped. However, instead of spreading through the
model evenly, the fluid would pool up in the pores and move more with gravity than with the
path of the channels (displayed in Figure 28). Although this design technically did transport
fluid, it was not in the manner that was planned for. Values for fluid output of this test can be
found in the Appendix of this report.
Outlet

Inlet

Outlet

Inlet
Figure 28: Enlarged Channels (Design C) Test

Stack Build (Design D) Test Samples 1&2:
The stack build design was easily the most effective design with transporting fluid.
Because none of the water actually moves through the pore layers, the channel layer is all that
is tested and shown. In sample 1, the fluid spread very evenly throughout the model. Sample 1
also was extremely efficient in moving fluid throughout the model. In almost all of the ten test
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runs, all of the fluid inserted into the model was ejected. Sample 2, unfortunately, did not have
similar results. The faces of the model were not glued together properly and thus the fluid
spread throughout the entire model instead of only in the channels. This model did however
input and output the fluid at the same rate. Values of the fluid output for Design D samples 1
& 2 can be found in the Appendix of this report.

Figure 29: Stack Build (Design D) Test Sample 1

Figure 30: Stack Build (Design D) Test Sample 2

Figures 29 and 30 display the fluid motion throughout Design D samples 1 and 2. In
sample 1 it is clear that the fluid moved nicely through the channels, whereas the fluid spread
throughout the entire model in sample 2.
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Overall, it was determined that although both Designs C and D were effective in
transporting fluid, Design D was ultimately more efficient. Over a time period of ten seconds,
2.5 ml of fluid were injected into the models. After ten seconds, the graduated cylinder was
used to determine how much fluid had moved throughout the model. This process was
completed a total of 10 times for each design. The table and chart below represent the average,
maximum, and minimum fluid output values of the 10 iterations for Designs C and D
(Samples 1 & 2).

Table 6: Volume Flow Rate Test Results
Sample
Average (ml/s) Max Min
1 :Design C
0.2 0.21
0.19
2: Design D S1
0.247 0.25
0.24
3: Design D S2
0.2435 0.25
0.24

Figure 31: Volume Flow Rate Test Results Scatter Plot
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As seen in Figure 31, the average fluid output values are represented as the points.
Error bars have been included to represent the minimum (and maximum when applicable)
output values.

Interpretation
The Volume Flow Rate Test was successful in providing information about which
design would be best to continue future research with.
As shown in the scatter plot provided, Design D Sample 1 was the most efficient
design in transporting fluid, just slightly more so than Sample 2. This seems appropriate due to
the advanced design of this model. Because the pores and channels are on separate layers, the
fluid does not pool up in the pores and thus is able to move evenly throughout the model. Also,
because the channels were straight and not curved anywhere, the fluid could, again, move
more easily. For these reasons, it is seen that Design D is the best design to continue with.
Design D Sample 2 followed very closely behind Sample 1. This makes sense because
these two samples have the same geometry, just are different builds. Because the results of
these two samples were essentially the same, it can be concluded that the printing process is
repeatable. These results show that the Objet260 Connex is a reliable printer.
Design C was slightly less efficient than both samples of Design D. As explained
previously, this is most likely due to the channels and pores being on the same layer, and the
fact that the channels were winding.
Lastly, Design B was immediately disregarded because it did not hold the fluid
whatsoever. This design was not efficient at all and was not the best approach.
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Thus, it was decided that Design D is the most appropriate design to continue forward
with. This design will be able to supply the cells with the proper nutrients so that they may
develop properly.

Research Contributions
This research successfully provided a functional and effective model to be used for
testing and future research. Through four unique and innovated design iterations, a final ‘Stack
Build’ design was selected. This model not only fits all requirements of previously given
knowledge about tissue scaffolds, but also efficiently transports fluids throughout. It is clear
that this model is beneficial to the tissue engineering research occurring at The Pennsylvania
State University. If the vascularization issue can be possibly solved with this scaffold model,
this will be an extremely large step forward in the tissue engineering field. The research
conducted and explained in this report has provided a model to utilize for future possibilities
and thus has provided the starting point of tissue engineering studies within The Pennsylvania
State University.
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Chapter 4
Conclusions
This chapter provides, first, an overall summary of the entire research and thesis
and, second, suggestions for future research of this field.

Final Summary
In summary, the research completed for this thesis could be very beneficial in
forwarding knowledge about tissue engineering. Although the research discussed is very
preliminary and basic in the field of tissue engineering, it is the possible starting point of
something that can be revolutionary to medicine. All objectives were fulfilled and there is
ample opportunity for continuation of the research.
In consideration of the first and second objectives of determining parameters and
developing a standard model, this research was successful. The ‘Stack Build’ design
effectively fits all requirements of predetermined parameter constraints and is a useful
design to move forward with. This design, although basic, is a good starting point to
develop an advanced tissue scaffold model.
The third objective, Volume Flow Rate Testing, was also completed successfully.
The testing provided very useful information about the efficiency of designs B, C, and D.
The data presented in Chapter 3: Results and Discussion shows that the ‘Stack Build’
(Design D) was ultimately the most appropriate design to continue forward with. The test
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showed that this design effectively transported fluid throughout the model evenly and
continuously.
Overall, this research has effectively created a solid base point for tissue
engineering research at The Pennsylvania State University. It is hopeful that in the future,
this University will have made major contributions to the field and more so, that tissue
engineering will be changing the face of medicine.

Future Research
This research presented in this thesis presents definite opportunities for additional
future research. In relation to the first and second objectives, one such opportunity would
be to further develop the design to be at utmost efficiency. The ‘Stack Build’ design is an
effective and useful one, but certainly can be furthered and advanced more. For example,
the channel layer may be adjusted to simply have more channels throughout. This would
give the fluid more path opportunities to move throughout the model. Also, the stack can
be continued and built up further. Instead of just two pore layers and one channel layer,
the design could be built up to have, say, 4 channel layers and 5 pore layers. With this
build it would obviously be necessary to include a connection device of sorts so that there
would only be a single input and single output. There are definite improvements that can
be made upon Design D.
In relation to the third objective of testing, another opportunity for future work
would be more testing types. For example, a stress/strain test would be useful in
determining how the scaffold would hold up if placed under stress. A temperature test
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could be useful to determine how the scaffold would hold up in extreme heat or cold. A
plethora of tests would be useful to understand more about the scaffold.
Once tests are run and a standard model is determined, an extremely useful aspect
of future work would be a parameterized model. Initially this was an objective of this
research; however, due to complications determining a standard model, a parameterized
model could not be created. This could be done using a code writing program, or an
online program. If designated parameters of the model can be adjusted quickly and easily,
this would be extremely useful for the progression of the project. If completed in
combination with testing, an advanced and parameterized model could be of great
significance to tissue engineering research at The Pennsylvania State University.
Another significant area of research is material possibilities. As discussed early in
this thesis, the materials used for this scaffold will need to be biocompatible. The
Objet260 Connex would not be an effective printer for biomaterials. However, if a less
expensive, possibly smaller, printer was purchased solely for the purpose of testing
multiple materials- this could benefit tissue engineering research at the University a great
deal. In addition to being able to print biomaterials, the new printer would need to have a
very high resolution to be able to print the features of the model at true scale.
There are many opportunities for continuation of this research. The Pennsylvania
State University has the opportunity to become a major contributor within the tissue
engineering field. More importantly, advancements within this field can absolutely
change the face of medicine.
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Appendix
Volume Flow Test Results:
Table 7: Volume Flow Rate Test Results Design B
Halves Approach (Design B)
Inconclusive Results

Table 8: Volume Flow Rate Test Results Design C
Enlarged Channels (Design C)
Iteration Fluid In Fluid Out ml/s
1
2.5
2
0.2
2
2.5
2.1
0.21
3
2.5
2
0.2
4
2.5
2
0.2
5
2.5
1.9
0.19
6
2.5
2
0.2
7
2.5
1.9
0.19
8
2.5
2.1
0.21
9
2.5
2
0.2
10
2.5
2
0.2
Table 9: Volume Flow Rate Test Results Design D Sample 1
Stack Build Straight Channels (Design D) Sample 1
Iteration Fluid In
Fluid Out
ml/s
1
2.5
2.5
0.25
2
2.5
2.4
0.24
3
2.5
2.5
0.25
4
2.5
2.5
0.25
5
2.5
2.45
0.245
6
2.5
2.5
0.25
7
2.5
2.4
0.24
8
2.5
2.5
0.25
9
2.5
2.45
0.245
10
2.5
2.5
0.25
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Table 10: Volume Flow Rate Test Results Design D Sample 2
Stack Build Straight Channels (Design D) Sample 2
Iteration Fluid In
Fluid Out
ml/s
1
2.5
2.4
0.24
2
2.5
2.45
0.245
3
2.5
2.4
0.24
4
2.5
2.5
0.25
5
2.5
2.5
0.25
6
2.5
2.4
0.24
7
2.5
2.45
0.245
8
2.5
2.45
0.245
9
2.5
2.4
0.24
10
2.5
2.4
0.24

Figure 32: Design A Dimensions
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Figure 33: Design A Dimensions

Figure 34: Design B Dimensions
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Figure 35: Design B Dimensions

Figure 36: Design C Dimensions
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Figure 37: Design D Channel Layer Open Dimensions

Figure 38: Design D Channel Layer Closed Dimensions
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Figure 39: Design D Pore Layer Open Dimensions

Figure 40: Design D Pore Layer Closed Dimensions
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