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RESUMEN

El siguiente informe describe el disefio de un biorreactor para cultivo celular con un flujo de
bomba peristéltica. Se aplicaron criterios de ingenieria para lograr el disefio final del
biorreactor de perfusion, considerando un prototipo inicial y simulacion de fluidos. Una vez
definido el modelo final se elaboran procesos de fabricacion, completos y a manera de trabajo
futuro, para cada componente. Durante el proceso de disefio, se aplican estandares de
ingenieria para mantener la seguridad del operador y el cultivo celular. De igual manera, las
simulaciones de dindmica de fluidos computacional (CFD), llevadas a cabo en el software
COMSOL, se realizan para validar los parametros de disefio seleccionados. Los resultados
analiticos obtenidos coinciden con los resultados de las simulaciones. Asi mismo, se disefia
un sistema automatizado con el fin de evitar resultados no deseados, mantener constante el
pH en el medio y el caudal en la bomba peristaltica. El sistema de control fue realizado en el
software de simulacion PROTEUS, con cddigo ARDUINO. Al final, los resultados analiticos
coinciden con los resultados de las simulaciones, lo que verifica la eficacia de los célculos de

ingenieria.

Palabras Clave: Cultivo Celular, Biorreactor de Perfusion, Bomba Peristaltica, Disefio

Prototipo, Software COMSOL.



ABSTRACT

The following report describes the design of a cell culture bioreactor with a peristaltic pump
flow. Engineering criteria were applied to achieve the final design of the perfusion bioreactor,
considering an initial prototype and fluid simulation. Once the final model is defined,
manufacturing processes are developed, complete and as for future work, for each
component. During the design process, engineering standards are applied to maintain
operator and cell culture safety. Similarly, computational fluid dynamics (CFD) simulations,
carried out in COMSOL software, are performed to validate the selected design parameters.
The analytical results obtained coincide with the results of the simulations. Likewise, an
automated system is designed in order to avoid unwanted results, keep the pH in the medium
constant and the flow rate in the peristaltic pump. The control system was made in the
PROTEUS simulation software, with ARDUINO code. Ultimately, the analytical results
match the results of the simulations, verifying the effectiveness of the engineering
calculations.

Key Words: Cell Culture, Perfusion Bioreactor, Peristaltic Pump, Prototype design,
COMSOL Software.
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INTRODUCTION

One of the main goals in medicine is to develop methods that allow humans to extend
their lifespan with a good quality of life. Among several medicine leap discoveries, tissue
engineering plays a big role in achieving the previously mentioned goal. Tissue engineering
mainly focuses on tissue culture which is the growth and maintenance of live cells outside the
body (Slack, 2018, p. 49). Cell culture has been in development since the early 20" century
and has been a relatively common process since 1950 when complex media, sterile
disposable containers, and antibiotics became commercially available (Slack, 2018, p. 49).
Cell culture has been dealing with manipulation of the biophysical environment where cells
are meant to reproduce, which has been crucial for tissue engineering success (Grossemy,
Chan, & Doran, 2020). Nowadays, various areas are of most interest in the development of
tissue engineering which according to the National Institute of Biomedical Imaging and
Bioengineering are controlling steam cells through their environment, implanting human
livers in mice, cartilage restoration, and engineering mature bone stem cells (2019).

There are many techniques for cell culture, however, one of the most common
practices is the three-dimensional method. For the three-dimensional method, it is required in
most cases the use of a bioreactor system. The bioreactor is a device that provides a
controlled sterile environment for the development of engineered tissue (Abousleiman &
Sikavitsas, 2006, p. 250). It provides the cultured cells with similar physiological conditions
and gives mechanical stimulations to ensure mass transfer and nutrients transport between the
cells to their proliferation (Abousleiman & Sikavitsas, 2006, p. 250). Currently, state-of-the-
art perfusion bioreactors are using high-technology equipment with built-in sensors for
controlling the conditions inside a disposable bag where the cells are placed to grow. As an
example, one can take the WAVE Bioreactor manufactured by GE Healthcare. This

bioreactor uses a rocking mechanism that provides motion to a disposable plastic bag that is
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partially filled with culture media and inflated to rigidity (USA Patent No. US009428724B2,
2016). This rocking motion is the one that allows a proper mass transfer and promotes
agitation, which are paramount characteristics for a good bioreactor performance (USA
Patent No. US009428724B2, 2016). The non-disposable part of the equipment is provided
with sensors that give readings and control over the aeration rate, rocking speed, pH control,
and temperature to which the cells are exposed (GE Healthcare, 2008).

This project will be developed for the College of Science and Engineering specifically
for Professor Jose Alvarez, Ph.D. The present bioreactor system will serve as a tool for
further research and development in the bioengineering field. Currently, state-of-the-art
bioreactors as the one mentioned before, include a cell culture process that demands either
big storage facilities or voluminous laboratory instruments, both adverse factors. Also, some
processes demand more time than what is required when treating patients that need tissue
transplants. That is the reason why this project mainly focuses on solving the spacing and
timing issues that human cell culture processes are currently facing. To solve the former
problems several design options will be presented in this document, which have gone through
a careful evaluation until reaching a final prototype.

This prototype takes into account the following parameters: the size of the equipment,
operation fidelity, ease of assembly, cleanability, and the cost of production and maintenance.
Additionally, the prototype complies with physical requirements such as the full development
of the flow in the bioreactor chamber, an appropriate amount of shear stress over the cells,
and a proper pressure drop around the system. These physical requirements have been
achieved by an analytical analysis using fluid dynamics and energy principles and have been
proved by numerical methods using CFD analysis as well as a designed experiment to
illustrate the involved phenomena and behavior of the system. This engineering analysis plus

the project management and development will be presented in the following sections.
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PROJECT MANAGEMENT

Project activities and tasks management

The project has been carefully planned in terms of time and workload distribution
among its participants. This plan has been carried out with the aid of a Gantt chart in which
can be found the tasks, meetings, deliverables, and the people who have participated or have

been responsible for them. This Gantt chart can be found in Appendix A.

Project budget
An approach to the budget required for a possible implementation process is shown
below.

Table 1 Initial Budget for the designed system

Component Hrs Rate Units | $/unit Subtotal Taxes ‘ Total

Bioreactor system

Sealing top cap 220 | o0 | L | 3560 35.00 |'$ 420 $ 3920
Sealing bottom cap | S 14:$30 L 45.%0 $ 4500 =S 540 $ 5040
Bioreactor chamber 2455 4_20 1 120$i00 $ 12000  $ 1440 $  134.40
Reservoir cap 24.35 6?6 1 150$i00 $ 15000 | $ 1800 $  168.00
SN 5.33 18:$80 1 100$i00 $ 10000 | $ 1200 $  112.00
System tray >33 15:$oo 1 80%0 $ 8000 | $ 960 S  89.60
Connection tubes L 68i3 $ 6843 ' $§ 821 $ 7664
Peristaltic pump 1 303$i99 $ 30399 | $ 3648 $  340.47
::/:/aor;r; drive hose 6 1.?9 s - @ r 5.00
Agaifie Ui 1 23%0 $ 2300 | $ 276 $ 2576
Arduino Nano . 20%0 $ 2070~ $ 248 $ 2318
Zeﬁfff’ +water flow 1 3?3 $ 373 $ 045 3 418
Analog pH sensor L $ s 2050 I 23,08

kit 29.50
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Component Hrs Rate  Units | $/unit Subtotal ‘ Taxes ‘ Total
Plastic ball valve L 0.30 $ 090 F $ 011 3 1.01
Led kit 1 4_20 $ 450 $ 054 $ 5.04
LCD (LMO16L) 1 6.20 $ 650 $ 078 $ 7.28
220-ohm resistor 2 0.?9 3 =g K 0.43
Micro servo motor L 11.$;)9 $ 1199 | $ 144 $ 1343

$ 1,010.76 $ 1,132.05

The budget shown above reflects prices for all the parts necessary for the designed perfusion
bioreactor system. Yet, due to the pandemic circumstances in which this project takes place,
Ecuadorian market prices were not feasible to gather for some of the components. Therefore,
applying all engineering knowledge and the ASME code of ethics, the most thorough
analysis possible is presented.

Table 2 Additional budget the system may incur

Component N/A  N/A  Units $/unit ‘ Total
Equipment
Sindoh 3DWOX Printer 1 $2,49935 % 2,499.35
PLA filament 1 $ 2000 $ 20.00
PETG filament 1 $ 4000 $ 40.00
VWR CO2 incubator 1 $6,385.59 % 6,385.59
$ 8,944.94
Others
Unforeseen costs | | | ~$ 250.00 $ 250.00 |
$ 250.00

In this proposal, a complementary budget is shown. There is equipment that, because
of the dimensions of the designed bioreactor system and some client requirements, will
precise certain special conditions. That is why a powerful and very accurate 3D printer is

recommended, like the Sindoh 3DWOX. The same applies to the CO2 incubator, which
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could potentially be replaced with a bigger one if there is more scientific interest and

investment in the project.

ENGINEERING STANDARDS

Table 3 Engineering standards for the bioreactor system

Standard Title Cost
ISO 9001:2015 Quality management systems — Requirements $ 155.67
Medical devices — Quality management systems —
ISO 13485:2016 $178.23
Requirements for regulatory purposes
FDA 21 CFR Part
Quality System Regulation (QSR) -
820
Sterilization of health care products — Moist heat —
Part 1: Requirements for the development, validation, and
ISO 17665-1:2006 $178.23
routine control of a sterilization process for medical
devices
Biological evaluation of medical devices — Part 1:
ISO 10993-1:2018 $178.23
Evaluation and testing within a risk management process
Standard Guide for Aging of Sterile Barrier for Medical
ASTM F1980 -16 $ 52.00
Devices
Standard Practice for Performance Testing of Shipping
ASTM D4169 -16 $ 58.00

Containers and Systems

The present engineering standards are useful in different segments of the project.

Most of them, however, will become pertinent once the actual manufacturing and production

process takes place. A dash (-) is used to represent an FDA standard that was a varied
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conglomerate of norms, each one with a different price. Moreover, a simple yet
understandable breakdown is shown below.

e The standards ISO 9001:2015, I1SO 13485:2016, and CFR 21 Part 820 are applicable
for suppliers of raw materials for components in direct contact with the medium and
scaffold. It can be considered as supplier qualifications.

e The standards ISO 17665-1:2006 is applicable for autoclave sterilization of materials,
to ensure risk-free cell cultivation.

e The standards 1SO 10993-1:2018 is applicable for qualifying and regulating the
biological performance of raw materials of polymeric nature.

e The standards ASTM F1980 -16 is applicable when testing the designed perfusion
bioreactor system integrity.

e The standards ASTM D4169 -16 is applicable when needing a performance test. In
other words, it is useful when testing "the ability of shipping units to withstand the
distribution environment™ (American Society of Testing and Materials, 2020)

It is important to mention that for the specific biophysical and biochemical
interactions that will undergo the designed system, qualification guidelines can be found in
the US Pharmacopeia, which enumerates some crucial considerations like total organic
carbon (TOC) (<643>), conductivity (<645>), pH (<791>), particulate matter (<788>), and
so on. (Weber, A., De Wilde, D., Chaussin, S., Adams, T., Gerighausen, S., Greller, G., &

Fenge, C., 2014)



DESIGN CONCEPTS

The design of the bioreactor system needs to comply with various parameters. To
determine the degree of importance of each parameter, a weighted criteria method has been
performed as seen in the following table:

Table 4 Weighted criteria method for design parameters

20

Size > fidelity > Cleanable = Design for Assembly (DFA) > Replicability > Cost

Criteria Size Fidelity Cleanable DFA Replicability | Cost z +1| Results
Size 1 1 1 1 1 6 0.286
Fidelity 0 1 1 1 1 5 0.238
Cleanable 0 0 0.5 1 1 3.5 0.167
DFA 0 0 0.5 1 1 3.5 0.167
Replicability| 0 0 0 0 1 2 0.095
Cost 0 0 0 0 0 1 0.048

Sum 21 1

Once the order of importance of the design parameters is established as seen in Tabl
4, the design proposals can be evaluated to be further selected. In the following paragraphs,
several design proposals regarding the whole system distribution as well as the design of

specific components are presented.

Bioreactor system components distribution

The system has three main components which are the bioreactor perfusion chamber,
two medium reservoirs, and a peristaltic pump. However, the distribution of these
components may vary to comply with the client requirements. Two distribution setups have

been developed and are described below.

e
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e System distribution option 1
This set up has two reservoirs connected in series, which are located independently

from the bioreactor chamber. They will be placed in between the bioreactor chamber outlet

and the peristaltic pump as seen in the following figure:

Perfusion Column
(contains scaffold)

E Permeable piping
< ‘ > R

Peristaltic Pump

Two Reservoirs
(contain medium)

Figure 1 Bioreactor system components distribution option 1

Source: Visio

e System distribution option 2
This set up distribution of the components has two reservoirs connected in series.
However, they are placed close to the bioreactor chamber, which will provide a compact
design. This setup could be complemented with the use of a tray that will keep the bioreactor
chamber and the reservoirs nearby, which could improve its transportability. A more general

view of this setup is shown in the following figure:
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Compact Design

Perfusion Column Two Reservoirs
(contains scaffold) (contain medium)

Peristaltic Pump

Permeable piping

Figure 2 Bioreactor system components distribution option 2

Source: Visio

Bioreactor chamber options

The bioreactor chamber is a key component since it is where the scaffold with the
human cells will be placed. To have a successful human cell growth in the scaffold, it is
required that the nutritious medium flow achieves a fully developed condition before it
reaches the scaffold. To achieve a fully developed flow inside a tube or pipe it must have a
minimum length called entrance length, which depends on the characteristic of the flow
(Reynolds number) and the diameter of the pipe or tube. Due to space constraints, the
entrance length needs to be optimized, which is why various positions as well as shapes have
been considered to comply with the requirements. In the following points various chamber
options are described:

e Bioreactor chamber option 1

This option presents the bioreactor chamber that will be placed in a vertical position.
The chamber will have two semi-spheric shape caps for both inlet and outlet. The Scaffold
will hold into place by the semi-spheric shape that the bottom cap provides, which will
prevent the scaffold to slide further down. This bioreactor chamber can be seen with more

detail in the following figure:
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Figure 3 Bioreactor chamber option 1

Source: Fusion 360

e Bioreactor chamber option 2
This option presents the bioreactor chamber with a tilted position to the horizontal.
The inlet side of the chamber will have more elevation than the outlet. In this option, there
will be one tapered conic-shaped cap at the inlet and for the bottom of the chamber the side
of the wall that faces upwards will converge inwards in a smooth fashion so this will serve as
a support and a stop for the scaffold. This chamber design can be seen with more detail in the

following figure:

Figure 4 Bioreactor chamber option 2

Source: Fusion 360
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e Bioreactor chamber option 3
This bioreactor chamber will be placed in a vertical position. The inlet will have a
funnel that will concentrate the flow. The nutritious medium will be distributed through a
shower-like mechanism and then reach the scaffold. The scaffold will be held in place by the
bottom part of the perfusion chamber. Finally, the flow will evacuate through a hole located

in the base. This chamber design can be seen with more detail in the following figure:

Figure 5 Bioreactor chamber option 3
Source: Fusion 360
Bioreactor chamber closing mechanism and materials options
Closing mechanism options:
e Inlet and outlet threaded caps

e Inlet and outlet press-fitted caps
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Inlet and outlet caps materials options:
e Stainless Steel
e Aluminum
Chamber walls materials options:
e Acrylic
e Polymeric plastic

e Glass

Reservoir options

According to the customer requirements, the bioreactor system should have 2
reservoirs of medium to be easier to change the medium and clean the system. Also, it has to
be considered that the changing/cleaning of the medium process has to be carried out at a
laminar flow chamber which also gives some constraints when designing the ports that the
reservoirs will have. Considering the previous constraints, three design concepts have been
proposed and are described below:

e Reservoir option 1

This reservoir proposal joins the two reservoirs into one cylinder, and they are divided
by a diagonal wall that goes from the bottom to the top, giving as a result an upper and a
bottom reservoir system. This reservoir design intends to connect the bioreactor chamber on
top of it while directly lying above the upper reservoir. Each reservoir will have one outlet
and one inlet and each of them will be equipped with a catheter kind of valve that will allow
the connection of a syringe to extract and charge medium to the reservoir. The reservoir will
also have an entrance for filtered oxygen at the top next to the bioreactor chamber entrance.
This oxygen entrance will be shared for the two reservoirs. For further clarification the

reservoir proposal is presented in the following figure:
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Figure 6 Reservoir concept option 1

Source: Fusion 360

e Reservoir option 2

This reservoir proposal presents two containers that will be connected in series with a
plastic ball valve between them. Each container will have 5 entrances. Two of them located at
the front and back of the container that will be part of the main circulation system, the other
two ports will be located at one side of the container and they will have an angle and closed
with a tooth cap injection vials rubber plug that allows the entrance of a syringe for charging
and discharging medium at each port respectively. The last port will be placed on top of the
reservoir and it will be the filtered oxygenation entrance. This reservoir proposal can be place
on a tray that will hold as a whole the bioreactor chamber and the two reservoirs. For more

details of the presented reservoir proposal refer to the following figure:
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Figure 7 Reservoir concept option 2

Source: Fusion 360
e Reservoir option 3
This reservoir proposal is mainly a flask that will have two main entrances. One of the
entrances will be the filtered oxygen entrance and the other will be cover with a threaded cap
and will be used for charge and discharge the medium. These two entrances will be located at
the top of the flask but angled to opposite sides. Refer to the following figure for further

details:



Figure 8 Reservoir concept option 3

Source: Fusion 360

Reservoir materials options
For the reservoir material, one main characteristic has been taken into account and
that is that the material that will constitute the reservoir has to transparent. For this reason,
the following materials are taken into consideration:
e Acrylic
e Glass

e Polymeric plastic

Bioreactor chamber and reservoirs connection/attachment options
Since one of the main goals of the project is to have a compact design especially
when dealing with the bioreactor chamber and the reservoirs two proposals on this matter

have been made:

28
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e Attachment option 1
This option uses Option 1 of the reservoir exposed above and attaches the bioreactor
chamber directly on top of the reservoir, so the two components merge into one solid

assembly. This option of attachment can be seen in the following figure:

Figure 9 Bioreactor chamber and reservoir attachment option 1

Source: Fusion 360
e Attachment/connection option 2
This second option uses a tray that will hold the bioreactor chamber and the two
reservoirs connected in series in one place. This option provides the advantage of the
mobility of the components since the tray has handles that will help with this task. The
presented attachment option can work with any of the bioreactor chamber proposals and with

the second and third reservoir proposals. For further clarification see the following figure:
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Figure 10 Bioreactor chamber and reservoir attachment/connection option 2

Source: Fusion 360
e Attachment option 3
This option presents a tray that will contain the perfusion column and the two
bioreactors in the middle. Each of the three components will be distributed along the
elongated middle-section. The wall helps to maintain everything in place and the whole

structure is designed to be as sturdy, and compact, as possible.

Figure 11 Bioreactor chamber and reservoir attachment/connection option 3

Source: Fusion 360
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bioreactor system has been presented, as well as some material, and functionality options for

the designs. Based on the criterion shown in Table 4 along with the client’s input, the design

concepts presented before, have been evaluated until reaching a final prototype design.

Starting the selection analysis of the bioreactor chamber design concept options the

following table has been developed. The complete design criteria analysis can be found in

Appendix F

Table 5 Design evaluation for the bioreactor chamber design concepts

Concept | Size | Fidelity | Cleanable | DFA | Replicability | Cost > Results
Option1 | 0.048 | 0.040 0.028 0.028 0.016 0.008 | 0.167 3
Option2 | 0.143 | 0.119 0.083 0.083 0.048 0.024 | 0.500 1
Option3 | 0.095 | 0.079 0.056 0.056 0.032 0.016 | 0.333 2

From Table 5 it can be seen that the design option 2 is the one that better complies

with the design parameters. However, taking into account the experience input provided by

the client it has been decided to use some of the characteristics of design option 3 and

implemented to design option 1, giving as a result the following final bioreactor chamber

prototype.
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Figure 12 Final prototype design for the bioreactor chamber

Source: Fusion 360

The final prototype design for the bioreactor chamber shown in Figure 12 features a 1
cm internal diameter, a length of 14.5 cm, and a total operational volume of 11.39 cm3. The
total length of the bioreactor including the inlet and bottom caps is 18.5 cm. The dimensions
of this final prototype have been carefully determined after an engineering and calculations
analysis. The top and bottom caps are threaded and have O-rings at the surface of contact
with the chamber to ensure a hermetic seal. The sealing method selection has been taken after
consulting with the client. For further clarification, of the design of the bioreactor chamber
and its caps refer to Appendix B to see their respective drawings.

Regarding the selection of the materials for the bioreactor chamber, it has been
chosen that the middle chamber section it is going to be manufactured out of acrylic PMMA.
This decision has been made after consulting the client and due to the material properties.
The acrylic PMMA has been widely used for medical purposes such as dentures, bone
implants, and medical instruments due to its biocompatibility (Wasserman, 2019). However,
for the manufacture of this component, the important characteristics of this material are that it

IS resistant to temperature stresses, chemical reactions, and bioprocesses (Wasserman, 2019).
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Another advantage is that this material is easy to process and has a low cost (Wasserman,
2019). These characteristics make the acrylic PMMA a suitable choice since the bioreactor
chamber will be placed inside an incubator at 37 degrees Celsius and bioprocesses will occur
inside.

Regarding the material for the caps of the bioreactor chamber, after reviewing the
options with the client and checking the properties of the materials previously proposed, it
has been decided that the caps will be manufactured out of 316 stainless steel. This stainless-
steel type has been chosen since it has a molybdenum addition which makes it more resistant
to corrosion especially when dealing with saline or chloride exposed environments (Eagle
Stainless Tube & Fabrication, Inc., n.d.). The 316 stainless steel also has the advantage of
having excellent forming and machining properties as well as being suitable for welding
(Eagle Stainless Tube & Fabrication, Inc., n.d.).

Now for the selection analysis of the reservoir design concept options, the following
table has been developed. The complete design criteria analysis can be found in Appendix F

Table 6 Design evaluation for the reservoirs design concepts

Concept | Size | Fidelity | Cleanable | DFA | Replicability | Cost D Results
Option1 | 0.119 | 0.099 0.069 0.069 0.040 0.020 | 0.417 1
Option2 | 0.119 | 0.099 0.069 0.069 0.040 0.020 | 0.417 1
Option 3 | 0.048 | 0.040 0.028 0.028 0.016 0.008 | 0.167 2

From Table 6 it can be seen that the designs option 1 and 2 are the ones that better

comply with the design parameters. Taking into account the experience input provided by the
client it has been decided to use some of the characteristics of both designs and merge them

to have the following final reservoir prototype.
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Figure 13 Final prototype design for the reservoir

Source: Fusion 360

The final prototype design for the reservoir shown in Figure 13 has a more compact
design since it compresses together two reservoir compartments into a single component. The
communication between the two reservoir compartments is done by a piece of tube that
connects the two front ports, and it has a plastic ball valve to ensure that no flow passes when
the operator needs to change the nutritious medium. It features a maximum length of 15 cm,
a width of 5 cm, a maximum height of 8 ¢m, and a total operational volume of 239 cm3. The
dimensions of this final prototype have been carefully determined considering the client’s
specifications that the total volume of the reservoirs has to be at least 3 times greater than the
volume of the bioreactor chamber. The top cap is press-fitted and has an O-ring at the surface
of contact with the reservoir to ensure a hermetic seal. The sealing method selection has been
taken after consulting with the client. For further clarification, of the design of the reservoir
and its cap refer to Appendix B to see their respective drawings.

Due to the client’s specifications that the reservoir must be translucent, it has been
decided that the reservoir will be manufactured out of acrylic PMMA. This material is the

same that will constitute the chamber of the bioreactor, and for the reservoir, it has been



chosen due to its optical translucent properties in addition to the previously mentioned

medical characteristics that the acrylic PMMA possesses.
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Continuing with the design selection process, the attachment/connection options are

evaluated, and the results are presented in the following table. The complete design criteria

analysis can be found in Appendix F

Table 7 Design evaluation for the attachment/connection design concepts

Concept | Size | Fidelity | Cleanable | DFA | Replicability | Cost > Results
Option1 | 0.119 | 0.099 0.069 0.069 0.040 0.020 | 0.417 1
Option2 | 0.119 | 0.099 0.069 0.069 0.040 0.020 | 0.417 1
Option3 | 0.048 | 0.040 0.028 0.028 0.016 0.008 | 0.167 2

From Table 7 it can be seen that the designs option 1 and 2 are the ones that better

comply with the design parameters. However, after presenting these options to the client, he

has decided that design option 2 will serve better for the transportability of the components.

The client has made his decision based on his experience. Considering the final prototype

design for the bioreactor chamber and the reservoir, the final prototype design for the

components tray is shown in the following figure.

Figure 14 Final prototype design for the tray

Source: Fusion 360
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As seen in Figure 14 the tray prototype has been updated to hose the new bioreactor
chamber and reservoir designs. Furthermore, it has been decided that this tray will be
manufactured out of PLA due to its low cost and its practicality for 3D printing use.

One of the client’s requirements was that the design of the bioreactor system must
consider a peristaltic pump that has been previously owned and the purchase of a CO2
incubator. Also, this project has implemented a control system to aid the peristaltic pump
with the flow-rate control and a pH indicator system that will alert the bioreactor operator if
the nutritious medium has the correct pH or it needs to be changed. The control system
electronic components, the peristaltic pump, and the CO2 incubator are components that are
essential to the operation of the bioreactor system, but they are not designed nor
manufactured within this project. These external components and some relevant information
about them are presented in the following table.

Table 8 Additional required components for bioreactor system operation

Component Name Notes Quantity
Thomas Mini Variable-Speed Flow-rate range: 85 ml/min 1
Peristaltic Pump
. Minimum storage dimensions:

CO2 incubator (WXDxH) 69.1 x 44.4 X 53.3 cm 1
Arduino UNO R3 None 1
Arduino nano None 1
Water flow sensor YF-S201 None 1
Analog pH sensor - Meter kit None 1
Light pH indicators Led lights red and green 2
Servo motor None

LCD Arduino compatible 1
Control system power source 5 Volts battery 2
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DESIGN FOR MANUFACTURING

Manufacturing is the ultimate step of product development for which a methodic plan
has to be developed so the workflow can be smooth, and any possible problem encountered
may have been anticipated and can have a proper solution. Before reaching the
manufacturing process the design of every part has to be done by taking into account the
design for manufacturing and assembly guidelines. The following table presents a list of parts

that have to be manufactured, its material, and its manufacturing technology or method.

Table 9 Parts list and manufacturing method

: Part Process of
Part Material Number | Manufacturing
Blsoer;?ﬁtor Stainless PB001 CNC Lathe,
g Steel CNC Mill
Top Cap
Bioreactor
Sealing Stainless CNC Lathe,
Bottom Steel PBO02AL CNC Mill
Cap
Scaffold Stainless
Support PB002A2 CNC Lathe
Steel
Bars
Scaffold Stainless
Support PB002A3 CNC Lathe
. Steel
Ring
Bioreactor . -
Chamber Acrylic PB003 Injection Mold
Re;e;l\o/ow Acrylic PB004Al | Injection Mold
Reservoir Acrylic PB004A2 3D Printing
Polylactic
Sﬁgem Acid PB005 3D Printing
y (PLA)

To better visualize how the manufacturing process is done for each part listed in

Table 9, a series of flow charts have been created. As an example, in the following figure, the




38

manufacture flow chart for the bioreactor sealing top cap (PB001) is shown. The rest of the

flow charts for each part can be found in Appendix C

Legend for Diagrams
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Figure 15 Bioreactor sealing top cap manufacture process flow chart

Source: Visio

Using the information from the flow chart regarding the manufacturing process, a
manufacturing process sheet is done for each part. This process sheet includes a detailed
drawing of the part, manufacturing activities with its description and tentative cost, and

performance indicators to control the manufacturing process. For example, a process sheet
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for the bioreactor sealing top cap is presented in the following figure. For further detail of the

process sheets for each part refer to Appendix D.

Manufacturing Plan
- Bioreactor Sealing . .
Part 1 Dascription Drrawi PBOOL Quant 2
Pt Top Cap e -
316 Stainles Person in )
Material N Kevin Taday
Steel| charge
. - Manufacturi
N® Activities Desoption Tools Date e
Time
1 cut Cutting raw material imto more manageable pieces Metal b:nd s 01/01,/2021 30 min
machine
2 Corill Dirill small hole through out the material CHC lathe, drill bit o1/01/2021 30 min
3 Roughing roughing the shaft into the desired shape CHC lathe, blade 01/01/2021 &0 min
. . CMC Lathe, ta
4 Threading Pake specify threads using a tap dril » P 01/04/2020 20 min
ri
Cost 535

Code Dimensions Tolerances Equipment Persan in charge Check mark MNotes
[rim] [mnim]
A 6.35 0.5 Digital Caliper José Anguisaca
B 10 0.5 pigital Caliper José Anguisaca
C M12-1X5 0.5 Digital Caliper Joseé Anguisaca

Figure 16 Bioreactor sealing top cap process sheet

Depending on the part the process sheet may also include assembling procedures as

well as performance indicators for the assembly.
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The bioreactor system designed components have been developed with a long-lasting

life in mind with just minor cares, such as cleaning and properly storing. However, other

components such as tubing or plastic ball valves must be periodically replaced to ensure the

proper performance of the system. This periodically replacing of parts and proper

maintenance of the components of the system are detailed in the maintenance and operating

manual.

DESIGN REPORT

The design process needs to be backed up with rigorous calculations and engineering

analysis. This project has had four major calculations and analysis fields, which are: fluid

dynamics analysis, energy piping system analysis, design of experiments, and control system

design. The following table presents what tasks are involved in each field of analysis.

Table 10 Bioreactor system engineering analysis roadmap

Fluid dynamics Enerav analvsis Design of Control system
analysis 9y y experiment design
Determination of Determine
Analytical system henomena relevant Determine variables
mathematical model | components, fluid E)/ariables and create to control and how to
selection properties, and control them

geometry

dimensionless groups

Analytical model
validation with
numerical methods
(CFD simulation)

Energy analysis
based on the system
properties to
determine its
performance

Similitude and
scaling analysis

Components
selection, circuit
layout design, and
coding
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Fluid dynamics
analysis

Energy analysis

Design of
experiment

Control system
design

Use mathematical
analysis to determine
geometric properties

of the design

Confirm selected
system components
optimal
performance

Model creating and
testing

Control system
simulation

After developing the analysis mentioned in Table 10, and applying every other

considered constraints and client’s requirements, a final design prototype for each component

has been achieved. The following figure presents the final compact prototype of the designed

components of the bioreactor

Figure 17 Bioreactor chamber and reservoir compact distribution prototype

Source: Fusion 360

This prototype as a whole has a maximum length of 25 cm, a maximum height of 7

cm, and a maximum width of 13 cm. For further detail of every designed component of the

system refer to the drawings presented in Appendix B.
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The following figure presents the final control system prototype layout after going

through the engineering analysis.
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Figure 18 Final prototype control system layout

Source: Proteus

ENGINEERING ANALYSIS

Fluid dynamics analysis

There are two main fluid-related requirements that the design of the bioreactor
chamber must-have. One is the ability to achieve optimal shear stress over the surfaces of the
scaffold and the second is that the flow must be fully developed before reaching the scaffold.
To achieve these important requirements some calculations must be performed. First, an
analytical analysis will be presented. The results of the analytical analysis will be confirmed
with a CFD simulation with a Multiphysics software named COMSOL. The simulation will
be set up by using the parameters considered in the analytical calculation process.

The analytical analysis was developed after considering the case of flow past an

immerse body. As an analogy one can think of a cylindrical test section inside a wind tunnel.
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The approach will be to use the known data of the desired flow rate along with the chosen
cross-sectional area of the bioreactor chamber to calculate the flow velocity. Once this flow
velocity is calculated it will be used to determine if the shear stress over the surface of the
scaffold structural members is within the range that the literature specifies. Then the
calculated velocity of the flow will be used to determine the flow regime by using the
Reynolds number as a parameter. The flow regime is a key parameter to calculate the
entrance length that the bioreactor chamber must have to allow the flow to fully develop
before reaching the scaffold.

The optimal shear stress for cell culture is known to be within the physiological range
of 0.1to 25 % or 0.01 to 2.5 Pa (OlufemiE. Kadri, Cortes Williams 111, Vassilios
Sikavitsas, Roman S. Voronov, 2018). Due to the client’s peristaltic pump availability, it is
known that the flow rate is between 0.4 to 85 n% also the diameter of the bioreactor chamber
has been chosen to be 1cm as a result of the client’s specification of size optimization
constraint. The scaffold consists of circular tubes as structural members with a radius (Ry) of

2.22 x 10~* m and uniform porosities with a magnitude of approximately 5 x 10~* m. A

close up look of the structural members and porous is presented in the following figure.
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Figure 19 Close up look at structural members distribution of the scaffold

Source: (Xu, et al., 2019)

The following tables present a summary of the relevant values obtained from

literature and relevant known characteristic of the bioreactor chamber and scaffold design.
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Table 11 Relevant values obtained from literature and client’s specifications

Source: (OlufemiE. Kadri, Cortes Williams 111, Vassilios Sikavitsas, Roman S. VVoronov,
2018)
Source: EES
Shear stress range 0.01 to 2.5 Pa

ilabili ml
Pump flowrate availability range 0.4 to 85 p—

Water density at 37 Celsius (p) 993,36 kg
36—

Water dynamic viscosity at 37 Celsius (u) 6.92x107* s Pa

Table 12 Bioreactor system relevant components dimensions and operating conditions

Scaffold structural members radii (R;) 222%x10™*m
Bioreactor chamber diameter (Dp) 0.01m
System connecting tubes diameter (d,) 0.00635m
Optimal operating flow rate (Q) 30 ﬂ
mmn

To calculate the shear stress over the surface of the structural tubes of the scaffold the
phenomena can be approached as the case of flow past a cylinder. Knowing the flow rate and
diameter of the bioreactor chamber, it is possible to calculate the free stream velocity (U,,) that
the flow will achieve before reaching the scaffold in the bioreactor chamber using the following

equation.
_¢ (1)
U =

Now that the free stream velocity is known the analysis of flow over a cylinder can be
used. From experimental studies, the variation of shear stress at the wall over the circumference
of a circular cylinder for a laminar boundary layer has been found and it is shown in the

following figure.
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Figure 20 Flow past a cylinder

Source: (Schlichting, 1979)
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Figure 21 Variation of shearing stress at the wall over the circumference of a circular

cylinder

Source: (Schlichting, 1979)

From Figure 21 it can be seen that the maximum shear stress achieved over the surface
of a cylinder is at 60 degrees which corresponds to the dimensionless wall shear stress value
(F(8)) of 4.5. The dimensionless wall shear stress equation from Figure 21 can be rearranged

and left it in terms of the wall shear stress.

2F@pU2

‘L- —_— —
v /puw R,
u

Where: T, is the shear stress, u is the dynamic viscosity and p is the density of the

)

medium. Using Equation 2 along with the previously calculated free stream velocity and the

radius of the scaffold structural members, the wall shear stress over the structural members can
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be found and checked if the value is within the range of the optimal wall shear stress value for
cell culturing that literature specifies.

Once proved that the free stream velocity will provide an optimal wall shear stress
has, the next step is to use it to calculate the Reynolds number to determine the flow regime
inside the bioreactor chamber before the flow reaches the scaffold. It is important to notice
that this Reynolds number uses the bioreactor chamber diameter (Dg) as a representative
length and can be calculated with the following equation.

_ pUs Dp (3)
u

Re

It is known that for a flow in a round pipe it is considered laminar if its Reynolds
number is less than 2100 (Munson, Young, & OKkiishi, 2016). Once the flow regime and its
Reynolds number are known the entrance length (l,.) that the bioreactor chamber needs to

have for the flow to be fully developed can be calculated with the following equation.

e—

D 0.06 Relaminar flow (4)

Now that the analytical analysis has been completed its results can be validated with a
numerical solution using a CFD simulation. To set up the CFD simulation in COMSOL some
values from the analytical analysis will serve as parameters, such as the entrance length, or
the flow free stream velocity. Recalling that the medium has been chosen to be modeled as
liquid water and the Reynolds number is low, the physics to be analyzed in the simulation has
been chosen to be a single-phase laminar flow. After choosing the physics of the analysis the
geometry has to be set up. Due to computational cost, this simulation has been done as a 2-
dimensional analysis. The geometry has been set up to represent the bioreactor chamber seen
from a side with 10 cylinders located at a distance from the entrance of the chamber that

represent the scaffold structural members. The reason to choose 20 cylinders in this model is
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to see how the interaction of nearby structural members affects the wall shear stress. This

geometry setup is shown in the following figure:
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Figure 22 Geometry of the bioreactor chamber and scaffold structural members sample seen
from a side

Source: COMSOL

The diameter of the bioreactor chamber is specified in Table12 and the length has
been chosen based on the entrance length calculated analytical, client’s requirements, and
safety measures. The radius of the scaffold structural members is specified in Table 12.

After setting up the geometry, the velocity variable had to be specified. The value for
the free stream velocity established for the simulation is the one calculated analytically. Then
the material of the medium has to be added to the geometry domain. As mentioned before the
medium is modeled as liquid water. After adding the material, the boundary conditions were
established. The left side of the bioreactor chamber has been set up as the inlet with a normal
inflow velocity equal to the free stream velocity as a boundary condition. The right side of

the chamber was set up as the outlet with a pressure boundary condition equal to 0. The upper
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and lower walls were set up as not moving walls equipped with the no-slip condition to see
how the flow develops inside the channel.

Once the boundary conditions have been established a meshed was applied to the geometry
domain. For the mesh, it was chosen an extra-fine physics-controlled mesh that resulted in
1448072 domain elements, 65290 boundary elements, and 3074 edge elements. The meshed
geometry is shown in the following figure.

1 | | 1 1 1 | | | |
m

0.005

0.004

0.003

0.002 K]

0.001

AL T

Fa,

-0.001

YTy

o
Vi

X ATAT T
av

-0.002

-0.003
-0.004

-0.005 m
T ! I T T I T L I T
0.096 0.098 0.1 0.102 0.104 0.106 0.108 0.11 0.112 0.114

Figure 23 Portion of the geometry applied an extra-fine physics-controlled mesh

Source: COMSOL

After meshing the geometry, a stationary study was added and then the simulation
was run and the results will have to be computed at the post-processing stage.

For further validation of the analytical analysis, a three-dimensional simulation was
performed. For this simulation, the physics as well as the boundary conditions and flow
parameters are the same as in the two-dimensional simulation. What is changed in this
simulation setup is the geometry and the post-processing of the results. The mesh of the

geometry was again a physics-controlled mesh with a fine element size which resulted in
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1437480 domain elements, 66756 boundary elements, and 3139 edge elements. The

following figures show the geometry set up for further clarification.

0.1 0.05 0

Figure 24 Geometry of the bioreactor chamber and scaffold structural members three-

dimensional simulation
Source: COMSOL

The results for the analytical analysis and both simulations are presented in the results

and discussion section.

Energy analysis for system’s pressure drop

To calculate the pressure drop in the bioreactor system it is crucial to consider all the
events that take place during the process. The first critical section in the system that needs to
be analyzed is the pressure drop in the flowing fluid through the scaffold. To make this
calculation, it was necessary to use the Kozeny-Darcy equation (Bernsdorf et al., 2000). This
equation provides an analytical solution for the pressure drop of a fluid that goes through a
porous solid. The flow is modeled as a flow-through a bundle of channels with no strongly
changing cross-sections. This solution gives a relationship between the mean flow

veIocity(U;), and the pressure drop (dP) as shown below.

T =5 (5 R ®)
x 2u \dx
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Where p is the fluid viscosity, x is the mean flow coordinate, and R, is the hydraulic
radius, which is the ratio of fluid volume and wetted surface. The hydraulic radius is

calculated with the following equation:

R2 R
R, =5 -5 (6)
2Ry 2

WhereR; is the radius of the scaffold structural members. Since the scaffold design

has tubes with a regular shape Equation 5 can be rewritten as:

T2

— 1 APchamberbioreactor =2
( AL, )Rh (7)

Where the mean hydraulic radius, R}, is the average of the structural members of the
scaffold, L, is the length of the porous solid and as an approach, it was established as 0.03
meters. Since the velocity U, is a known parameter it is possible to calculate the pressure
drop through the bioreactor chamber.

The second crucial section to be analyzed is the pressure loss through the plastic tube
that connects all the components. The system counts with frictional losses, that depend on the
length of the plastic tube, and minor losses, due to accessories that change the flow along the
system. In this analysis is important to establish 2 specific locations, these locations are
references where the fluid will be moving from location 1 to location 2. The reference points

are shown in the following figure:
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Figure 25 Simplified Bioreactor system to be analyzed

Source: Visio

For this analysis, the energy equation or Bernoulli equation is used and it is described

as follows.

—t——t+zl=—4——+22+

P9 29 pg 29 D ®)

P1 V12 P2 22 fL.V? V2

£ Ko

n2g 29

Since there is no change in potential energy, z1 = z2, and the velocity is the same

since the flow is constant through the whole system, thus V1 = V2. Therefore, the previous

equation can be rewritten.

P1 P2 fLV? V2
pg P9 Dnlg 2g

To calculate the total pressure drop in the system it is necessary to add the pressure loss

due to the porous media of the scaffold and add it to the Bernoulli equation as it follows.

E — 2 + thVZ + KV_Z + APchamber bioreactor (10)
pg P9 Dnlg 29 Jo|

In this past equation since the system is working with a laminar flow, the friction factor

f is taken as %, the velocity IV in major and minor losses can be interpreted as the free stream

velocity U, inside the tubes. L, is the total length of the plastic tube, which has been considered

to be the maximum length that the system may present, which is 1.5 meters. This length value
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has been determined by consulting with the client. Also, there are components in the system
that create minor losses such as 1 sudden enlargement, 1 contraction, 3 tube entrances, 3 tube
exits, and one ball valve connecting the reservoir. All these resistance coefficients, K, for minor
losses are stipulated in the book of Thermal Energy Systems of Steven G. Penoncello.

The results were computed using the software EES and summarized in the results and

discussion section, the code for this analysis is presented in Appendix E.

Design of experiments

Experimentation es a key component of any project development. However, any
experiment has to be carefully designed so results can be consistent and representative. To
begin with the design of the experiment of this project, the variables used in the analytical
analysis are examined to determine their relevance and how they are related to each other.
From the analytical analysis, it is seen that the wall shear stress (), the diameter of the
scaffold structural members (d,), the diameter of the bioreactor chamber (Dg), the medium
density (p), viscosity (i), and velocity (V) are relevant variable for the analysis and they
related to each other as it follows.

Ty = f(ds, Dp, p, 11, V) (11)

Once determined the relevant variables and their relationship. The analysis to be
applied is called Buckingham Pi Theorem. This theorem allows to reduce the number of
variables by creating dimensionless groups which will further down will be used to design the
experiment using a similitude method. The next step is to express the initial variables in their

basic dimensions as follows.

M
o (12)
dy =L (13)

D=L (14)
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M 15

p=1 (15)
M

_ M (16)
H=1T

_L (17)
V_T

From the above equations, it can be seen that the reference dimensions are mass (M),
length (L), and time (T). Therefore, there are 3 reference dimensions (r=6), plus there are 6
initial variables (k=6). To determine the number of possible dimensionless Pi groups that can
be obtained, the number of reference dimensions is subtracted from the number of initial
variables (k-r = 3). Therefore, the analysis will return 3 Pi dimensionless groups. Knowing
there will be 3 Pi groups 3 initial variables are chosen to be the repeating variables, which in
this case are: p, d,, and V. Using these repeating variables, the Pi groups are formed by
multiplying one of the nonrepeating variables by the product of the repeating variables, each
raised to an exponent that will make the combination dimensionless. For example, for the wall

shear stress variable, this process looks like the following equation.

M M\“ L\¢
- b(Z) — poj070 (18)
(7 (@) @ (7) =weor
The same process shown in Equation 18 is done for the rest of the not repeating

variables and they have been solved to return the following Pi terms.

m, = p’;z (19)
Dg

n, =— (20)
2=,
U

It can be seen that these Pi terms are well known dimensionless groups. For example,

the first Pi term is known as the Friction coefficient, the second Pi term is known as the Length
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ratio, and the third Pi term is the Reynolds number. Furthermore, this Pi terms give the variable

relationship as it follows.

Tw (DB U )
=¢p\7—,—= 22
%p V2 ¢ ds padv (22)

Now using these new variables relationship, the goal is to design a model that can be
used to predict the wall shear stress on the prototype. To do this model design conditions or
similarity requirements are found by equating the non-dependable variables of the relationship
between the model and the prototype. This process is done to scale the model to a more possible
laboratory condition. To identify the model variables, they will have an “m” subscript to them.

The similitude process is described as follows.

d
DBm = ;m DB (23)
S
tm P ds
v, = (—) 1% (24)
m ‘Ll pm dsm

Equation 23 allows to set an arbitrary ratio between the diameter scaffold support
members and then multiply them by the prototype bioreactor diameter to obtain an actual well-
defined diameter for the bioreactor model. Therefore, this equation allows the model to be
scaled to a more manageable dimension. Aside from the geometry of this model, the
experiment also needs control over the flow properties, which is the purpose of Equation 24.
This equation sets a well-adjusted free stream velocity for the model.

As mentioned before this analysis has to be done to create an experimental model that

can be used to either predict or confirmed the analyzed phenomena in the prototype.

Control system design
To automate the bioreactor system, it was necessary to focus on two specific and

critical areas of the system, these areas are: control the medium flowrate from the peristaltic
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pump and pH control of the medium in the reservoir. The two areas are located in points 1

and 2 as shown in the following figure.

Bioreactor
Chamber

Peristaltic
Pump

Reservoir
Permeable
Pipping

Figure 26 Control diagram of the bioreactor system

Source: Visio

Area number 1 shown in the previous figure is the control of the medium flowrate
given by the peristaltic pump, this is a critical area because even though the peristaltic pump
is a very precise equipment and has a built-in flow control that has a small range of error
sometimes the value may vary. To prevent any misreading from the peristaltic pump built-in
flow control, it was necessary to implement an electronic system with a microcontroller to be
constantly adjusting the medium flow to the desired value if necessary. This electronic
system will work as a redundant control system for the peristaltic pump and also it will be a
backup system to control the medium flow through the pump.

The components to be used in this first control are:
e Arduino Uno
e LCD (LMO016L)
e Servo Motor (0 -180)

e YF-S201 Hall-Effect Water Flow Sensor
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These components were selected based on the peristaltic pump that is used in the
system; the peristaltic pump has a knob that regulates the flowrate that is being sent as shown

in the following figure.

MINI-PUMP
VARIABLE
FLOW

7

Figure 27 Bioreactor system peristaltic pump

Source: (Thomas Scientific, n.d.)

The knob in the peristaltic pump controls the flow rate of the fluid. As explained
before the peristaltic pump is precise equipment but sometimes is better to have a backup
system to prevent unwanted results, to make this backup electronic system a servomotor is
going to be attached to the knob, this servomotor is a device that has an angle range from 0 to
180 degrees and is going to act with a signal that the YF-S201 Hall-Effect Water Flow
Sensor will give, according to the signal from the water flow sensor the servomotor is going
to be programmed such as if the medium flowrate decreases the servomotor is going to rotate
clockwise or if the medium flowrate increases it will rotate counterclockwise until it reaches
the specific value of flowrate that in this case according to the customer specifications will be
30ml/min.

The signal of the electronic system will be given from the YF-S201 Hall-Effect Water
Flow Sensor, this sensor contains a pinwheel sensor to measure how much water has moved
through it, there is an integrated magnetic Hall-effect sensor that outputs an electrical pulse

with every revolution, this means that depending on how much water goes through the wheel
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the frequency pulse will be higher or lower, the water flow sensor is shown in the following

figure.

Figure 28 YF-S201 Hall-Effect Water Flow Sensor

Source: (T.K. Hareendran, n.d.)

From the flow sensor datasheet (Mechatronics, n.d.), it is known that the flow is

measured using the following equation.

0 ( L ) _ Pulse sensor frecuency (HZ) (25)
7.5

min

The sensor receives the frequency of the pulses and with the equation above the
frequency is transformed to liters per minute, with this equation the microcontroller can
receive a flow value and send that information to the servomotor to regulate the peristaltic
pump knob.

The microcontroller in this system will be an ARDUINO UNO, this microcontroller is
going to make sure that the flowrate value is constantly checked to adjust the pump knob
with the servomotor, the ARDUINO CODE will be presented and explained in Appendix E.

Finally, to present the flowrate values there will be an LCD (LMO016L) screen that

will show the operator the flowrate that the water flow sensor is detecting. A fully electronic

assembly of the first control system is shown in the following figure.
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Figure 29 Flowrate control system components connection layout

Source: Proteus

The second controlled area shown in the Figure 26 is the pH sensor attached to the
reservoir, according to customer specifications this is also an important area to be controlled
because if there is a change in the medium pH it could ruin the whole procedure of cell
growth, the cells must be in a medium flow with a specific pH, that is why it is important to
keep track of the pH in the medium, the pH sensor was implemented in the reservoir because
it was the best position to put a sensor with such dimensions.

The components to be used in this second control are:
e Arduino Mini
e pH sensor
e 2200hm Resistors
e Greenand Red LED
The pH sensor is a device that works as a voltmeter and this works because for

example, an acidic substance has more positively charged hydrogen ions than an alkaline
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substance, so it produces a greater electrical current, the pH sensor measures the voltage
produced by the substance and it compares it with the voltage of a known substance, the
difference in voltage between the two substances is used to deduce the difference in pH. In
the following figure, there is a chart where there are different substances with their pH range.

Environmental Effects | pH Value | Examples

ACIDIC Battery acid

Sulfuric acid
Lemon juice, Vinegar
- Orange juice, Soda
Acid rain (4.2-4.4)
Acidic lake (4.5)
Bananas (5.0-5.3)
Clean rain (5.6)
Healthy lake (6.5)
Milk (6.5-6.8)

Pure water

| Sea water, Eggs
Baking soda

Milk of Magnesia
Ammonsa

Soapy water
Bleach

Liguid drain cleaner

BASIC

Figure 30 Different substances pH range

Source: (Fahad, 2019)

The pH sensor comes with an interface circuit with a BCN connector shown in the

following figure:

Figure 31 Analog pH sensor - Meter kit

Source: (Store, Arduino, n.d.)



60

The work that the pH sensor does with the programming takes 10 sample values and
store these values in an array, after that we implement two for loops to sort the values from
small to large in an ascending order, then it converts the value into millivolts, and after that
into the pH value. Finally, the pH value is stored in a variable that if it doesn’t meet the
condition of the specific pH value will turn the RED LED on and if it meets the condition the
GREEN LED will turn on. the ARDUINO CODE will be presented and explained in more
detail in Appendix E. A fully electronic assembly of the second control system is shown in

the following figure:

R D1
&
1 u1 i LED-GREEN
RO D2
| E—
- 4
LED-RED
2
3 M35

SIMULINO NANC

Figure 32 pH control system circuit connection layout

Source: Proteus

The simulation for the two electronic systems were made in the software PROTEUS,
which is a software to simulate electronic components with microcontrollers such as Arduino
UNO and Arduino mini. First is necessary to download all the components library in the

PROTEUS software specific the Arduino library.
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For the first electronic system, it is necessary to select the exact electronic devices or
similar ones, as mentioned before the electronic components are: Arduino UNO, LCD
(LMO16L), Servo Motor (0 -180), YF-S201 Hall-Effect Water Flow Sensor. In this case,
PROTEUS does not count with a hall effect water flow sensor so to simulate this process it is
necessary to put a pulse generator that will give a signal to the microcontroller Arduino UNO
through pin 2, as shown in the following figure the pulse generator controls the different

frequencies that the user want to create:

...... A N e e S e e Y
Generator Name: Initial (Low) Voltage: D %
FLOWMETER 7S
SIM1 F} Pulsed (High) Voltage: s
alogue Types =
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| O Pwiin Fall Time (Secs): >
» -
%% ! 82‘; Puise Width:
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f(}j‘n O Exponent (O Pulse Width (Secs): v
= O SFFM ®Puse Width (2 [50 |2
EE: g ~76 T (O Easy HDL
E % i "5 ': Frequency/Period:
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> 1 (O Steady State Period (Secs): -
X8 O Single Edge () Beted (ece) :
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Clock
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[ Manual Edits?
Hide Properties? oK Cance)

Figure 33 Pulse generator setup for flowrate control simulation

Source: Proteus

To test if the pulse generator is generating the correct pulse and oscilloscope was
connected to control the pulses sent to the microcontroller, in the following figure there is an

example of a pulses with a frequency of 3 Hz.
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Figure 34 Proteus oscilloscope sample reading of a pulse

Source: Proteus

The servomotor as well as the pulse generator need to be set up for the
microcontroller to send the correct instruction, to set up the servomotor it was necessary to
put it in a range of 0 to 180 degrees and a minimum control pulse of 544u (micro-Hz) to
2400u, these values are common values that most servomotors work with. In the following

figure there is the set up for the servomotor:

SIMA | 25 RFw 8583833885 |
= |HEE|
- “‘l"‘l ":‘l" 1
Servomotor (0-180)
i | +55:5 ]
iesit |
SIMULINOUNO i I -1 1
ey
| 4+
| Part Reference: ‘ ‘ Hidden: [] oK
Part Value: | | Hidden: [] Help
| Eement: New
Cancel
| Minimum Angle: [O ‘ Hide All v
Maximum Angle: [+120 |[Hdeat
| Rotional Speed: [s0 |[Hde t  ~
| Minimum Control Pulse: 1544U ‘ Hide All ~
Maximum Control Pulse: |2400u |[Hidet — ~
| =1

Figure 35 Servomotor simulation setup

Source: Proteus
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There is an issue with the pulse generator which is that it cannot read decimal values
so to simulate the real values that the peristaltic pump will provide it was necessary to apply
in the code some time sentences that will change the flow frequency while the time is

running, this part of the code is represented in the following figure.

void loop OO
{

currentTime = millisQ);

/77777 ////Use for Proteus Simulation different types of frequencies at different times
if(currentTime-zeroTime<=200@){
flow_frequency=0.003;

}
else if (currentTime-zeroTime<=600@){
flow_frequency=0.6375;

}

else if (currentTime-zeroTime<=7000){
flow_frequency=0.4;
}

else if (currentTime-zeroTime<=9000){
flow_frequency=0.225;
}

else {
zeroTime=millis();
//currentTime = millis(Q);

}
/777777777 /Range of values of flow_frequency for our peristaltic pump (0.003-0.6375)

Figure 36 Code section added to solve flow frequency in simulation

Source: Arduino

This part of the Arduino UNO code controls the frequency signal that will be sent to
the microcontroller at different times. The first flow frequency is 0.003 Hz until the timer
gets to 2 seconds, the next flow frequency is 0.6375 Hz until the timer gets to 6 seconds, the
next flow frequency is 0.4 Hz until the timer gets to 7 seconds, and finally, the flow
frequency is 0.225 Hz until the timer gets to 9 seconds. When the timer gets over 9 seconds

the timer will restart.
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For those different cases of time simulations, the servo will move to each position,
and depending if the flowrate is below or above the limit which is 30 ml/min it will turn
clockwise or counterclockwise, or if the value is at the limit it will stay at the same position.

e Time Case 1:
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Figure 37 First time case simulation for the flow control system

Source: Proteus

e Time Case 2:
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Figure 38 Second time case simulation for the flow control system

Source: Proteus
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Figure 39 Third time case simulation for the flow control system

Source: Proteus
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e Time case 4:
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Figure 40 Fourth time case simulation for the flow control system

Source: Proteus

Nevertheless, a simulation test was realized with the pulse generator assuming that the
frequencies values are integers, in this case, we put a low frequency of 2 Hz:

e Pulse Generator Case:



67

884 0%, gzuzzsss

T

uln
f =

~| -

gn
2=

]
o

im

25

2=
4m

i

=
N

e

Servomotor (0-180)

=S

-

el g
=
e
L
IZ
o)

nbedd

SIMULINO UNO -

FLOWMETER
AN

Figure 41 Pulse generator case simulation for the flow control system

Source: Proteus

For further clarification and to visualize a full simulation, refer to the following
YouTube Link: https://youtu.be/T9EuUrt6BulM

For the second electronic system, the components are: Arduino Mini, pH sensor,
Resistors of 220 ohm, Green and Red LED. In this case, such as the last one PROTEUS does
not count with a pH sensor, so to simulate this process it is necessary to put a temperature
sensor that will provide an analog signal to the pin Al that the microcontroller will interpret,
depending on the value, if the signal is in the correct pH range turn on the GREEN LED
otherwise if the pH signal is lower or higher than the pH specified range the RED LED wiill
turn on. The only set up in this electronic system is the input of a direct current (DC) of 5V
connected to the pH sensor. In the following figure there is represented the second electronic

system set up:
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Figure 42 DC generator setup for pH control system simulation

Source: Proteus
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In this simulation, there are two cases which are: the first one is when the pH is in the

correct range of values the operator will see that the GREEN LED is on which means that

there is no pH variation in the medium and is safe to continue with the process. The second

case is when the pH value is lower or higher than the established one the RED LED will turn

on telling the operator to stop the process and change the medium.
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Figure 44 Second case simulation for the pH control system

In the case that the operator wants to see the actual value that the sensor of pH is

reading in the simulation it was added a serial monitor that will print the signal that the
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Source: Proteus
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SIMULINO NANO
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microcontroller is getting, and the electronic configuration is shown in the following figure.
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Figure 45 pH control system simulation with serial monitor readings

Source: Proteus

For further clarification and to visualize a full simulation, refer to the following

YouTube Link: https://youtu.be/R2hgkvCYnXs

PROTOTYPE TEST PLAN

To validate the bioreactor system performance concerning the design parameters and
constraints a test plan is presented in the following section. This test plan will not only
validate the prototype, but it will also give new insights to further develop this project. This
test plan will have geometric, physical, fluid dynamics, control components. The following

presents a summary of the test plan with the top five engineering criteria.


https://youtu.be/R2hgkvCYnXs
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Table 13 Prototype test plan guidelines

Test Validation method

Measure less than (W x D
x H) 69.1 x 44.4 x 53.3
cm

Measure bioreactor tray &
components dimensions

Weight bioreactor tray &

components Weight less than 1.5 kg

Craft an experiment and
Measure wall shear stress | use similitude parameters
to test results

Use an alternative method
to measure flowrate and
check control system
readings

Measure flow rate

Use an alternative method
Measure pH to measure pH and check
control system readings

Geometric/physical prototype test

As one of the requirements for the development of this prototype was the size and
transportability of the system, the validation method is that the dimensions of the bioreactor
tray assembly with all of its components must be less than the expected incubator storing
dimensions which are (W x D x H) 69.1 x 44.4 x 53.3 cm. Also, to check the transportability
of the prototype the validation method will be to measure the weight of the bioreactor tray
with all its components. To assure comfortable transportability the tray with all its
components must weigh less than 1.5 kilograms which is approximately the weight of a
standard laptop. The required instrumentation for this test is a measure tape and a weight

scale.
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Fluid dynamics prototype test
One of the main features that the bioreactor prototype must have is that the flow

provides a proper wall shear stress to the scaffold. To perform this test an experiment has to
be constructed. To construct the experiment the person in charge must follow the provided
guidelines in the design of the experiment sub-section to determine the geometry and fluid
properties of the model to have a proper prediction of the wall shear stress. Furthermore, once
the geometry and the fluid properties have been determined, the following instruments are
suggested to perform this validation test:

e Acrylic transparent tube with previously calculated length and internal diameter

o Water pump

e Flowrate control system

e Cylindrical test sections with previously calculated diameter

e Hot film gauge to measure wall shear stress
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SAFETY THROUGH DESIGN
When developing a project, it is important to identify any possible risk that may be
encountered along the way. In this project, risks have been distributed in the following
categories: technical, operational, financial, and legal. The following table presents a
brainstorm of risks that have been considered to be possibly encountered during the project.

Table 14 General risks identification

Risk Area Risk Description
Modular
Bioreactor design of
Entrance
chamber lenath the
diameter g complete
system
Hcilﬂ%?ifcg;e pH meter | Reservoirs
. . for final
Technical %igﬁ;g? reservoirs shape
Sl\élggfor;glvtvr;ﬁ CFD simulations
be made of complexity
Achieve fully
developed **Manufacture (extra)
flow
Volumetric

flow control / Cells contamination
automatization

pH control. Alert
when not in optimum
levels

Operational | Damaging
cells

** Dissolved oxygen control (extra)

3D Printer Piping
Financial co2 Flasks
Incubator
Peristaltic Non-biodegradable
Pump Polymer

Legal Copyright issues
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Continuing with the analysis a quantitative evaluation is performed. For this, a 5x5
matrix is created, which will serve as a parameter to evaluate the brainstormed risks
presented in Table 14.

Table 15 5x5 Risk Matrix quantitative evaluation

SEVERITY / IMPACT
LIKELIHOOD 1 2 3 4 5
LOW LOW LOW | MEDIUM | MEDIUM
1
1 2 3 4 5
LOW |MEDIUM MEDIUM| HIGH HIGH
2
2 4 6 8 10
LOW ' MEDIUM| HIGH HIGH HIGH
3
3 6 9 12 15
MEDIUM| HIGH HIGH
4
4 8 12
MEDIUM| HIGH HIGH
5
5 10 15

Using the guantitative parameters from Table 15 an organized evaluation of the risks
presented in Table 14 is performed. It should be mentioned that some risks presented in Table

14, can be paired together or encompassed in a more general definition, this is why in the
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following table adjustments are made. The risks identified as “design risks” are colored in

sky-blue for better identification.

Due to the nature of this project, the great majority of important risks are considered

directly related to the entire design process. Thus, the abundance of high-level risks, colored

in red.

Table 16 Tabulated assessment for 12 most important risks

CODE: IMPACT/LIKELIHOOD

PRIORITY

BP003 5*4
BP009 4*3 12
BPO11 5*2 10
BP002 5*5
BP004 5*4
BPO10 4*3
BP005 5*4
BP006 5*4
BP001 | Cells contamination 5*5
BP007 | Damaging cells 5*4
BP012 |Manufacture 2*4
BP008 | Copyright issues 5*3 15

At first glance, in Table 16 the risk’s number may seem disordered, but it is structured

prioritizing the crucial eight design risks. Now, using the information in Table 16 it is

important to create a plan of action to tackle and overcome the considered risks. This detailed

plan of action is presented in the following matrix.
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Table 17 Final risk control matrix

RISK
RISK RISK RISK RISK DECISION
LEVEL T AT RESPONSIBILITY
NUMBER |[DESCRIPTION IMPACT LIKELIHOOD ! TAKEN S usS SPONS
PRIORITY
Reduce:
Lo sources of
Bacteria inside . .
th " infection that
BP0OO1 € sys er.n can 5 5 come from Active Nicolas Anguisaca
have serious i
n n material
consequences selection for
example
Reduce:
|
Final scaffold regular and
desian causes uniform pore
BP002 g 5 5] dimensions Active Erick Lamina
underdeveloped .
fl reduce risk
ow high
probability
Uncontrolled Implement:
volumetric flow enable a
BP003 can be 5 4 control system Active Kevin Taday
detrimental to to regulate the
cells adequate flow
Underdeveloped D?VEIOD: sStze
final design
turbulent or ding t
BP004 laminar flow 5 4 according to Active Kevin Orbea
calculations
damages cells
. and
optimal growth . .
simulations
Delay: final
Reservoirs need concept and
BP00O5 twice as much 5 4 vol.ume Active Nicolas Anguisaca
volume as the determine after
bioreactor initial
calculations
Reduce:
t
Greater number compac
£ bi o design allows
BP006 Ot pieces, greater 5 4 easier Active Erick Lamina
ease of K .
R manipulation
contamination
and
cleanability
Avoid:
Excessive shear e);cefc;: n\?vly
BPO007 stress causes cell 5 4 tast flow, Active Kevin Taday
circulation in
death . .
the medium is
damaging
Prevent:
Unpredictable double-check
BP0OS ST EOEHES 5 3 15 IS Active Kevin Orbea
or designs may patents and
appear bioreactors on
the market
Reduce: search
Unbalanced pH is for pH meters
BP009 harmful for the 4 3 12 to be used Active Nicolas Anguisaca
cells inside the
reservoirs
Longer Avoid: gradual
. . analysis and
simulation revious
BPO10 processing time 4 3 12 P . Active Erick Lamifia
calculations
and mesh
) prevent
complexity .
oversizing
Reduce:
Incorrect sizing selection
BPO11 parameters cause 5 2 10 crlterla_ helpful Active Kevin Taday
accelerated to point out
deterioration the best design
option
Difficult access Assign: search
Bpo12 | !C Manufacturing 2 4 8 for different Active Kevin Orbea
methods inside providers and
the country manufacturers
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Finally, it is important to explain how the Risk Control Matrix works. For that purpose, the
first two risks with the highest priority will be used.

BPOO01 refers to the cell’s contamination. The perfusion bioreactor system allows a
controlled structure that can maintain specific conditions of carbon dioxide (CO>),
temperature, dissolved oxygen, and relative pH. However, as with any living being, the
proliferation of unwanted organisms occurs. Bacteria, fungi, and dead cells from the scaffold
cause high-level contamination in the medium that circulates the entire bioreactor system.
Therefore, any contaminant inside the structure can have serious consequences. This is why
the decision to reduce possible sources of infection was taken. It affects everything, from the
selection of materials to build the bioreactor, reservoirs, and piping to avoid ninety-degree
angles as much as possible. The perfusion chamber, for instance, was designed as a
cylindrical column for the same reason, the same applies to the design of the reservoirs.

BP002 talks about the design of the scaffold and what that implies. In this
subcomponent of the whole design process, one of the biggest values for impact appears and
with reason. The scaffold is where the cells bundle-up, interact, feed, reproduce, and more. It
also protects them from the strong shearing stress that can be produced by the flow of
medium. Thus, a scaffold that does not maximize area/volume proportion or worst of all,
breaks in half, is not an option. So, the planned solution is to reduce the likelihood of a
negative event occurring by defining a known porosity size, selecting a strong non-
biodegradable material (polymer, stainless steel, etc.), and designating a specific volume. On
top of that, possible ways of manufacturing are also considered but as an extra step. Future
calculations and simulations will also influence the scaffold final design. In the end, it is part
of the whole team's responsibility more than just one person as it is with most of the risks

listed in this analysis.
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MAINTENANCE AND OPERATING MANUAL

General description and features

This bioreactor system uses a three-dimensional cell culture technique, which
provides mechanical stimulus to ensure a proper mass transfer as well as nutrients transport
so the cells can grow and proliferate adequately. This bioreactor uses perfusion as a driven
mechanism for mass transfer, which will be performed inside of a clear plastic chamber
where a 3D printed porous scaffold will be placed. Perfusion requires a flow which will be
provided by a peristaltic pump that will also help to simulate physiological flow conditions.
This bioreactor system also provides an easy operation since it presents a built-in automated
flowrate regulator as well as a pH sensor that will alert when the nutritious medium needs to

be changed.

List of parts

Table 18 Bioreactor system list of parts

Part
No. Name Quantity Image
Number
Bioreactor
1 Sealing Top PB001 1
Cap
Bioreactor
2 Sealing PBAO001 1
Bottom Cap
Bioreactor
5 PB003 1
Chamber
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Part
Name Quantity Image
Number
Reservoir
PB004A1 1
Cap
Reservoir PB004A2 1
System Tray PB005 1
System
Connection PB006 1(1.5m)
Tubes
Peristaltic = :--’
PB007 1 =4 4=
Pump : _]
Worm Drive
11 Hose Clamp PB008 6
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Part
No. Name Quantity Image
Number
] 1
12 Arduino Uno PB009
YFS201
13 Water Flow PBO0O10 1
Sensor
Analog pH
14 PB0O11 1
Sensor Kit
15 Servo Motor PB012 1
Plastic Ball
16 PB013 1

Valve
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Part
No. Name Quantity Image
Number
17 LED PB014 2
18 Arduino mini PBO015 1

Safety Information

Before operating the system, the user needs to make sure that the bioreactor chamber
and its components as well as the reservoir and its components are sterilized to avoid
any contamination to the cells and their nutritious medium.

Be careful when manipulating the plastic components especially try to avoid
excessive pressure on them, because that may cause cracks that can lead to a potential
medium for bacteria development.

When changing the nutritious medium inside the laminar flow chamber avoid passing
hands or any object over any inlet or outlet of the system.

Avoid to over manipulate the control sensors.

Manipulate the cells in the scaffold and the medium inside a controlled space since

the lack of control can produce a biohazard risk.
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General operating notes

Startup

Screw the bioreactor sealing top cap to the bioreactor chamber.

Place and secure the scaffold to the scaffold support ring of the bioreactor sealing
bottom cap. Then screw the bottom cap to the bottom of the bioreactor chamber.
Place the assembled bioreactor chamber and the reservoir on the tray.

Connect the bioreactor chamber and the reservoir with the provided tube and secure
the inlet and outlets with the worm drive hose clamps.

Connect the longer provided tubes to the inlet of the bioreactor chamber and the outlet
of the reservoir and secure them with the worm drive hose clamps.

Insert the pH sensor inside the top side of the hole of the reservoir.

Place the tray with all its components inside an incubator with ends of the longer
tubes outside the incubator.

Connect the longer tube that comes from the bioreactor chamber to the outlet of the
peristaltic pump and the longer tube that comes from the reservoir connects it to the
flow meter that is placed at the inlet of the peristaltic pump.

Connect the peristaltic pump and the current transformer of the control system to a
power supply.

Set the desired flow rate with the nob at the peristaltic pump and begin operation.

Operating routine

While the system is operating, pay attention to the pH sensor indicator
Once the pH sensor is activated the user must take action and change the nutritious

medium inside a laminar flow chamber to avoid any possible contamination.

Shut down

Turn off the peristaltic pump and unplug the control system from the power supply.
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e Move the tray to a laminar flow chamber and disassemble the system. Be careful of
any contamination risk by passing a hand or an object over an outlet or intel of the
system.

e Take the scaffold apart from the ring support and manipulate it considering any
biohazard risks.

e Clean and sanitize the components of the system.

Storage

e All the components except the pump can be placed back to the tray and stored inside

the incubator turned off or placed in a drawer that is not exposed to too much

humidity or dust.

Operating variable ranges

e Flow rate: 15to 30 ﬂ
min

e Temperature: 37 £ 1.1 °C

e Nutritious medium pH: 7 to 7.4 (preferring an alkaline medium)

Maintenance
e Before and after using the system, the components must be sterilized.
e Change for new connecting tubes after 10 operating cell culture cycles to avoid any
biohazard risk.
e To assure the accuracy of the sensors it is recommended to renew them every 6
months.
e Check the peristaltic pump manufacturer user manual for the appropriate

maintenance.
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Bill of Materials

Figure 46 Bioreactor Chamber Assembly

Item Qty Part number Material
1 1 PB003 Acrylic, Clear
2 1 PB001 Stainless Steel
3 1 PBA001 Stainless Steel
Tol Weight
%":"“e ;}g CAPSTONE G @
Date Name
Drawn 25/11/20 Kevin Taday
Checked, Erick Lamifia ' Scale
P José Anguisaca Bioreactor Chamber Assembly 1
Approved Kevin Orbea
Code Surface Finish Page
PBA002 N/A 11
|



Bill of Materials
ltem Qty Parte Number Material
1 1 PB0O04A1 Acrylic
2 1 PB004A2 Acrylic
Tolerance Weight - }
01 NA CAPSTONE - @
Date Name -
Drawn [08/12/2020] José Anguisaca
Checked Kevin Orbea . : Scale
Ch:zkzd Erick Lamifa Medium Reservoir Assembly 11
Approved Kevin Taday
[-,B F Q Code Surface Finish Page
PBAOD03 N/A mn

Figure 47 Medium Reservoir Assembly
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Fluid dynamics analysis
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The analytical fluid dynamic analysis was performed using an EES code, which can

be found in Appendix E. The code run in EES has been done in such a way that two

parametric studies were possible. The first parametric study considers the flow rate as an

independent variable ranging from 10 to 85 ml/min which is the operational range of

flowrates that the peristaltic pump can give. The second parametric study considers the

bioreactor chamber diameter as an independent variable ranging from 1 to 2 cm. These

parametric studies were performed to evaluate the actual values of the analytical model and

to evaluate various possible design parameters and try to optimize them. The results of both

of these studies are presented below.

Table 19 Analytical analysis parametric study with flowrate variation

Source: EES

m3 ml m dyn

Run Q (T) Q (ﬁ) U, (?) le (cm) Re T, (Pa) | T, (W)
1 1.67E-04 10 0.002122 1.829 30.49 0.01224 0.1224
2 2.50E-04 15 0.003183 2.744 45,73 0.02248 0.2248
3 3.33E-04 20 0.004244 3.658 60.97 0.03461 0.3461
4 4,17E-04 25 0.005305 4572 76.21 0.04836 0.4836
5 5.00E-04 30 0.006366 5.487 91.45 0.06358 0.6358
6 5.83E-04 35 0.007427 6.401 106.7 0.08011 0.8011
7 6.67E-04 40 0.008488 7.316 121.9 0.09788 0.9788
8 7.50E-04 45 0.009549 8.23 137.2 0.1168 1.168
9 8.33E-04 50 0.01061 9.144 152.4 0.1368 1.368
10 9.17E-04 55 0.01167 10.06 167.6 0.1578 1.578
11 0.000001 60 0.01273 10.97 182.9 0.1798 1.798
12 0.000001083 65 0.01379 11.89 198.1 0.2027 2.027
13 0.000001167 70 0.01485 12.8 213.4 0.2266 2.266
14 0.00000125 75 0.01592 13.72 228.6 0.2513 2.513
15 0.000001333 80 0.01698 14.63 243.8 0.2768 2.768
16 0.000001417 85 0.01804 15.55 259.1 0.3032 3.032
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Figure 48 Flowrate vs wall shear stress

Source: EES
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Table 20 Analytical analysis parametric study with bioreactor chamber diameter variation

Source: EES
Run Dg (cm) le (cm) Re T, (%) U, (?)
1 0.01 5.487 91.44 0.6357 0.006366
2 0.011 5.487 83.13 0.4776 0.005261
3 0.012 5.487 76.2 0.3679 0.004421
4 0.013 5.487 70.34 0.2894 0.003767
5 0.014 5.487 65.32 0.2317 0.003248
6 0.015 5.487 60.96 0.1884 0.002829
7 0.016 5.487 57.15 0.1552 0.002487
8 0.017 5.487 53.79 0.1294 0.002203
9 0.018 5.487 50.8 0.109 0.001965
10 0.019 5.487 48.13 0.09268 0.001763
11 0.02 5.487 45.72 0.07946 0.001592
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Figure 52 Bioreactor chamber diameter vs Reynolds number

Source: EES
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Diameter Vs. Free Stream Velocity
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Figure 53 Bioreactor chamber diameter vs Freestream velocity

Source: EES

CFD simulations were performed to validate the results of the analytical analysis. It is
for this reason that both simulations are run with different parameters. For the two-
dimensional simulation, the parameters were set up as the ninth analytic run in Table 19. The

results for the two-dimensional CFD simulation are presented below.
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Figure 54 Flow velocity distribution throughout the bioreactor chamber and around the

scaffold structural members
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Figure 55 Close up look of the Flow velocity distribution around the scaffold structural

members

Source: COMSOL
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Wall shear stress (Pa) vs Arc lenght(m) o
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Figure 56 Wall shear stress vs arc length at the surface of the scaffold structural members

Source: COMSOL

For the three-dimensional simulation, the parameters were chosen as the fifth run of
the analytical analysis shown in Table 19. It should be mentioned that the parameters for the
fifth run are the ones that the customer had chosen as ideal conditions for operating the

bioreactor system. The results for the three-dimensional CFD simulation are presented below.

Slice: Velocity magnitude (m/s)

Figure 57 Perspective view of the flow velocity distribution throughout the bioreactor

chamber and around the scaffold structural members

Source: COMSOL
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Slice: Velocity magnitude (m/s)
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Figure 58 XZ plane view of the flow velocity distribution throughout the bioreactor chamber
and around the scaffold structural members

Source: COMSOL
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Figure 59 Wall shear stress distribution at the surface of the scaffold structural members

Source: COMSOL



Energy analysis

The energy analysis to determine the pressure drop has been computed using EES.
The code for this analysis can be found in Appendix E. The following table presents the
results of relevant variables of this analysis

Table 21 System Pressure drop EES results

Source: EES
EES Results
Hydraulic Radius (Ry,) 0.000111 [m]
Hydraulic Diameter (D) 0.00635 [m]
Friction Factor (f) 0.3499
Total tube length (L,) 1.5 [m]
Sum of accessories resistance coefficient 8.56
(XK)
Pressure drop at the bioreactor chamber 42.87 [Pa]
(Apchamber bioreactor)
Total Pressure drop in the system (AP;_,) 50.21 [Pa]

Design of experiments
Using the design of experiments guideline an experiment was designed with the
following parameters

Table 22 Experiment design parameters

Prototype Model

Variable . ! ) i
Dimension Dimension

Model’s Scaffold
structural member 4.44E-4 3.5E-3
diameter (m)

Model’s bioreactor

chamber diameter (m) 0.01 0.08




Variable Prototype | Model
Dimension Dimension
Model’s free stream
. (m 0.006366 8.00E-04
velocity (—)
S
Flowrate (’"{) 5.00E-04 1.61E-5
Entrance length (m) 0.05 0.44
Re 91.45 91.45
Fluid density (25) 993.3 993.3
Fluid viscosty (s Pa) 0.0006915 0.0006915

The prototype parameters shown in the above table have been chosen from the

customer’s ideal bioreactor operation conditions.
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An experiment was craft based on the model parameters from Table 22. However, due

to the lack of equipment, the experiment was only able to demonstrate the laminar flow

regime inside the bioreactor chamber as seen in the following pictures.

'

o

Figure 60 Experiment model setup



Figure 62 Laminar flow ink trace paths in experiment model
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DISCUSSION

The fluid dynamics analytical analysis shown in Table 19 proves that the wall shear

stress experienced at the scaffold structural members is within the range that literature has

WIS 6r 0.01t0 2.5
cm

established for an optimal cell culture process, this range is 0.1 to 25

Pa (OlufemiE. Kadri, Cortes Williams 111, Vassilios Sikavitsas, Roman S. Voronov, 2018).
Also, to prove that the mathematical model used to calculate analytically the wall shear stress
is correct a two and three-dimensional CFD simulations were performed. As seen in Figure
56 which corresponds to the 2D simulation and was set up with a freestream velocity equal to
the 9™ run of analytical study from Table 19, the maximum wall shear stress that the scaffold
structural members experience is close to 0.14 Pa, which is close to the value of 0.1368 Pa
for the wall shear stress calculated analytically in the 9" run of Table 19. The same can be
said regarding the three-dimensional simulation which was set up based on the 5™ analytical
run from Table 19. For this simulation de maximum wall shear stress that the scaffold
structural members experience is close to 0.08 Pa, which again is somewhat close to the wall
shear stress calculated analytically for the 5™ run in Table 19, which is 0.06358 Pa. The small
discrepancy between the wall shear stress values from the 3D simulation and the analytical
calculation can be accounted to the fact that the analytical analysis model was developed for
an infinite cylinder that will not feel the effect of any vortex generation at its tips.
Nevertheless, for both simulation cases, it can be seen that the wall shear stress is within the
stipulated optimal range and therefore it also proves the analytical model as a good first
attempt for the design process.

The next key parameter that was analyzed in the fluid dynamics analysis is the
entrance length of the bioreactor chamber. First of all, the analytical results for this variable
are validated again with the help of the CFD simulation. As seen in both Figure 54 and

Figure 58 the flow boundary layer grows until it reaches a stable point where it doesn’t
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change. This stabilization of the boundary layer happens before the flow reaches the scaffold,
which proves that the flow has completely developed, which again validates the analytical
analysis model planted.

Now, that the analytical model has been proven to be a good tool to predict the reality
it can be used to optimize the design. It has to be considered that the cells required a well-
applied shear stress to spread out, that the bioreactor system must be as compact as possible,
and that the cells require a not to large flow rate. From Figure 48 it can be seen that the wall
shear stress increases exponentially as the flowrate increases. However, from Figure 49 it can
be seen that the entrance length also increases linearly as the flowrate increases. Considering
these two figures to optimize the design an optimal flow rate needs to be established. The
customer suggested that the cells can properly absorb the nutrients with a flow rate of 30
ml/min therefore this will be the optimal operating flowrate. Using the 30 ml/min flow rate
the entrance length is also known as seen in Table 19. Considering the entrance length, the
total length of the bioreactor chamber has been established to be 14.5 cm which takes into
account safety measures to allow any flowrate variance so the flow can be fully developed
even if the flow rate increases. Also, this total length leaves space for a scaffold variable
length that can range from 3 to 5 cm as the customer has requested. Furthermore, from Figure
51 it can be seen that the wall shear stress decreases exponentially as the bioreactor chamber
diameter increases, which is why the diameter has been chosen to be 1 cm to maximize the
wall shear stress.

From Table 21 it can be seen that the pressure drop that the bioreactor system will
have to withstand is 50.21 Pa from this value it should be mentioned that the major pressure
drop is due to the scaffold porous media which represents the 85.38 of the pressure drop. This

pressure drop is considered relatively low and will not represent a challenge to the peristaltic
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pump. The peristaltic pump operates at a maximum pressure of 29 psi or 199948 Pa which is
more than enough to overcome the calculated pressure drop.

Figure 61 shows two streamlines while the water flows through the bioreactor
chamber model. These streamlines are clear, and no eddies are created around them which
proves that the flow regime in this model as well as in the prototype is laminar due to
similitude analysis.

For the flowrate control system, it should be empathized that it is implemented as a
redundant control since the peristaltic pump already has a precise built-in control. This
consideration allows the control system to be as simple as possible therefore no PID control
is required. Another reason for the absence of a PID control is that the geometry of the
bioreactor system has been designed with safety measures, as explained in the previous
paragraphs, so it can overcome any flowrate invariance, which allows the control system to

have a simple architecture.

CONCLUSIONS

Tissue engineering benefits from the use of perfusion bioreactors, many of which
have certain issues that can be improved. Therefore, the design and analysis of the actual
perfusion bioreactor system aims to contribute to future research. With the help of fluid
simulations, results were obtained that showed satisfactory values and magnitudes, closely
related to the ones obtained in analytical form. The fact that the analytical calculations
component had similar results with the COMSOL simulations, positively reinforces the
decisions made for the design of the bioreactor system.

The final prototype bioreactor prototype presented in this report has been proven to a
compact design that satisfactory meets all fluid dynamics requirements and has possible
operating conditions for the customer’s given requirements. In general terms, the project has

accomplished all engineering criteria.
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Finally, it should be said that all previous deliverables allowed a better organization,
and understanding, of the information display in the present text. Initial budget, Gantt
diagram, and Risk analysis subcomponents allow a better understanding of the steps that

were followed to fulfill the objective of presenting well organized senior project design.

FUTURE WORK

For further development of this bioreactor system, some areas should be examined
with more detailed. The first one is the crafting of an experiment based on the guidelines
provided in this experiment that can allow the measurement of the wall shear stress for
further validation of the mathematical model presented in this report.

Second, it should be further examined the scaffold geometric design. An initial
conceptualization was made, with certain measurements and dimensions. However, a deeper
analysis can, and should, be made regarding three main aspects: architecture, porosity and
material selection. The present work did as much as possible to optimize volume-area
relationship, yet it only stayed at a regular patter porosity.

Further simulations are also advisable. The present project was not intended to be
used for long periods of time, several days in a row, but for a limited amount of working
hours a day. Therefore, optimization can be carried out and consider factors like extra layers
of cells growing on the scaffold filaments. Also, another improvement can be the simulation
fluid, which for this case was modeled as water.

Finally, it is important to emphasize future implementation and manufacturing for the
previous prototype. In addition, a mass transfer analysis could prove to be useful for future
applications, such as CO2 concentration inside the medium and efficiency of permeable
pipping material. Likewise, a more bio-compatible material for implementation in human

beings could be selected, or developed, for the scaffold.
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APPENDIXES
Appendix A: Gantt chart

Estud | BIOREACTOR

lombre de la tarea Asigna Fecha in Fecha fur Registro de tem

09/08/2020  12/17/2020 o E

1 ] Week 2 09/08/2020  09/14/2020 o w

iy Proposal o0 09/09/2020  09/10/2020 o | OO

12 Logsheetl @ Kevi.. 090972020 09/09/2020 o | @

1.3 prOYECTRESEARCH (@) -~ 09092020 0911412020 o F 00

14 Meeting 1 ©O0© - 09082020 09082020 o o0

2 = Week 3 00/14/2020  09/17/2020 0 v

21 Paper analysis HW ©0Q - 09142020 09152020 0 [ OO

2.2 Literature review O0Q  ov162020 09172020 0 | OO -

a = Week 4 09/23/2020  09/24/2020 o j

21 Design concepts o0 09/23/2020 09/24/2020 0 | OO0

a =) Week 6 10/05/2020  10/08/2020 o w

a1 Risk analysisandman... @@ = 10052020 10/06/2020 o | OO

4.2 Calculations 1 & 2 OO0 : 10072020 10082020 0 ! OO0
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12 ] Week 16 12/16/2020 12/17/2020 o i

12.1 (Document) Maintenan... @@ -» 12162020 1211712020 o !

12.2 Final presentation 00 12/16/2020 12/17/2020 o {

12.3 (Document) Projectpo... (@@ -2 12162020 1211712020 0 [
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~ @ Erick Lamina % 0 80 58 64 68
~ @ KevinOrbea + 0 90 58 64 68
~ @ Kevin Taday + 0 8g 58 64 68
- ‘ Nicolas Anguisaca i ] 89 58 64 68



105

Appendix B: Manufacturing process
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Material rejection
Semi-finished storage
Finished products storage
End of process

Decision making

Raw materials storage

Specific process 1 & 2

CNC Lathe "°—®
(surface
1 finish)
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Bottom Cap Assembly
Nobember 30, 2020
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System Tray
Nobember 30, 2020
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Manufacturing Plan

Bioreactor Sealing

Part 1 Description Drawi PEOOL anti 2
pt Top Cap ng Quantity
316 Stainles Person in )
Material Kevin Taday
Steel charge
. Manufacturi

N Activities Desciption Tools Date =
Time

1 cut Cutting raw material nto more manageable pieces ME':I::?:ESEW 01,01/2021 30 min

2 il Drill small hale through out the material CHC lathe, drill bit 0L/01/2021 30 min

3 Roughing Roughing the shaft into the desired shape CHC lathe, blade 01/01/2021 &0 min

. . CMC Lathe, ta
a Threading Make specify threads using a tap drill « 01/01/2020 20 min
Cost 535
Performance ndicators
Code Dimensions Tolerances Equipment Person in charge Check mark Notes
[ ] [mm]

A 6.35 0.5 Digital Caliper José Anguisaca

B 10 0.5 Digital Caliper Jose Anguisaca

C K12-1%5 0.5 Digital Caliper José Anguisaca
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-
=
£6.15
a1z

5 Cut

Scaffold support bars

Cutting raw material into more manageable piecas

drill

metal band saw
machine

04/01,/2021

L Bioreactor Sealin . .
Part 2 Drescription & Drawing PEOOZ Ouantity 2
Bottom Cap
316 Stainles Person in .
Material Kevin Orbea
steel charge
. Manufacturi
M? Activities Desciption Tools Date . <

Time

. _ ) Metal band saw -
1 Cut Cutting raw material into more manageable piecas . 04/04/2021 30 min

machinz

2 Dirill Drill small haole through out the material CME lathe, drill bit 04/01/2021 30 min
3 roughing Roughing the shaft into the desired shape CHC [athe, blade 04/04/2021 &0 min

. . . CMC Lathe, ta .
a Threading Make specify threads using a tap P 04/01/2021 20 min

100 mnin

[ Roughing

Roughing the shaft into the desired diameter

Scaffold support ring

CMC lathe, blade

metal band saw

040172021

30 min

10 Welding

Assemibshy

weld together to make a single piece

Handheld laser
weldar

04/01,/2021

Cost

7 Cut Cutting raw material into more manageable pieces . 04/01/2021 100 min
machinz

i Drill Drill small haole through out the material CNC lathe, drill bit 04/01/2021 15 min

g Roughing Roughing the shaft into the desired shape (cone) CMC lathe, blade 040172021 20 min
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Performance indicators

Dimensions Tolerances . )
Code Equipment Person in charge Check mark MNotes
[mam] [mm]
B 6.35 +0.5 Digital Caliper Erick Lamifia
C 10 +0.5 Digital Caliper Erick Lamifia
D M12-1X5 +0.5 Digital Caliper Erick Lamifia
E 15 0.5 Micrometer Erick Lamifia
F 5 0.5 Digital Caliper Erick Lamifia
G 8 0.5 Digital Caliper Erick Lamifia
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0.0

anufacturing Plan

Part 3 D ipti Sioreactor D i PBOO3 Quantit 2
ar escription Chamber rawing uantity
Aclylic Person in .
Material Erick Lamifia
PMMA charge
S ' g Manufacturi
N® Activities Desciption Tools Date ﬂnu.ﬂc ring
Time
1 Mold setup Create a mold that satisfy the desing dimentions Steel Molds 07/01/2021 24 h
Injecti
2 njec l{;” Injecting molten aclyric into the steel mold Hidraulyc Press 07/01/2021 15 min
mo
Cooli d Let the malten acrylic cool in the steel mold until is solid Steel Mold,
3 poling an w , =eLield, 07/01/2021 20 min
release enough to be ejected Compressed Air
. . CNC Lathe, ta
4 Threading Make specify threads using a tap drill +1ap 07/01/2020 20 min
ri
Cost 5120
M 12-1
A o
[ H
1 1
I I =
i | 1k
E
[
B sl | i
R
]
P
]
N
Performance indicators
Dimensions Tolerances . .
Code Equipment Person in charge Check mark Motes
[mim] [mm]
A M12-1X5 05 Digital Caliper Kevin Orbea
B ag 5 Digital Caliper Kevin Orbea
C 15 0.5 Digital Caliper Kevin Orbea
D 10 305 Digital Caliper Kevin Orbea
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Manufacturing Plan
Part 4 Dascription Resorvair Cap Drawing PBOOY Quantity 2
Material Achylic person in José Anguisaca
PRABAA charge
. Manufacturi
N’ Activities Desciption Tools Date .
Time
1 Kold setup Create 3 mold that satisfy the desing dimentions Steel Molds 10,/01/2021 24 h
Injection A - . .
2 y » Injecting molten achyric into the steel mold Hidraulyc Press 10/01/2021 15 min
mid
Cooling and Let the molten acrylic cool in the steel mold until is solid Steal Maold, )
3 . . 104012021 20 min
relegse enough to be ejected Compressed Air
Ciost 5150

/- p. |_,¢. l_ . )
| £:3 )
N/ "":;;.'\3" Fal .
‘I' 2 F -
ani A/ B
L)
V7

Code Dimensions | Tolerances Equipment Person in charge Check mark Motes
[rimi ] [mim]
& 24 0.5 Digital Caliper Kevin Taday
B 20 0.5 Digital Caliper Kevin Taday
C 50 0.5 Digital Caliper Kevin Taday
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3435k 2
‘[_8
E'?
o
A
%

1 | £ . 1
2 J‘ = i “’//i 2| =
Hel A1 I
E e 1;—'3 k‘*
= =o.oofal 3

Manufacturing Plan

Part 5 Description Resorvoir Drawing PBOOS Quantity 2
Achylic Person in
Material Kevin Tada
atera PMMA charge ¥
M facturi
M= Activities Desciption Tools Date anu _ﬂf ring
Time
CAD Create a 30 CAD Fusion 360 13/01/2021 180 min
2 3D Printing Print in acrylic the specific 30 CAD 3D Printer 13/01/2021 120 min
Remove the
3 material Remove the material excess to have smooth surface Sandpaper 13/01/2021 20 min
EXCESS
Cost 5100

Performance indicators

Dimensions Tolerances . .
Code Equipment Person in charge Check mark Motes
[mim] [mm]
A 4. 35X2 0.5 Digital Caliper José Anguisaca
B 6.35X2 0.5 Digital Caliper José Anguisaca
C 4,35X%2 0.5 Digital Caliper José Anguisaca
E 6.35X2 )5 Digital Caliper losé Anguisaca
F 56 #)5 Digital Caliper losé Anguisaca
G 14.02 #)5 Digital Caliper losé Anguisaca
H 12 05 Digital Caliper losé Anguisaca
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m i"Txl w|®
é Hlmﬁ

20

120
a0
15
r’f’J-l-\_
FZ25x2
T 11 et o
]
|
?:1 Mo
25

Manufacturing Plan

Part 6 Description System Tray Drawing PBODG Quantity 2
P -
Material PLA Ersonin Kevin Orbea
charge
e . Manufacturing
Me Activities Desciption Tools Date i
Time
CAD Create a 30 CAD Fusion 360 16/01/2021 1280 min
3D Printing Print in PLA the specific 30 CAD 3D Printer 16/01/2021 120 min
Remove the
3 material Remove the material excess to have smooth surface Sandpaper 16/01/2021 20 min
ENCESS
Cost 580
D
30 //_
L/
[' o F2ox2
1
F\_/
1 -
.||l \ |
9[ 4 \*r/
5
B
o]
Performance indicators
Dimensions Tolerances . )
Code Equipment Person in charge Check mark Motes
[mm] [mm]
A 100 +0.5 Digital Caliper Erick Lamifia
B 10 +0.5 Digital Caliper Erick Lamifia
C 15 +0.5 Digital Caliper Erick Lamifia
E 10 +0.5 Digital Caliper Erick Lamifia
F 20 +0.5 Digital Caliper Erick Lamifia
G 50 +0.5 Digital Caliper Erick Lamifia
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Appendix D: Arduino & EES codes
Arduino Codes
First Electronic System Simulation Code Proteus with Cases of time
#include <Servo.h>
#include <LiquidCrystal.h>
Servo servo_test;
LiquidCrystal Icd(13, 12, 11, 10, 9, 8);
volatile float flow_frequency; // Measures flow sensor pulses
float Q;
float Q_1,;
float Q_target;
float flowsensor = 2; // Sensor Input for Flowmeter
double currentTime;
double zeroTime;
double cloopTime;
int angle=0 ; //Initiation of the servo
float Q_position_target_angle;

float Q_servo;

void flow () // Interrupt function

{

flow_frequency++;

¥

void setup()

{



121

pinMode(flowsensor, INPUT);

digitalWrite(flowsensor, HIGH); // Optional Internal Pull-Up

Icd.begin(16, 2);

attachlnterrupt(digitalPinTolnterrupt(flowsensor), flow, RISING); // Setup Interrupt
Icd.clear();

Icd.setCursor(0,0);

Icd.print("BIOREACTOR");

Icd.setCursor(0,1);

lcd.print("MEDIUM FLOWRATE");

currentTime = millis();
zeroTime=millis();

cloopTime = currentTime;

servo_test.attach(7);  // pinsignal for servomotor

}
void loop ()

{
currentTime = millis();

[T Use for Proteus Simulation different types of frequencies at different times
if(currentTime-zeroTime<=2000){
flow_frequency=0.003;

¥

else if (currentTime-zeroTime<=6000){
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flow_frequency=0.6375;

ks

else if (currentTime-zeroTime<=7000){

flow_frequency=0.4;

by

else if (currentTime-zeroTime<=9000){
flow_frequency=0.225;
}
else {
zeroTime=millis();
[lcurrentTime = millis();

¥

HTTTIRange of values of flow_frequency for our peristaltic pump (0.003-0.6375)

Il Every second, calculate and print ml/min
if(currentTime >= (cloopTime + 1000))

{

cloopTime = currentTime; // Updates cloopTime

if(flow_frequency !'=0){
/[Pulse frequency (Hz) = K * Q, Where K is the value from the type of Flowmeter in this
case K=7.5

Q = ((flow_frequency / 7.5)*1000); // Q = flowrate in mL/min
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Icd.clear();
Icd.setCursor(0,0);
Icd.print("FlowRate:");
Icd.setCursor(0,1);

Icd.print(Q);

lcd.print("ml/min");

Q_1=Q*100; //To have decimal values to the map function
I change for use of waterflowmeter or flow change in time
Q_servo=map(Q_1,0.4,85,0,180); //*****pump range for Proteus time SIMULATION

(0.4-85)ml/min

Q _servo=Q servo/100;

Q_position_target_angle=63.52; //*****target of Flowmeter Q=30ml/min for Proteus

time SIMULATION

if(Q_servo < Q_position_target_angle){
for(Q_servo; Q_servo < Q_position_target_angle ; Q_servo += 1){
if(Q_servo == Q_position_target_angle)break;
servo_test.write(Q_servo);

delay(50);

¥
¥

else if(Q_servo>Q_position_target_angle){



for(Q_servo; Q_servo > Q_position_target_angle ; Q_servo -= 1){

if(Q_servo == Q_position_target_angle)break;

servo_test.write(Q_servo);

delay(20);
}
}
else {

servo_test.write(Q_servo);
delay(1000);
}
flow_frequency = 0; // Reset Counter
Serial.print(Q, DEC); // Print ml/min
Serial.printIn(" ml/min™);
}
else {
Serial.printin(" flow rate ");
Icd.clear();
Icd.setCursor(0,0);
Icd.print("FlowRate: ");
Icd.setCursor(0,1);
led.print( Q);
/llcd.print(Q_target);

Icd.print(" ml/min");

124



125

First Electronic System Simulation/Real Code Proteus with Pulse Generator
#include <Servo.h>
#include <LiquidCrystal.h>
Servo servo_test;

LiquidCrystal Icd(13, 12, 11, 10, 9, 8);

volatile float flow_frequency; // Measures flow sensor pulses

float flow_frequency_int=3; //for proteus Simulation with flowmeter signal
float Q;

float Q_1,;

float Q_target;

float flowsensor = 2; // Sensor Input for Flowmeter
double currentTime;

double zeroTime;

double cloopTime;

int angle=0 ; //Initiation of the servo

float Q_position_target_angle;

float Q_servo;

void flow () // Interrupt function

{

flow_frequency++;
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void setup()

{
pinMode(flowsensor, INPUT);
digitalWrite(flowsensor, HIGH); // Optional Internal Pull-Up
Serial.begin(9600);
Icd.begin(16, 2);
attachlnterrupt(digitalPinTolnterrupt(flowsensor), flow, RISING); // Setup Interrupt
Icd.clear();
Icd.setCursor(0,0);
Icd.print("BIOREACTOR");
Icd.setCursor(0,1);

lcd.print("MEDIUM FLOWRATE");

currentTime = millis();
zeroTime=millis();

cloopTime = currentTime;

servo_test.attach(7);  // pinsignal for servomotor

}
void loop ()

{
currentTime = millis();
servo_test.write(0);
/I Every second, calculate and print ml/min

if(currentTime >= (cloopTime + 1000))
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{

cloopTime = currentTime; // Updates cloopTime
if(flow_frequency !'= 0){
/[Pulse frequency (Hz) = K* Q, Where K is the value from the type of Flowmeter in this
case K=7.5
Q = ((flow_frequency / 7.5)*1000); // Q = flowrate in mL/min */
Q_target=((flow_frequency_int / 7.5)*1000); //for Proteus simulation of waterflow signal
Icd.clear();
Icd.setCursor(0,0);
Icd.print("FlowRate:");
Icd.setCursor(0,1);
Icd.print(Q);
Icd.print("ml/min™);
Q_1=Q*100; //dar decimales a la funcion map
Q_servo=map(Q_1,0,1000,0,180); //pump range for flowmeter frequency REAL (0-
1000)ml/min
Q_servo=Q_servo/100;
Q_position_target_angle=72; //target of Flowmeter Q=400ml/min for flowmeter

frequency REAL

if(Q_servo < Q_position_target_angle){
for(Q_servo; Q_servo < Q_position_target_angle ; Q_servo += 1){
if(Q_servo == Q_position_target_angle)break;
servo_test.write(Q_servo);

delay(50);
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¥
¥

else if(Q_servo>Q_position_target_angle){
for(Q_servo; Q_servo > Q_position_target_angle ; Q_servo -= 1){
if(Q_servo == Q_position_target_angle)break;
servo_test.write(Q_servo);

delay(20);

¥

else {
servo_test.write(Q_servo);
delay(1000);

}

flow_frequency = 0; // Reset Counter
Serial.print(Q, DEC); // Print ml/min

Serial.printIn(" ml/min™);

}

else {
Serial.printin(" flow rate ");
Icd.clear();
Icd.setCursor(0,0);
Icd.print("FlowRate: ");

Icd.setCursor(0,1);

lcd.print( Q);
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[lcd.print(Q_target);

lcd.print(" ml/min");

Second Electronic System Simulation Code Proteus with Temperature Sensor
const int HP_Pin= A1; // Arduino pin connected to Potentiometer pin
float val;
const int Green_LED_PIN = 4; // Arduino pin connected to LED's pin

const int Red_LED_PIN =3;

void setup() {
I put your setup code here, to run once:
Serial.begin(9600);
pinMode(Green_LED_PIN, OUTPUT); //green LED for PH sensor

pinMode(Red_LED_PIN, OUTPUT); //red LED for PH sensor

void loop() {
/Il For simulation in Proteus a temperature sensor was used in order to represent a PH sensor
val=analogRead(HP_Pin);

float mv=( val/1024.0)*5000;

float cel = mv/10;

Serial.print("PH value=");
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Serial.print(cel);
Serial.printin();

delay(1000);

if(cel>=7 && cel<=7.4){
digitalWrite(Green_LED_PIN, HIGH); // turn on LED

digitalWrite(Red_LED_PIN, LOW);

¥

else{
digitalWrite(Green_LED_PIN, LOW);

digitalWrite(Red_LED_PIN, HIGH);

Second Electronic System Code Proteus with pH Sensor
#include <Wire.h>
#include <LiquidCrystal.h>
LiquidCrystal Icd(13, 12, 11, 10, 9, 8);
float calibration_value = 21.34;
int phval = 0;
unsigned long int avgval;
int buffer_arr[10],temp;
const int Green_LED_PIN = 4; // Arduino pin connected to LED's pin

const int Red LED PIN =3;



void setup()

{
Serial.begin(9600);

}
void loop() {

for(int i=0;i<10;i++)

{
buffer_arr[i]=analogRead(A0);
delay(30);

}
for(int i=0;i<9;i++)

{

for(int j=i+1;j<10;j++)

{
if(buffer_arr[i]>buffer_arr[j])
{
temp=buffer_arr[i];

buffer_arr[i]=buffer_arr[j];
buffer_arr[j]=temp;
}

}

}

avgval=0;
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for(int i=2;i<8;i++)

avgval+=buffer_arr[i];

float volt=(float)avgval*5.0/1024/6;

float ph_act = -5.70 * volt + calibration_value;
Icd.setCursor(0, 0);

lcd.print("pH Val:");

Icd.setCursor(8, 0);

Icd.print(ph_act);

delay(1000);

if(ph_act>=7 && ph_act<=7.4){
digitalWrite(Green_LED_PIN, HIGH); // turn on LED
digitalWrite(Red_LED_PIN, LOW);
}
else{
digitalWrite(Green_LED_PIN, LOW);
digitalWrite(Red_LED_PIN, HIGH);
}
}

EES Codes
Fluid dynamics Parametric Analysis
"Parametric Study for Different Flow Rates"
"$IFNOT Parametric Study"
D=0.01[m]

"$ENDIF"



A=(pi*D"2)/4

U_inf=Q_dot/A

F=4.5 "Dimensionless shear stress value"
R=2.22E-4 [m] "Cambiando el diametro del Scaffold"
rho=density(Steam_IAPWS,T=37[C],x=0)
mu=viscosity(Steam_IAPWS,T=37[C],x=0)

$IFNOT Parametric Study

Q_dot=2.5E-7[m"3/s]

SENDIF

"Q_dot=4.167E-7[m"3/s]"

Tau_w=(0.5*F*rho*(U_inf)"2)/(sqrt((rho*U_inf*R)/mu))

Tau_w_dy=Tau_w*10[dynes/(cm"2*Pa)]

Re=rho*U_inf*D/mu

|_e=D*0.06*Re

| e _cm=l_e*100[cm/m]

"Run 11 table 1 is the best optimization with 15cm of the bioreactor chamber™
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Energy Analysis

"Calculations of Pressure drops in the System"

"Data"

D1=0.00635[m] "Internal Diameter of Plastic Tubes"
D2=0.01[m] "Internal Diameter of Bioreactor"
tetha=33.88 "Enlargement/Contraction angle™

U x=0.01273[m/s]  "Value taken from table 1 Run 11"

L_s=0.03[m] "Scaffold Lenght"
T=37[C] "Temperature"
V1=V2 "Constant Flow rate"

Q=1E-6 [m"3/s]

A=pi*(D1/2)/4

V2=Q/A

z1=72 "No height variation"
z2=0

g=9.81[m/s"2]

Re=182.9 "Old Reynolds value was 45.65"
f=64/Re "Friction factor for laminar flow"
L t=1.5[m] "Old value was 4 [m]"

rho=density(Steam_IAPWS, T=T,x=0)

mu=viscosity(Steam_IAPWS,T=T,x=0)

D _h=D1 "Hydraulic Diameter of Plastic Tubes"

"R_s=2.75E-4[m] " Old scaffold radius"
R_s=2.22E-4[m] "Scaffold structural members radius"

R_h=R_s/2 "Hydraulic Radius"
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"Energy equation”

DELTA _P_T=((-V1/2/(2*g))+(V2"2/(2*g))-
z1+z2+(f*L_t/D_h)*(U_x"2/(2*g))+SUMK*(U_x"2/(2*g))+(-DELTA_P/(rho*g)))*(rho*g)
"Minor Losses"

"Gradual Enlarment” "Appendix E Pennoncello”

beta=D1/D2

K1=(2.6*sin(tetha/2)*((1-beta"2))"2)/beta™4

"GradualContraction " "Appendix E Pennoncello”
K2=(0.8*sin(tetha/2)*((1-beta"2))"2)/beta™4

"Pipe Entrance”

K3=K4

K5=K4

K4=0.78 "Inward Projecting Value Appendix E Pennoncello”
"Pipe Exit"

K6=K7

K8=K7

K7=1 "Outward Projecting Value Appendix E Pennoncello™
"Ball Valve considering beta=1 and tetha=0"

K9=3*f

SUMK=K1+K2+K3+K4+K5+K6+K7+K8+K9
"Porous pressure loss (Kozeny-Darcy Equation)”

U_x=-1/(2*mu)*(DELTA_P/L_s)*R_h"2



Appendix E: Design criteria

1) Bioreactor chamber criterion Size evaluation

Bioreactor chamber design criteria analysis

Option 2 > Option 3 > Option 1

Criteria | Option 1 | Option 2 | Option 3 | >+1 | Results
Option 1 0 0 1 0.167
Option 2 1 1 3 0.500
Option 3 1 0 2 0.333
Sum 6 1
2) Bioreactor chamber criterion Eidelity evaluation
Criteria | Option 1 | Option 2 | Option 3 | >+1 | Results
Option 1 0 0 1 0.167
Option 2 1 1 3 0.500
Option 3 1 0 2 0.333
Sum 6 1
3) Bioreactor chamber criterion Cleanable evaluation
Criteria | Option1 | Option 2 | Option 3 | >+1 | Results
Option 1 0 0 1 0.167
Option 2 1 1 3 0.500
Option 3 1 0 2 0.333
Sum 6 1
4) Bioreactor chamber criterion DFEA evaluation
Criteria | Option 1 | Option 2 | Option 3 | >+1 | Results
Option 1 0 0 1 0.167
Option 2 1 1 3 0.500
Option 3 1 0 2 0.333
Sum 6 1
5) Bioreactor chamber criterion Replicability evaluation
Criteria | Option 1 | Option 2 | Option 3 | >+1 | Results
Option 1 0 0 1 0.167
Option 2 1 1 3 0.500
Option 3 1 0 2 0.333
Sum 6 1
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6) Bioreactor chamber criterion Cost evaluation
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Criteria | Option1 | Option 2 | Option3 | >+1 | Results
Option 1 0 0 1 0.167
Option 2 1 1 3 0.500
Option 3 1 0 2 0.333
Sum 6 1
7) Einal results for bioreactor chamber table
Concept | Size | Fidelity | Cleanable | DFA | Replicability | Cost > Results
Option1 | 0.048 | 0.040 0.028 0.028 0.016 0.008 | 0.167 3
Option2 | 0.143 | 0.119 0.083 0.083 0.048 0.024 | 0.500 1
Option3 | 0.095 | 0.079 0.056 0.056 0.032 0.016 | 0.333 2

Reservoirs design criteria analysis

Option 1 = Option 2 > Option 3

1) Reservoir Criterion Size evaluation

Criteria | Option1 | Option 2 | Option 3 | >+1 | Results
Option 1 0.5 1 25 | 0417
Option 2 0.5 1 25 | 0417
Option 3 0 0 1 0.167
Sum 6 1
2) Reservoir Criterion Fidelity evaluation
Criteria | Option1 | Option 2 | Option 3 | >+1 | Results
Option 1 0.5 1 25 | 0417
Option 2 0.5 1 2.5 | 0417
Option 3 0 0 1 0.167
Sum 6 1
3) Reservoir Criterion Cleanable evaluation
Criteria | Option 1 | Option 2 | Option 3 | >+1 | Results
Option 1 0.5 1 25 | 0417
Option 2 0.5 1 25 | 0417
Option 3 0 0 1 0.167
Sum 6 1




4) Reservoir Criterion DEA evaluation

138

Criteria | Option 1 | Option 2 | Option 3 | Y+1 | Results
Option 1 0.5 1 2.5 | 0.417
Option 2 0.5 1 2.5 | 0.417
Option 3 0 0 1 0.167
Sum 6 1
5) Reservoir Criterion Replicability evaluation
Criteria | Option 1 | Option 2 | Option 3 | Y+1 | Results
Option 1 0.5 1 2.5 | 0.417
Option 2 0.5 1 2.5 | 0.417
Option 3 0 0 1 0.167
Sum 6 1
6) Reservoir Criterion Cost evaluation
Criteria | Option 1 | Option 2 | Option 3 | Y+1 | Results
Option 1 0.5 1 2.5 | 0.417
Option 2 0.5 1 2.5 | 0.417
Option 3 0 0 1 0.167
Sum 6 1
7) Einal Results for Reservoirs table
Concept | Size | Fidelity | Cleanable | DFA | Replicability | Cost > Results
Option1 | 0.119 | 0.099 0.069 0.069 0.040 0.020 | 0.417 1
Option2 | 0.119 | 0.099 0.069 0.069 0.040 0.020 | 0.417 1
Option 3 | 0.048 | 0.040 0.028 0.028 0.016 0.008 | 0.167 2

Attachment/Connection design criteria analysis

Option 2 = Option 1 > Option 3

1) Bioreactor attachment criterion Size evaluation

Criteria | Option 1 | Option 2 | Option 3 | >+1 | Results
Option 1 0.5 1 25 | 0417
Option 2 0.5 1 25 | 0417
Option 3 0 0 1 0.167
Sum 6 1




2) Bioreactor attachment criterion Eidelity evaluation

Criteria | Option 1 | Option 2 | Option 3 | >+1 | Results
Option 1 0.5 1 2.5 0.417
Option 2 0.5 1 2.5 0.417
Option 3 0 0 1 0.167
Sum 6 1
3) Bioreactor attachment criterion Cleanable evaluation
Criteria | Option1 | Option 2 | Option 3 | >+1 | Results
Option 1 0.5 1 2.5 0.417
Option 2 0.5 1 2.5 0.417
Option 3 0 0 1 0.167
Sum 6 1
4) Bioreactor attachment criterion DFA evaluation
Criteria | Option 1 | Option 2 | Option 3 | >+1 | Results
Option 1 0.5 1 2.5 0.417
Option 2 0.5 1 2.5 0.417
Option 3 0 0 1 0.167
Sum 6 1

5) Bioreactor attachment criterion Replicability evaluation
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Criteria | Option1 | Option 2 | Option 3 | >+1 | Results
Option 1 0.5 1 25 | 0417
Option 2 0.5 1 25 | 0417
Option 3 0 0 1 0.167
Sum 6 1
6) Bioreactor attachment criterion Cost evaluation
Criteria | Option 1 | Option 2 | Option 3 | >+1 | Results
Option 1 0.5 1 25 | 0417
Option 2 0.5 1 25 | 0417
Option 3 0 0 1 0.167
Sum 6 1
7) Einal Results for Bioreactor Attachment table
Concept | Size | Fidelity | Cleanable | DFA | Replicability | Cost Y Results
Option1 | 0.119 | 0.099 0.069 0.069 0.040 0.020 | 0.417 1
Option2 | 0.119 | 0.099 0.069 0.069 0.040 0.020 | 0.417 1
Option 3 | 0.048 | 0.040 0.028 0.028 0.016 0.008 | 0.167 2




Appendix F: Log sheets
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AL

Lsvirsiman Sax Fravecison

UNIVERSIDAD SAN FRANCISCO DE QUITO
COLEGIO POLITECNICO

Mechanical Engineering

Log Sheet # 1

Title: Introduction to the CAPSTONE Project with the tutor

Date: 08/09/2020

Time: 17:30 — 18:30

Person in Charge: José Alvarez Barreto

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

More in-depth explanation of the project.

Specifications that the designh must meet.

Examples of some Bioreactor physical and mechanical requirements.

Explanation of how the stem cells reproduce with shear stress.
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Search for more information about flow perfusion bioreactors.

Brainstorm (ideas) to make an appropriate design.

Check online web platform “Mind Meister”; useful to design diagrams.

Check web page “vwr.com” to have an idea of how a CO2 incubator looks like.




UNIVERSIDAD SAN FRANCISCO

UNIVERSIDAD SAN FRANCISCO DE QUITO

COLEGIO POLITECNICO

Mechanical Engineering

Log Sheet # 2
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Title: First Deliverable Meeting

Date: 09/09/2020

Time: 14:30 - 15:00

Person in Charge: Marco Ledn Dunia

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

First deliverable explanation.

Engineering criteria examples.

Consider all the important dates specified in the Syllabus.

Necessary folders that need to be created in “Teams”.
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Search for more information to advance with the project.

Upload research papers and all investigations done so far.




UNIVERSIDAD SAN FRANCISCO

UNIVERSIDAD SAN FRANCISCO DE QUITO

COLEGIO POLITECNICO

Mechanical Engineering

Log Sheet # 3
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Title: Deliverable 2.1

Date: 15/09/2020

Time: 17:00 — 20:00

Person in Charge: Group 2

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

Brainstorming topics.

Research more journal articles.

Sketch an initial outline for the introduction.

Upload journal articles and research papers found.
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Read the journal articles and research papers.

Gain a better and deeper understanding of bioreactors.
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UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet # 4

Title: Deliverable 2.2

Date: 16/09/2020 Time: 16:00 — 21:00

Person in Charge: Group 2

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

Read the specific journal articles assigned to each member of the group.

Read the specific patents assigned to each member of the group.

Start an Online Word Document for the introduction.
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Keep writing the introduction following the parameters/instructions given in D2L.

IAsk Marco Leon about certain homework instructions that were not so clear for us.




148

UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet #5

Title: Deliverable 2.2 Meeting

Date: 16/09/2020 Time: 17:30—18:15

Person in Charge: Marco Ledn Dunia

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea
KT Kevin Taday X
NA Nicolds Anguisaca X

Discussed certain weak points about “Deliverable 1”.

Sketch actual design concepts for the whole system (bioreactor, reservoirs, general assembly).

Check the “Engineering criteria” section and adjust accordingly. Due date extended.
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Check CO; incubators (Biobase / vwr.com) and peristaltic pumps (Cole-Parmer).

Appoint a meeting with José Alvarez to clarify some issues regarding design parameters.
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UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet # 6

Title: Deliverable 2.2

Date: 17/09/2020 Time: 13:00 — 21:00

Person in Charge: Group 2

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

Organize ideas for the introduction of our research paper.

Write the three-page-long introduction assignment.

Upload the pdf version of the document in D2L.
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None left for this specific assignment.

None left for this specific assignment.
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UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet # 7

Title: Bioreactor Meeting

Date: 18/09/2020 Time: 17:30 - 18:15

Person in Charge: José Alvarez

Initials Name Attendance
EL Erick Lamifia
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

Discussed certain issues: pump power source and optimal working conditions.

Talked about possible scaffold materials: stainless steel, titanium, non-biodegradable plastic.

General questions: shear stress units, simulation software, laminar/ turbulent flow.

General questions: perfusion bioreactor, cell culture basics, pipe diameter, pump specifications
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Check CO; incubators (Biobase / vwr.com) and peristaltic pumps (Cole-Parmer).

Sketch actual design concepts for the whole system (bioreactor, reservoirs, general assembly).
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UNIVERSIDAD SAN FRANCISCO DE QUITO
COLEGIO POLITECNICO

Mechanical Engineering

Log Sheet # 8

Title: Deliverable 4 (Design Alternatives and Selection)

Date: 25/09/2020 Time: 11:30 - 23:30

Person in Charge: Group 2

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

Clearly defined alternatives and material selection for every component of the bioreactor

system: bioreactor setup, perfusion chamber, reservoirs, and trays (attachments).

3D CAD sketches for all of the previous design alternatives, considering client requirements.

Evidence the selection process, brainstorming, and selection criteria used for the whole design.

Used Riba’s corrected weighted criteria ordered method as the selection criteria.
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Detail design will be considered in future deliverables for each component.

Update the final results and tables of the selection criteria for chamber, reservoirs, and trays.
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UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet #9

Title: Bioreactor Meeting

Date: 29/09/2020 Time: 17:00 — 19:00

Person in Charge: José Alvarez

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

José evaluated each design presented to him and decided to combine the best out of each one.

There needs to be a material selection that involves non-biodegradable polymers.

He liked very much the Riba’s weighted criteria methodology used in an earlier deliverable.

Scaffold is likely to be used for no more than some hours a day. Will use stem cells.
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Create a new hybrid bioreactor design using the best features José selected today.

José is interested in seeing the simulation results and a design for the scaffold.
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UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet # 10

Title: Fluid Mechanics Meeting

Date: 05/10/2020 Time: 15:30 - 16:00

Person in Charge: Juan Sebastian Proafo

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

Analyze the Darcy equation before and after the porous media, as a first approximation.

Tortuosity plays a big role in everything related to porous materials.

Revise in the simulation what happens with pores of different diameters (small vs. big).
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What do all the terms inside the Darcy equation stand for?

What is tortuosity? Does it apply to the present project?
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UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet # 11

Title: Bioreactor Meeting

Date: 14/10/2020 Time: 16:00-17:30

Person in Charge: José Alvarez

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

A cell can be considered as a really small cylinder with a diameter of 20 micrometers and a

height of 2 to 5 micrometers.

Scaffold appropriate dimensions would involve a pore of 300 micrometers and filaments of 300

to 500 micrometers.

The present design will not be used for long term cell culture (not used for many days in a row).

Polystyrene, PLA, PLGA, or PETG could be one of the choices for scaffold material.
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Design a scaffold CAD that will be inside the perfusion bioreactor chamber. Choose material.

Investigate on research platform “Pubmed” for more information on perfusion bioreactors.
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UNIVERSIDAD SAN FRANCISCO

UNIVERSIDAD SAN FRANCISCO DE QUITO

COLEGIO POLITECNICO

Mechanical Engineering

Log Sheet # 12

162

Title: Deliverable 6 (Calculations Part 1)

Date: 21/10/2020

Time: 10:30 — 23:30

Person in Charge: Group 2

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X
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Calculations that consider optimal shear stress over the scaffold surface and that guarantee the

fluid reaches fully developed flow before reaching the scaffold.

Methodology: start from literature known data and proceed backward in the analysis.

Start by calculating the free stream velocity the fluid will reach before reaching the scaffold,
knowing bioreactor physical dimensions, scaffold radius, and optimal shear stress for cell

culture.

Evaluate dimensionless wall shear stress equation and find the value for shear stress, with the
help of figures from Schlichting (1979), so Reynolds number and entrance length dimensions
can be found.

Simulation is still needed to compare and assess the validity of the present calculations.

Check the methodology and final results with Jose Alvarez and Juan Sebastian Proaiio.
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UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet # 13

Title: Deliverable 5 (Risk Analysis)

Date: 21/10/2020 Time: 9:30 — 23:30

Person in Charge: Group 2

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

Well identified risks, defined and described in important areas for the bioreactor system.

Brainstorming, risk Identification, 5x5 risk matrix, and risk control matrix were presented.

Subcomponent definition, impact, priority, and probability are correctly evaluated in each

table.

Design a Gantt schedule to have well-defined dates and realistic planning.
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Subcomponent definition still needs some refinement, explicit but a bit too general.

Review new Gantt chart, unforeseen future calculations meetings yet to be added.
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UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet # 14

Title: Fluid Mechanics Meeting

Date: 23/10/2020 Time: 10:00 - 11:30

Person in Charge: Kevin Orbea

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

Account for maximum allowable limits of the design and add a safety factor for them.

As talked with José, the maximum shear stress needs to be equal to or less than 25 [dyn/cm?].

There are validation parameters for a CFD simulation and verification criteria.

An experiment, a printed version of the scaffold, would be helpful for the final presentation.
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Consider and google rule of thumb for CFD. Find other verification methodologies.

Check with Marco for remote access to COMSOL simulation software.

Review data on how to validate and verify simulations.




168

UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet # 15

Title: Group Session

Date: 29/10/2020 Time: 14:30-19:30

Person in Charge: Kevin Taday

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

\Where can the biggest pressure losses can be found on the bioreactor system?

Will automation require a Proportional Integral Derivative control (PID)?

All the simulations are going to be carried on COMSOL, not Autodesk CFD.

Appointed a meeting with Juan Sebastian Proafio for Friday (tomorrow).
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What exactly is a PID and how does it work?

Read documentation on how to use and operate COMSOL.
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UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet # 16

Title: Deliverable 7 (Calculations Part 2)

Date: 30/10/2020 Time: 10:30 — 23:30

Person in Charge: Group 2

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

Continued the calculations for the bioreactor system.

Focus on proving the validity of previous analytical solutions made for wall shear stress.

Compare analytical solutions with CFD simulations made using COMSOL simulation software.

Evaluate the system from an energetic perspective, determining general pressure drop.
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Update EES code and values for the proceeding improvements of the bioreactor chamber.

A 2D simulation for the scaffold will be required, with more cross-sectional cylinders.
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UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet # 17

Title: Fluid Mechanics Meeting

Date: 30/10/2020 Time: 10:30-11:30

Person in Charge: Nicolds Anguisaca

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

It is recommended that the group presents an overall progress in many aspects of the project

at the same time.

Some equations are helpful for porous material analytical analysis.

Hydraulic permeability is a paramount issue to consider in porous experiments and

applications.

There needs to be a way to validate the simulation in COMSOL.
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Revise on literature losses due to porous materials. Check Darcy’s equation and related.

Check formula to display shear stress in COMSOL.

Review data on how to validate and verify simulations.
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UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet # 18

Title: Group 2 Meeting

Date: 04/11/2020 Time: 14:30 - 15:30

Person in Charge: Marco Dunia

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

Discussed the project progress, and how the simulations were developing.

Automation is still a delicate point for the bioreactor system.

Experiment design is a major consideration from this point onwards.

The next deliverable involves a bunch of construction process sheets.
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For next week drawings and CAD design needs to be presented during class hour.

Improvements need to be done for experiment design, automation, and simulation.




UNIVERSIDAD SAN FRANCISCO

UNIVERSIDAD SAN FRANCISCO DE QUITO

COLEGIO POLITECNICO

Mechanical Engineering

Log Sheet # 19
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Title: Deliverable 8 (Progress Report)

Date: 08/11/2020

Time: 11:30 - 23:30

Person in Charge: Group 2

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

Big deliverable containing a summary of everything designed and simulated until now.

The team worked in every section of the rubric, for instance, problem statement, problem

specification, design concepts and selection, front matter, etc.

The engineering standards was a complicated section due to the fact we knew nothing about it.

Results were very captivating and encouraging. The simulation values corresponded to the
analytical solution found in textbooks.
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Further testing with the simulation is required, a 3D model perhaps.

Automation, experiment design, and verification are keywords for future deliverables.




178

UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet # 20

Title: Deliverable 9a (Design for manufacturing)

Date: 17/11/2020 Time: 12:30 - 23:30

Person in Charge: Group 2

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

Each member was randomly assigned a research topic from the general subject.

Four important topics: design for manufacturing, assembly, maintenance, and end-of-life.

In each, an example regarding the bioreactor project was included.

To generate examples for each topic was a mental exercise.
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None for this particular deliverable. It was more a research task.
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UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet # 21

Title: Validation and Verification Meeting

Date: 19/11/2020 Time: 16:00 — 14:45

Person in Charge: Juan Sebastian Proafo

Initials Name Attendance
EL Erick Lamifia
KO Kevin Orbea
KT Kevin Taday X
NA Nicolds Anguisaca

Discussed ASME V&V 20. Will only use it as reference material or as roughly as possible.

Kinematic, equivalent, and symmetric laws of similarity for fluid mechanics.

Important aspects to try to control: pressure drop, volumetric flow rate, and flow regime.

General view of how the final presentations will be taking place.
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Check “Laws of Similarity” for fluid mechanics.

Research for automation, specifically a book called Modern Control Engineering by K. Ogata.
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UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet # 22

Title: Deliverable 10 (Mechanical Drawings)

Date: 24/11/2020 Time: 13:30 - 23:30

Person in Charge: Group 2

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

Third iteration for bioreactor scaffold and perfusion column. Probably will need another one.

Second iteration for the reservoirs. Joints and communications mechanisms were revised.

New hybrid assembly for the entire system. Change CAD software, from Inventor to Fusion 360.

Drawings from all components of the bioreactor. Followed mechanical drawing class guidelines.
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The perfusion chamber is okay. Scaffold next iteration will depend on 3d simulation in

COMSOL.

The hybrid bioreactor system would probably need some minor tweaks for the final

presentation.
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UNIVERSIDAD SAN FRANCISCO DE QUITO

COLEGIO POLITECNICO

UNIVERSIDAD SAN FRANCISCO

Mechanical Engineering

Log Sheet # 23

Title: Group 2 Meeting

Date: 25/11/2020 Time: 14:30 — 14:55

Person in Charge: Marco Ledn Dunia

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

Project progress. Special interest in 3D printing manufacturers for the scaffold.

There is a standard format to present the project and to store it in the university library.

Final Portfolio needs to be arranged according to its corresponding rubric.

Be very careful with references and bibliography.
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Contact former USFQ student “Andy” for information about 3D printing.

Check the portfolio rubric and the format needed to hand in the final report to the USFQ

library.
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UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet # 24

Title: Group 2 Meeting

Date: 27/11/2020 Time: 14:30 - 15:30

Person in Charge: Marco Dunia

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

M

arco needs to see a peristaltic pump dimensioning for the project (next week).

A study on energy consumption will be necessary for the entire bioreactor system.

Check if there is any chance to control the temperature of the system in another way.

Next meeting will be on Tuesday during class hour.
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Analyze the automation section of the project.

Remember to schedule a recurring meeting with Juan Sebastian Proafio on “Teams”.
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UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet # 25

Title: Deliverable 9b

Date: 30/11/2020 Time: 10:30 — 23:30

Person in Charge: Group 2

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

\What are some manufacturing technologies and components to assemble for the bioreactor?

Gantt Diagram/Chart for the process that could and will take place after the design

CAD designs and CAD drawings for the key parts of the perfusion bioreactor system

Dimensioning and tolerance verification for scaffold, reservoirs, and perfusion chamber
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Check overall presentation and clarity of the Deliverable 9b work

Talk with Jose. Do the dimensions of the actual scaffold accomplish his initial requirements?
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UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet # 26

Title: Group Session

Date: 01/12/2020 Time: 13:30-23:30

Person in Charge: Nicolds Anguisaca

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

Improvement of two EES simulations, with new velocity and scaffold diameter.

Updated simulation in COMSOL, similar results to the previous ones obtained.

Automation is still in progress. It has proven to be a challenging aspect of the project.

Keep adding new log sheets. Finish some of the past log sheets as well.
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A meeting with José is necessary to check the new results: bioreactor design and biological

implications.

Revise and add more scaffold filaments for the 2D simulation in COMSOL.
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UNIVERSIDAD SAN FRANCISCO DE QUITO

UNIVERSIDAD SAN FRANCISCO

COLEGIO POLITECNICO
Mechanical Engineering

Log Sheet # 27

Title: Bioreactor Meeting

Date: 02/12/2020 Time: 16:15-17:15

Person in Charge: José Alvarez

Initials Name Attendance
EL Erick Lamifia X
KO Kevin Orbea X
KT Kevin Taday X
NA Nicolds Anguisaca X

Presented a parametric table to José with important values for different volumetric flow rates.

Explained the way an energetic analysis was carried on for the system. José agreed.

It is viable to gather pressure drop information from similar peristaltic pumps.

The general design of the entire bioreactor system pleases José and almost met his needs.
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losé recommended to use only 20 to 30 ml/min for the volumetric flow. It will change some

minor things in the other simulations and calculations.

Design a completely porous scaffold for the project. It would be better if it has a filament

diameter of 200 micrometers and a porous size of 300 micrometers.
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1ons

Receipts & Handmade calculati

Appendix G




* -,

a® a

s U -
%

*
T

HAYEX INTERNACIONAL CIA, LTDA. *
AY. SEIS DE DICIEMBRE 7428 Y AV. ELINCA "
RUC 1790893073001 © o
" TELEFONG: 2410193
CORRED ELECTRDN!CO: atencionhaysk@gmall corn
Deseripeidn Cardidad  Pre. Lindy, Pre. Tol

TAFON MACHO ; s Bk
75 200 161 322
PLASTIGAMA

UMION BRONCE 1_'{)(} 179 1.7g" ¥

MANGUERA 1/2'3/4

SILICON TRANSP Y i
1200 ABRO . 100 339 339

SUBTOTAL GDO" ¥ 40

SUBTOTAL 0%: 260

SUBTOTAL Mo objsto de VA 0.00

SUBTOTAL Sin Impuesios: f w840
VAT 1.01

VALOR TOTAL: 541

CLIENTE: ROCIO PERALTA

CEDRUC: 1711492213

FACTURA Nra: 601-611-00001 7445

Fecha Emisldn: 2020-12-12

Revise su faclura glecirénica ingresando &
v milfaclurgcion.com.ec/minegouioponal/
Lisuario 1711492213

Contrasefia: 1711492213

Este comprobante no es un documents
Vandador: HAYEK INTERMACICONAL
Forma Page' Efsclive

M1y ALl zacion
U PBUEY 3T U0 200100 1 B0U 0 dshas g e o

DECLARE A TIEMPO SU IMPUESTO A LA RENTA.

195



196
Hevn ﬁu)uy

BY«IL?Y{WW\:
’4(/”;7 Jm[?,u! Py "LD(Mé)q {;en‘rlsz)/za (5 bhs o pims 04'%7%,)

Ly Cole parmer
- npirl W
= ) Wleyard Hasks - incibedora 73 Wr - wwm
= Vﬂ[leeirfc . wh - ({N/zi’/tw —16 j,;areaxforﬁ
- @5 wast (;W[W} af ij}( b Ybireoclores o cod r’efu'/« V
' /,A 30 regervorms
- eh{hmc (/‘hﬂéh ([6)
57 ﬁ,émf B fm(/é” {//"”V jm"/) /ﬂ;ﬂfﬂa wn OO0y,
= J a

= Jisdis Lok /’WM

}:‘mem §1bnes g ZDrVWlULU

] 5 9 Rézf'rpfnfz \J—'p,'aé'
T h'_>:‘$_b /4 g
'. .
1 - y © Eugte? own:
A / h‘ﬂ“"f
. oy é)rlzu/mé How ( Re > Y000) —&- T -E E = A LF A
: r ﬁj‘f"—?r—f'————‘f'c'l‘{'HL
= 7 ?
= 449 (CRe)
—0 — 0 —QJ —Oo0 —Q gy =~ G e
« Dik= K- 063557 o dhelt dimengions . g Bl
larzn 7041 A /‘
Liwt= SOPtY= 15,2490 "
= 67t  Liec
b ‘CJ’L
L beomd"n'é '
b = B~ ‘65[”:’%,1,] = 63wl Luw® 1"3/3']

op (To5é)

— Lwl . 33 m"ﬁ;j
i s

— bul - 1xp? fw”’]

e

) L

tn 5wy g bl



197

AS
a\w\(” ”Jli —7 5 /7-9';:];;” o~ 33 )

[ { ‘| o J chelver = 37 au,
| ‘ 133.9 om

f o (hc/v(j x Dcm
fav

'“'_8’.3 O 68.6 an

° p’/:):ita/ /mr’,wrr)(l'@! U.ﬁ o0 et 327
f= 993.35 }_ﬂ

|

M= 63628 Ao [N-y'!
m* |

[r= 7.008% g PLI

)

- -

6 f/ct'() V('/u(,"/j (ﬁ&,&e: 6.357:;”5.)])

" ; T Tpdr
5 1wl Q=Y%= AV L Tl f_/, = 4.2059%07 pu
win o 535K < s K
= _@_ ﬂ( a ) = =
A

—» bl Ne¢= 0.0126 M/g]
wil Nl SR b
— foxl Ve~ 6.3 M)
ltt ) iR v e )
— 20wl PR

e Vo



198

’ /[\76 hymoe @

e, = Jup Tor b (s Yoo ) Lo Wm0,
S €.9623 m“’;\;_‘g)
H i
Reo= 120 s “)A‘
J\ n
Reg= 353 :
\,'zi.p,ﬂy._ﬁ GDllthé e
RC(@ = 601-

2 [{ltrvovis y q%w s
Le= 0.0 e - Dint

Le - got(boug)-(5«)
Lok 9—90[%]

Sl'!u){(om
3(4" = 0.7 “‘;; [DWLJ

Lo ‘Bmuu,jmu G }')('(/%’

— Condrol — ﬂbjb
L )/4‘/:0{4 @ /;a b cortrol
>6'(r0w¥m[2
¢ Vehodad 7
rederwvios — 1 ol adumin, el Fo-gocte,

vaifa? {’ujo },;wl bl
+ mejJ/ (’/f,'”/”’éo (“’t"ffc-u' a;-,;’lwwm»(/vm)

lou Il((/,)u.
Q{mf’ by 300 Wi Cas

® Yeservorio 7 r~}mg v

° Hb)o {’012‘:/'(‘,1.%) ’Q/“?')Itw

=b> o A(‘ /q'wa‘fl/:éa'gf :

O olon fidher ld
¥ émJ(c'M
Yodo wm/‘k‘éf/ -p ]{"JU }Jmt

heda



/1 y -
. /Tb;‘;ay jr/)((f’j‘,‘.fji l_’awq.
Job oty A ¢ Conrol

Soloven B

W C S H, P [ | e
\\‘. D ’fﬁm\ firderrly /Jb'”’ hof cafoy purd l)‘i'i'wnf
wE —1 Lontrol ((Jt/W(\ (o) wins 7
N Selleiav
. = loinl de Cavdal
<3 I?u.ﬁ? AL & ' ]
b [ biar ¢ Wty Ledn {rr,’ d
P - 1 !
=P &’,"GM *jo lairvvay. -b/{W{)oL’ Je i)l"((ﬁv -’ﬁ)”ﬂ‘(‘fl‘.‘r.‘f)‘

\

9 » =
l// / Vv bwj"lh (V‘DU(HO
o dlas 4_) =

fﬁ{& ﬁ?f Moy
B =
j“"‘

H—

0995

199



200

Teras Aines (3) 3 meﬁ ~Holor W/Wmew lecoles G
~fin
. 6%7 oler 3 oo 1o mwiw m’ﬁw/m'wmw
o bk et

cé’»@wvmwﬂmmm%owg

 Ynn, i T Mo Fom 0] o gt e 3 bl

e ot \“7 | | . ;'
S e gled '_,\//' — —

[
- Lidro? = /ila‘mq

@ - P?('ﬂ/w? -Y. e ('}nla(’d/" b

' / 3
\"“l,‘ll’k 17

fn ey Voy (04
)m"“f N et

5 /—)(/leﬁ‘ -) oS pare ic 7 [olpove,
(r[.v |T1
—0 3D pletie / perm

KoL
=) YOS tan f(';[(“éc\_

-5 1 ‘cH(w(;( ét"’x,\:
= ()/lrn(;w

- Aao oy

{
= thotwlaT 1z -

)m. [ly)).

s = ovbo cluue e pr lids
- 392 Fad = 392.7ml
~ Yoowml - I’JTU( (,(AU();( }é,jl_r
R P T
/)""’/L—[? ’;g”y:JZflnr.;
:”:I/m;,, %{"_' }.J‘P L a2

’/: E 06 Pl



201

Appendix H: Bioreactor system 2D layouts
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33.88°

Tolerance Weight _ .
0.1 N/A 316 Stainless Steel ____
Date Name !
Drawn [26/12/2020 | José Anguisaca
Checked Kevin Orbea i i Scale
Cheaad o Lo Bioreactor Sealing Top Cap >
Approved Kevin Taday
Code Surface Finish Page
PBO001 N7 1
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Tolerance Weight .
0.1 N/A 316 Stainless Steel _ _ _
Date Name
Drawn [26/12/2020 | José Anguisaca
Checked Erick Lamina Bioreactor Sealing Bottom Cap Scale
Checked Kevin Orbea 2:1
Approved Kevin Taday
U§ FQ Code Surface Finish Page
PB002A1 N7 1/1
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Tolerance Weight _ .
0.1 N/A 316 Stainless Steel ____
Date Name :
Drawn [26/12/2020 | José Anguisaca
Checked Erick Lamifia Cap Sealing O—ring Scale
Checked Kevin Orbea 3:1
Approved Kevin Taday
Code Surface Finish Page
PB002A2 N7 1M
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Tolerance Weight _ .
0.1 N/A 316 Stainless Steel ____
Date Name :
Drawn [26/12/2020 | José Anguisaca
Checked Erick Lamifia Scaffold Support Bars Sgale
Checked Kevin Orbea 511
Approved Kevin Taday
Code Surface Finish Page
PBO002A3 N7 11
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Checked Kevin Orbea 511
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Code Surface Finish Page
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Bill of Materials
ltem Qty Part Number Material
1 1 PB002A4 316 Stainless Steel
2 1 PB002A3 316 Stainless Steel
3 1 PB002A2 316 Stainless Steel
4 1 PB002A1 316 Stainless Steel
Tolerance Weight -
0.1 N/A CAPSTONE ‘
Date Name =
Drawn [26/12/2020 | José Anguisaca
Checked Erick Lamifia Bioreactor Sealing Bottom Cap Assembly Scale
Checked Kevin Orbea 2:1
Approved Kevin Taday
U§ F Q Code Surface Finish Page
PB001 7
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Bill of Materials

ltem Qty Part number Material
1 1 PB003 Acrylic PMMA
2 1 PB001 316 Stainless Steel
3 1 PBA002 316 Stainless Steel
Tolerance Weight -
0.1 N/A CAPSTONE ‘
Date Name =
Drawn [26/12/2020 | José Anguisaca
Checked Erick Lamifia Bioreactor Chamber Assembly ??;'e
Checked Kevin Orbea :
Approved Kevin Taday
U$ F Q Code Surface Finish Page
PBA003 N/A 11
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Tolerance Weight _ .
0.1 N/A Acrylic PMMA ____
Date Name :
Drawn [26/12/2020 | José Anguisaca
Checked Erick Lamifia Medium Reservoir Cap SF:aIe
Checked Kevin Orbea 1:2
Approved Kevin Taday
Code Surface Finish Page
PB004A1 N/A 1/1
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Tolerance Weight _ .
0.1 N/A Acrylic PMMA ____
Date Name :
Drawn [26/12/2020 | José Anguisaca
Checked Erick Lamifia Medium Reservoir
Checked Kevin Orbea
Approved Kevin Taday
Code Surface Finish
PB004A2 N/A




Bill of Materials

ltem Qty Part Number Material
1 1 PB004A1 Acrylic PMMA
2 1 PB004A2 Acrylic PMMA
Tolerance Weight .
0.1 N/A CAPSTONE |
Date Name
Drawn [26/12/2020 | José Anguisaca
Checked Erick Lamifa Medium Reservoir Assembly Scale
Checked Kevin Orbea 1:1
Approved Kevin Taday
U$ F Q Code Surface Finish Page
PBAO0O04 N/A 1M1
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Tolerance Weight .
0.1 N/A PLA _ ___ )
Date Name :
Drawn [26/12/2020 | José Anguisaca
Checked Erick Lamifia Tray Scale
Checked Kevin Orbea 1:3
Approved Kevin Taday
Code Surface Finish Page
PB005 N/A 11



Bill of Materials

ltem Qty Party Number Material
1 1 PBAOO2 Acrylic PMMA /
316 SS
2 1 PBAO00O4 Acrylic PMMA
3 1 PB005 PLA
Tolerance Weight -
0.1 N/A CAPSTONE ‘
Date Name =
Drawn [26/12/2020 | José Anguisaca
Checked Erick Lamifia Bioreactor Sf:ale
Checked Kevin Orbea 1:3
Approved Kevin Taday
U§ F Q Code Surface Finish Page
PBAO006 N/A 1/1




