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This report was prepared by students as part of a university course requirement.  While considerable effort has been put into the project, it is not the work of licensed engineers and has not undergone the extensive verification that is common in the profession.  The information, data, conclusions, and content of this report should not be relied on or utilized without thorough, independent testing and verification.  University faculty members may have been associated with this project as advisors, sponsors, or course instructors, but as such they are not responsible for the accuracy of results or conclusions.
[bookmark: _Toc472068875][bookmark: _Toc484366957][bookmark: _Toc19096637][bookmark: _Toc132367512]EXECUTIVE SUMMARY
[bookmark: _Toc472068877][bookmark: _Toc484366959][bookmark: _Toc19096638]The clot capstone group is creating a procedure for developing and testing synthetic thrombi or blood clots for the BDL and the client Dr. Becker. These clots need to have their material properties validated against those of real blood clots and other synthetic blood clots that are used as an industry standard. Synthetic blood clots are used when testing medical devices that are used in thrombectomies instead of whole blood clots that need to be obtained by harvesting them from animals. The clot capstone group has developed a protocol for polymer synthesis in creating synthetic blood clots for a soft clot, hard clot and a medium clot. The team has successfully begun creating batches of these synthetic clots with consistent properties and has begun to develop a procedure in order to validate the material properties of the clots when compared to whole blood clots and synthetic blood clots that are used as an industry standard. The properties that are being examined by the group are as follows: The shear and elastic moduli of the synthesized clots in order to determine the stiffness and if the clots are cured properly using a Rheometer located in the BDL lab,  the radiopacity of the clots, which is the ability for the clots to appear on a fluoroscope that the group has been given access to through the BDL lab by introducing a contrast agent to the clots, and the benchtop occlusion test which tests to see how well the synthesized clots can simulate real blood clots when they cause a stroke. The group analyzed the risk with the tests that are being run on the clots, The highest points of risk and failure that were determined were chemical failures, curing failures, rheometer testing failures, occlusion failures and storage failures. Failures with the chemical creation could lead to serious health hazards as well as an unsuitable batch of synthetic clots, failure in the curing stage will lead to untestable and non-homogenous clots, a testing failure with the rheometer would lead to non-usable data when comparing the synthesized clots to real clots, occlusion failures would most likely lead to the destruction of the clot being tested, and storage failures would impose the risk of the clots drying out and becoming untestable or over curing and having the wrong material properties. The chemical process in creating the clots has not been altered since the functional decomposition was created. This process involves mixing several chemical reagents and then degassing and then curing the solution in order to make synthetic clots. The final design that was selected for the clots was the 1 ml syringe. The 1 ml syringe did not score the highest on the Pugh chart, but the puck model was deemed to be unusable after material testing began. The puck model was unable to cure properly and the 1ml syringe design was able to be tested on the rheometer after the sample was extracted from the syringe and cut into small pieces as the width of the clot was approximately 4mm which was the width that the puck model would have been. The group needs to finish shear and elastic modulus testing, radio capacity testing and occlusion testing for all three desired clot types. In the next semester, the group will complete all material testing for the clots, finalize the wight percentages needed in order to create all three desired stiffnesses of clots and finish experimenting with different storage designs in order to find an optimal method that allows for the clots to be, cured, tested and prevents them from drying out over extended periods of time. 
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[bookmark: _Toc132367515]BACKGROUND
[bookmark: _Toc472068879][bookmark: _Toc484366961][bookmark: _Toc132367516]Introduction
Nearly 800,000 Americans suffer from ischemic stroke each year. Stroke is the leading cause of serious long- term disability in the United States [1]. 87% of stroke patients experience ischemic stroke, of which 24-46% come from large vessel occlusions (LVO) [2]. Clot retrieval (thrombectomy) must be performed quickly to save brain tissue and maximize recovery. Mechanical thrombectomy, using an aspiration catheter or stent retriever, is becoming the standard of care for eligible patients with LVO stroke. Updated test methods for these devices have the potential to improve patient outcomes and inform treatment options. Characterizing synthetic thrombi and comparing their properties to the whole blood clots currently used for device testing will enhance the quality of data collected. Knowing the mechanical behavior of thrombi allows engineers and clinicians to determine device performance under different patient circumstances, allowing them to troubleshoot devices prior to use. 
 
The goal of this project is to inform the creation and use of synthetic blood clots for in-vitro medical device demonstrations, testing, and training. Currently, animal (whole) blood clots are used for this purpose, specifically to inform the use of thrombectomy devices. Whole animal blood clots are created from blood directly harvested from a subject (typically porcine or ovine). This blood is run through a centrifuge process, and chemical additives are used to create contrast or other desired characteristics. In recent years, synthetic clots have arrived on the market to replace whole blood clots in benchtop device testing and demonstrations. Synthetic thrombi are easier to obtain, faster to produce, and more customizable in their properties. Artificial clots can assume different colors, stiffnesses, homogeneities, and types of contrast, making them a desirable option for thrombectomy device testing. This project is sponsored by Northern Arizona University’s (NAU) Bioengineering Devices Laboratory (BDL). Upon completion of this project, the sponsor will be able to sell synthetic clots to medical technology companies for device testing. 

[bookmark: _Toc472068880][bookmark: _Toc484366962][bookmark: _Toc132367517]Project Description
The goal of this project is to inform the creation and use of synthetic blood clots for in-vitro medical device demonstrations, testing, and training. Currently, animal (whole) blood clots are used for this purpose, specifically to inform the use of thrombectomy devices. Whole animal blood clots are created from blood directly harvested from a subject (typically porcine or ovine). This blood is run through a centrifuge process, and chemical additives are used to create contrast or other desired characteristics. In recent years, synthetic clots have arrived on the market to replace whole blood clots in benchtop device testing and demonstrations. Synthetic thrombi are easier to obtain, faster to produce, and more customizable in their properties. Artificial clots can assume different colors, stiffnesses, homogeneities, and types of contrast, making them a desirable option for thrombectomy device testing. This project is sponsored by Northern Arizona University’s (NAU) Bioengineering Devices Laboratory (BDL). Upon completion of this project, the sponsor will be able to sell synthetic clots to medical technology companies for device testing. 
The Clot Capstone team will be creating synthetic thrombi throughout the semester while adhering to a certain set of customer requirements and engineering requirements. The client, Dr. Becker, described the project to the team and the goals associated with the project. This allowed the team to list the client needs and engineering requirements necessary to meet the project goals and have successful manufacturing and material testing of the synthetic clots. 
The team worked with Dr. Becker to create a list of customer requirements for the clot capstone project. These requirements are based on the desired characteristics for the synthetic clots and aid the team in making decisions when manufacturing the clots. After discussion amongst the team and the client, the team decided on seven customer needs for the project. These include manufacturability, ability to test material properties, consistent surface texture, consistency of whole blood clots, uniform size, time to produce, and creation using hydrogels/polymers. Each of these requirements were weighed on a scale of one to four to decide which needs were most important for the success of the project.  
Manufacturability was heavily weighted, with a score of four, due to its importance to the project. Manufacturing clots is one of two main objectives the team is looking to achieve throughout the duration of the project, so having a product that can be replicated easily is critical for the team’s success. The second goal of the project is to test the material properties of the clots being created. The ability to test material properties was also given a weight of four in the QFD. Creating a product that can be tested using the rheometer is slightly different from the products that will be used in medical testing. Being able to create a testable puck and a clot that has the same material properties is one challenge the team will be working towards during the two semesters of the project. The last customer requirement receiving a heavy weight and score of four is consistency like whole blood clots. This is the main purpose of the project, and the reason scientists are interested in creating synthetic clots. Being able to replicate the consistency of human blood clots and create a product that acts and feels like a whole clot will allow the team to use these synthetic thrombi in medical testing and training. 
Creation of the clots using a hydrogel/polymer was given a score of three in the QFD. Using these types of materials when creating clots is of high importance as hydrogels and polymers will resemble whole clots the closest. The BDL lab has used this type of material to create many of the products used in medical device testing and will be the best approach for the team to create soft, medium, and hard clots. Consistent surface texture was given a score of two in the QFD. This requirement is given a mid-range score for importance because it is not necessary for the clots to have consistent surface texture but is a desired feature both the team and client are looking for in the product. The surface texture will be impacted by the method of curing and the type of mold being used to store the clots in. The team will use means of storage that will create the best surface textures in the form of syringes and silicon molds. Uniform size is a requirement that was given a score of two in the QFD. The use of syringes and silicon molds will also help with the uniformity of the product. The team wants to have clots that are uniform in size, but if they are not exactly uniform this will not be looked at as a failure. The final customer requirement for the project is time to produce. This is weighted the lowest with a score of one. Although it would be best to have a product that takes minimal amounts of time to create, any time needed to create a product that meets all other requirements will be acceptable. This was included as a requirement because some types of synthetic thrombi can take large amounts of time to create, and the team wanted to try to identify the best method for creation with time being accounted for. 
The team used a selection of engineering requirements to quantify the customer requirements and give measurable parameters for the project. Engineering requirements for synthetic clots include modulus of elasticity, viscosity, chemical stability, shear modulus, tensile strength, surface roughness, and cost. These requirements are related closest to the material properties of the clots, but some are connected closely with safety and economics. 


[bookmark: _Toc472068886][bookmark: _Toc484366968][bookmark: _Toc132367518]REQUIREMENTS
The Clot Capstone team will be creating synthetic thrombi throughout the semester while adhering to a certain set of customer requirements and engineering requirements. The client, Dr. Becker, described the project to the team and the goals associated with the project. This allowed the team to list the client needs and engineering requirements necessary to meet the project goals and have successful manufacturing and material testing of the synthetic clots. 

[bookmark: _Toc472068887][bookmark: _Toc484366969][bookmark: _Toc132367519]Customer Requirements (CRs)
[bookmark: _Toc472068888][bookmark: _Toc484366970]The team worked with Dr. Becker to create a list of customer requirements for the clot capstone project. These requirements are based on the desired characteristics for the synthetic clots and aid the team in making decisions when manufacturing the clots. After discussion amongst the team and the client, the team decided on seven customer needs for the project. These include manufacturability, ability to test material properties, consistent surface texture, consistency of whole blood clots, uniform size, time to produce, and creation using hydrogels/polymers. Each of these requirements were weighed on a scale of one to four to decide which needs were most important for the success of the project.  
 
Manufacturability was heavily weighed, with a score of four, due to its importance to the project. Manufacturing clots is one of two main objectives the team is looking to achieve throughout the duration of the project, so having a product that can be replicated easily is critical for the team’s success. The second goal of the project is to test the material properties of the clots being created. The ability to test material properties was also given a weight of four in the QFD. Creating a product that can be tested using the rheometer is slightly different from the products that will be used in medical testing. Being able to create a testable puck and a clot that has the same material properties is one challenge the team will be working towards during the two semesters of the project. The last customer requirement receiving a heavy weight and score of four is consistency like whole blood clots. This is the main purpose of the project, and the reason scientists are interested in creating synthetic clots. Being able to replicate the consistency of human blood clots and create a product that acts and feels like a whole clot will allow the team to use these synthetic thrombi in medical testing and training. 
 
Creation of the clots using a hydrogel/polymer was given a score of three in the QFD. Using these types of materials when creating clots is of high importance as hydrogels and polymers will resemble whole clots the closest. The BDL lab has used this type of material to create many of the products used in medical device testing and will be the best approach for the team to create soft, medium, and hard clots. Consistent surface texture was given a score of two in the QFD. This requirement is given a mid-range score for importance because it is not necessary for the clots to have consistent surface texture but is a desired feature both the team and client are looking for in the product. The surface texture will be impacted by the method of curing and the type of mold being used to store the clots in. The team will use means of storage that will create the best surface textures in the form of syringes and silicon molds. Uniform size is a requirement that was given a score of two in the QFD. The use of syringes and silicon molds will also help with the uniformity of the product. The team wants to have clots that are uniform in size, but if they are not exactly uniform this will not be looked at as a failure. The final customer requirement for the project is time to produce. This is weighted the lowest with a score of one. Although it would be best to have a product that takes minimal amounts of time to create, any time needed to create a product that meets all other requirements will be acceptable. This was included as a requirement because some types of synthetic thrombi can take large amounts of time to create, and the team wanted to try to identify the best method for creation with time being accounted for. 

Table 1: Design Requirements
[image: ]

[bookmark: _Toc132367520]Engineering Requirements (ERs)
[bookmark: _Toc472068889][bookmark: _Toc484366971]The team used a selection of engineering requirements to quantify the customer requirements and give measurable parameters for the project. Engineering requirements for synthetic clots include modulus of elasticity, viscosity, chemical stability, shear modulus, tensile strength, surface roughness, and cost. These requirements are related closest to the material properties of the clots, but some are connected closely with safety and economics. 
Modulus of elasticity, shear modulus, tensile strength, and viscosity will be tested using the rheometer in the lab. Values for these individual parameters will vary based on the hardness of the clot and will be compared to whole clot data. These engineering requirements will help the team understand the mechanical properties of the specimens being tested and give the team knowledge on how to alter the chemicals in our solution to produce clots that resemble whole blood closest. Chemical stability of the clots is important because the clots need to be able to be stored without degrading and maintain their shape and size when being handled. If the clots are unstable, they can continue to have chemical reactions after the manufacturing process has ended that will negatively impact the properties of the product. The chemicals being used to create the clots are toxic to humans and can be more dangerous if unstable. Another measurable parameter the team will focus on is the surface roughness of the clots. This will be measured visually after the clots have completed their curing process. The roughness of the clot is important to the team because the clots need to be smooth on the outside when used in medical testing equipment.  The clots will not be seen as successful if they have bumps or lesions on the surface. The last measurable quantity the team will account for is the cost of the clots. Keeping the cost down for the clots is desirable but not critical to the success of the project. If the clots being manufactured were being marketed and sold, the cost would be much more important, but for the purpose of creating clots that have the best properties possible, cost is not a defining factor. Each of these parameters are important to the success of the project, with some being more important than others, and will be referred to throughout the semester to maintain consistency. 


[bookmark: _Toc132367521][bookmark: _Toc472068898][bookmark: _Toc484366980]Functional Decomposition
The functional decomposition for this project is demonstrated through both a black box model and a functional model. The black box model describes the primary mechanism in bare-bones format. The functional model is a more detailed examination of the inputs and outputs of the system.
[bookmark: _Toc132367522]Black Box Model
The black box model (Figure 1) breaks the manufacturing process into its reactants and products. It is a broad strokes overview, used for reverse engineering purposes only, and for the team to determine the unchangeable parts of our process as opposed to the flexible elements. 
[image: A picture containing diagram
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Figure 1: Black Box Model 

The reactants are shown as an input arrow, which is solid as it is a material. The mixing and curing process is the primary function of our manufacturing process. The output material is fully cured thrombi, shown on the right side of the figure. 


[bookmark: _Toc132367523]Functional Model/Work-Process Diagram/Hierarchical Task Analysis
The functional model describes the manufacturing process in more detail. Each step of the chemical addition, and mixing processes are denoted by solid lines for materials, and dashed lines for energy inputs. There are no signal inputs for this process. The curing process is the primary subsystem under investigation in our experimentation since the mixing steps are crucial to the chemical reaction mechanisms. Additionally, the molds are under investigation as well as the amounts of each chemical added. Contrast is not shown in this model, as we are still determining the best step for its addition. Currently, we believe the contrast should be added with the DI water. 
[image: ] 
Figure 2: Functional Decomposition 

[bookmark: _Toc132367524]House of Quality (HoQ)
The clot team compiled the customer and engineering requirements in a QFD to determine the customer needs that impacted the project greatest. The team used the previously mentioned weighted scores for the customer needs and related those to the technical requirements to determine which parameters need to be focused on when manufacturing the clots. After completing the analysis in the QFD, shown in Figure 2, the team identified viscosity to be the most impactful parameter. The clots must have an appropriate viscosity to be tested for material properties and to be used in medical device training. Chemical stability was found to be the second most important parameter. Products being chemically unstable cannot be tested properly and will create issues for the team and anyone handling the product. Surface roughness was the third most important. Clots need to be smooth in order to be used for training. If the clots produced cannot be used for medical training, the team has failed and has not manufactured an adequate clot. 
[image: ] 
Figure 3: QFD 

The analysis within the QFD helped the team have a better understanding of the individual impacts the technical requirements would have on the success of the project. This information helped the team in the design process by pointing them in the direction of better curing methods and storage. The curing process and storage of the clots will have the strongest connection with viscosity and chemical stability. Prior to this analysis, the team was more focused on having a product that had material properties like whole blood as the main goal, but the QFD proved that it would not be possible without a few other requirements being met first. The QFD proved to be a great tool for the team and helped the team focus on how to approach the clot making procedure while keeping important requirements in mind. 

[bookmark: _Toc132367525]Standards, Codes, and Regulations
This project is exploring a new method of in vitro testing, there aren’t any engineering standards in place for its use. However, we are accountable for adhering to the ethics of research conduct. It is imperative that all the data collected is honestly and ethically done. Our mistakes and any errors will be documented, as is the lab practice. Any anomalies present in the data will be enumerated in our reporting, and we will troubleshoot our methods for errors as testing progresses, so that everything is above board. Manufacturing methods will also be documented thoroughly to ensure consistency and validity of all results. 
Some of the main protocols for safety that have been put in place and followed by the team are for safety around chemicals and biohazardous materials. Every member of the team was required to take and complete the NAU chemical safety course before being allowed to work with the chemicals that were required to be used in the creation of the synthetic thrombi. The guidelines and safety procedures that are being observed thought this project have been put in place by NAU.   
The chemical safety course that was taken by the team established the chemical safety guidelines that were observed during clot synthesis. The basic safety procedures that have been followed during the clot synthesis are as follows. Team members must wear proper personal protective equipment at all times. This includes wearing lab coats, protective gloves, eye protection, and an N95 mask.  
Proper chemical storage guidelines are observed in accordance with the NAU EH&S SOP:CHEM guidelines. All chemicals must be in properly labeled containers. All chemical containers must have a proper NFPA diamond in order to identify flammability, reactivity, corrosiveness and any other special properties. These properties are identified with a special symbol for each case. All chemicals must have a definite storage place where the chemicals are returned to after every use. All chemical storge spaces must have a chemical storage sign to identify it. All volatile and odoriferous chemicals are stored in ventilated cabinets. Chemicals must be stored in either a cabinet or a shelf with a lip to prevent a chemical container accidentally falling and opening. Chemicals are stored in similar groups. All flammable liquids need to be stored in special flammable liquid containers. All chemicals need to be kept out of direct heat and sunlight.  
Regarding the safety measures regarding the containers themselves, there are more guidelines. All container shelving must be corrosion resistant as well as a corrosion resistant secondary container such as the shelf or tray.  
All toxic substances must be stored in a ventilated storage. The highly reactive chemicals that are used need to be labeled “DANGER! HIGHLY REACTIVE MATERIAL!” Do not ever use any chemicals that are past their expiration date. Any chemical that needs to be disposed of must be disposed of by the NAU hazardous waste supervisor for special institutions. Any materials that can react with each other must be always stored separately. The EH&S for disposal must be consulted for all waste disposal procedures. 
These guidelines for chemical storage and disposal must always be followed and proper personal and lab safety equipment must be used at all times.  
Table 2: Standards of Practice as Applied to this Project
	Standard Number or Code
	Title of Standard
	How it applies to Project

	ASNI/AAMI HE 74:2001
	Human Factors Design Process for Medical Devices
	Helps in the design of how the device with interface with the user in a safe manner.

	29 CFR 1910.132
	Personal Protective Equipment (PPE)
	General industry standard for PPE to ensure that all team members had appropriate equipment on when handling chemicals and the fluoroscope.





[bookmark: _Toc132367526]DESIGN SPACE RESEARCH
Modulus of elasticity, shear modulus, tensile strength, and viscosity will be tested using the rheometer in the lab. Values for these individual parameters will vary based on the hardness of the clot and will be compared to whole clot data. These engineering requirements will help the team understand the mechanical properties of the specimens being tested and give the team knowledge on how to alter the chemicals in our solution to produce clots that resemble whole blood closest. Chemical stability of the clots is important because the clots need to be able to be stored without degrading and maintain their shape and size when being handled. If the clots are unstable, they can continue to have chemical reactions after the manufacturing process has ended that will negatively impact the properties of the product. The chemicals being used to create the clots are toxic to humans and can be more dangerous if unstable. Another measurable parameter the team will focus on is the surface roughness of the clots. This will be measured visually after the clots have completed their curing process. The roughness of the clot is important to the team because the clots need to be smooth on the outside when used in medical testing equipment.  The clots will not be seen as successful if they have bumps or lesions on the surface. The last measurable quantity the team will account for is the cost of the clots. Keeping the cost down for the clots is desirable but not critical to the success of the project. If the clots being manufactured were being marketed and sold, the cost would be much more important, but for the purpose of creating clots that have the best properties possible, cost is not a defining factor. Each of these parameters are important to the success of the project, with some being more important than others, and will be referred to throughout the semester to maintain consistency.
Literature Review
Since this project is heavily analytical, significant research was conducted into similar synthetic blood,
thrombi, polymers, and test methods. Each student utilized unique resources given their role in the
project, while some foundational sources were used by all team members. These foundational resources
are shown in Table 3.

 Table 3: Literature Review
	Title
	Author(s)
	Notes

	Quantifying the mechanical and
histological properties of thrombus analog made from human blood for the creation of synthetic thrombus for thrombectomy device testing 
	William Merritt, Anne Marie
Holter, Sharna Beahm, Connor
Gonzalez, Timothy Becker, Aaron Tabor, Andrew Ducruet, Laura Bonsmann, Trevor Cotter, Sergey Frenklakh
	Outlines the process of creating
alginate thrombi, mechanical
testing, and comparison to human data. This is the original clot design; we are working on a continuation of this project.

	Application of nondestructive
mechanical characterization testing for creating in vitro vessel models with material properties similar to human neuro-vasculature
	Nicholas Norris, William Merritt, Timothy Becker
	Describes non-destructive and
destructive material testing
methods employed by NAU’s BDL. Details statistical comparison methods between polymer and human data.

	Development of synthetic
thrombus models to simulate stroke treatment in a physical neuro- interventional training
model
	Nadine Wortmann, Thomas Andersek, Helena Guerreiro, Anna Kyselyova, Andreas
Frolich, Jens Fiehler, Dieter Krause
	Describes the use of mechanical thrombectomy, and how
animals are currently used for device experimentation and
testing.

	Artificial Blood
	Jerry Squires
	Details chemical analogs for blood. Tangentially related to our research, which uses chemicals to emulate
blood clots. Contextualizes our
research with similar scientific breakthroughs.

	Interview with Timothy
Becker and Holly Berns
	Timothy Becker, Holly
Berns
	Described the current state of the clot manufacturing procedure, successes, and failures. Outlined goals of the project and gave us an idea of the curing mechanisms. Suggestions for molding and testing techniques, and possible contacts for acquiring commercial clots.


[bookmark: _Toc132367528]Benchmarking
0. [bookmark: _Toc541932][bookmark: _Toc132367529]System Level Benchmarking
Subsystem Concepts 
A morph matrix traditionally compares alternate designs against others, the Clot Capstone Team modified the morph matrix to better fit the end goals of the project. This change was necessary due to the lack of mechanical design needed in the creation of synthetic thrombus and the main questions that were raised were how to store, create and reproduce consistent synthetic clots. Instead of a traditional morph matrix, all the subsystems are extremely important to the success of this product and the team's needs will change throughout the project's development. The following subchapters will discuss the importance of each type of subsystem, how to achieve the goal and at what stage in the clot creation the Clot Capstone Team will utilize these methods.  
Subsystem #1: Reshape Clot 
The first subsystem on the morph matrix is the shape of the synthetic blood clots that are being created in the lab. This is important because at the different stages of the capstone the client has expressed the desire to have stable long-term storage as well as being able to test the mechanical properties of the material against the mechanical properties of real thrombus. These shapes have different values for the team depending on the end goal and they will make a few of each kind with every batch created. 
Design #1: Puck 
The puck design is ideal for testing the mechanical properties of the synthetic thrombus on the rheometer. A rheometer is a device that can measure the mechanical properties of dense fluids and slurries. An image that shows the components of the rheometer can be found in Figure 4. The rheometer has a bottom plate that the puck is designed to fit onto, and the measuring system either applies a compressive torsional load pushes down or twists to record the resistance the material has to compression or torsion.  
[image: ] 
Figure 4: Set up of a rheometer 
The tests completed by the rheometer will find the shear and the compression properties of the synthetic blood clot. These known mechanical properties will allow the team to consistently test other batches against each other. The puck mold was made by Dr. Beckers lab assistants prior to the Clot Capstone’s creation so there is no design work needed. As shown in Figure 5, the puck is cylindrical and shaped for the sole purpose of testing in the rheometer. Every batch of synthetic thrombus that is created will have a portion made into pucks to ensure the quality of the material.  
[image: ] 
Figure 5: Puck shaped synthetic blood clot 
 
Design #2: 0.5 mL Syringe and 2mL Syringe 
The next shape that our synthetic clots can be made into are cylindrical tubes, and this can be achieved by curing the solution in a syringe. The benefits of curing a clot in a syringe are the consistency with the diameter of the clot and its length. This allows the user to push out the desired amount without wasting the entire syringe on one bench test. The sizes proposed in the morph matrix shown in Figure 6 is 0.5 mL, 1 mL and 2 mL. Each of these sizes come with their own benefits and drawbacks. 
The 0.5 mL syringe is ideal for a quick cure, since it is easier for the heat to penetrate the syringe evenly and quickly. The syringe produces a very small diameter which is useful in exploring the extraction methods of cerebral venous sinus thrombosis. Our client Dr. Becker explores the cerebral veins very closely and would benefit from using this size of clot. The problem with a 0.5 mL syringe is it takes a lot of syringes to gather enough material from one batch what is the volume of 1 batch which in return can be very expensive.  
The 2 mL syringe is much thicker in diameter than its counterpart making the solution very difficult to cure. In previous testing, the team has found that cure times of 72 hours or more are needed to have a successful batch. This time is worth the wait as it has holds 4 times the capacity as much as the smaller syringe and the diameter of the clot is significantly larger. These larger clots can be used to explore the extraction methods of arterial thrombosis and deep vein thrombosis, since there is more material in the syringe and would last longer for the experimenter.  
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Figure 6: Shape of synthetic thrombus after extraction from cylinder 
 
Subsystem #2: Heat Cure Clot 
The next challenge that the Clot Capstone must overcome is how to cure the synthetic thrombus consistently. The first method proposed is to cure the clot using heat. This is the only method that has been used in the lab and has resulted in inconsistencies due to lack of data on how long each sized syringe needs to be left in the incubator to complete the curing process. If the solution is left in the incubator for too long, it will result in a hard substance that is unable to be extracted from the syringe.  
[image: ] 
Figure 7: Incubator used for heat curing clots 
Design #1: Applicable Sizes for Heat Cure 
The Clot Capstone Team has been using an incubator to heat cure the clots and have found that certain sizes of syringes or pucks cure much better than others. It is ideal to have a small uniform amount for the quickest cure. The 0.5 mL and 1 mL syringes have been very successful and have been cured between 12-72 hours (about 3 days) after being placed into the incubator. They have also resulted in repeatable and highly desirable consistencies for a soft clot. Figure 8 shows the results when a larger syringe isn’t given enough time to cure in the incubator. It is hard to tell if the grittiness in texture came from uneven curing due to its size or inconsistencies in the manufacturing process.  
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Figure 8: Unsuccessful cure of 3 mL syringe. 
Design #2: Applicable Materials for Heat Cure 
The benefits to using a method such as heat curing is that heat can conduct/radiate through most materials successfully. Using a process such as incubation to cure synthetic thrombus allows the experimenter to contain the liquid in metal, opaque plastics, transparent plastics and glass. This wide range of materials allows for an experimenter to have more liberty in choosing their storage method, which will become increasingly more important to the team as they progress in the project. The only con that could be seen with the material in question is that the thinner the casing, the more likely the cure is to occur quickly. The experimenter will also want to ensure that the material used for storage has a consistent thickness around the entire length of the casing. This may become a problem for the puck shape since the mold has thicker edges, a thin middle and no lid. It is important that the puck is cured as evenly as the syringes are so that the material testing is accurate.  
Design #3: Heat Transfer Methods and Speed of Cure 
There are multiple ways to deliver heat to cure: convection, conduction and radiation. The most ideal method for curing the clots evenly via heat transfer is convection, which is a process where air swirls around, so the entire control volume is the same temperature. The incubator that is provided in the lab uses convection to cure the clots and from previous experimentation, it appears to be highly efficient. The other issue that arises is the speed of curing. In order to speed up the process, the clot must be stored in a small container. The alternative is that the curing will take 72 hours or longer, which isn’t always ideal. Increasing the temperature would cause the outside of the synthetic clot to cure faster than the inside and result in a heterogeneous mixture that is not ideal for experimentation.  
Subsystem #3: UVC Cure Clot 
UVC curing is a process where materials such as thermoplastics, thin resins and sealants can be cured using a specific wavelength of light. UVC is generally between 100nm to 280nm long which is too short to penetrate most materials. This process is generally a cheap set up and would be easy to implement in the lab to see how successful it would be. A UVC curing enclosure can be seen in Figure 9.  
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Figure 9: UVC curing enclosure 
Design #1: Applicable Sizes for UVC Cure  
 The most valuable application of UVC curing would be to cure the puck. The team could try to cure it in multiple layers or expose the entire puck to the UVC for a long period of time to see which method is most effective.  This restriction in curing is due to the UVC’s limitations on penetrating through materials. Another use that could be applied to UVC curing would be creating a cylindrical segment mold that could be cured in the UVC enclosure. Figure 10 shows what the product of a cylindrical segmented mold would look like.  
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Figure 10: Cylindrical segmented clot used in UVC curing. 
 
 
Design #2: Applicable Materials for UVC Cure 
In theory, UVC curing is used on very thin material as it cannot penetrate a very far distance through substances. This limitation makes the UVC curing process less desirable. Due to the short wavelength, the UVC light will not penetrate glass or plastics of any kind. If placed in a mold without a lid, there is a chance that the mold would be able to cure. If successful, the team would be able to cure pucks in a fraction of the time and test a new batch quickly to see if it was successful and worth the wait while it cures in the incubator. 
Design #3: UVC Delivery Methods and Speed of Cure 
UVC must be delivered in an enclosure that would give 360 degrees of exposure to the light. Theoretically, the clots should be able to cure in 10-60 seconds which dramatically reduces cure timeis an extremely fast time and makes this method one worth looking at closer. The enclosure would be easy to design and the UVC lights are readily available online. If successful, the team could create, cure and test the clots all in the same day. The negative regarding this method is that most of the research around UVC curing points to it not being able to cure the pucks due to how thick they are.  
Subsystem #4: Change Weight % 
The adjustment of weight % was originally discovered by Bill from BDL. Weight percent is found by taking the grams of solute and dividing by the solution as shown in Equation XXX. The Clot Capstone Team has been expanding on this research by adjusting the weight percentage of AAM to Alg to create different consistencies of synthetic thrombus. This research is important to the medical industry because it allows medical device manufacturers to bench test their devices against clots with known mechanical properties, which takes the guessing game out of whether their device would be useful when put in a specific situation. As the amount of AAM is increased, the mechanical properties of the synthetic thrombus change, these changes will be discussed in detail.
 
Design #1: Soft Synthetic Thrombus (85%) 
The softest clot that can be created using the chemicals that are listed in the BOM Figure XXX is 85 weight percent. This clot has the highest risk involved in its creation because if measurements aren’t taken carefully, the result will be a liquid clot which cannot be used or tested on. A perk of practicing at this lowest weight percentage is that it has the lowest cost associated with it since AAM is the most expensive chemical used. When successful, this clot will withstand a high tensile stress/elasticity and be able to spring back to shape and become extremely slick when exposed to moisture.  These properties can be seen in Figure 11, make note that the ball of material has adhered to itself but has not merged into one cohesive structure. If a force is applied this ball will return to the original shape which was extruded from the syringe.  
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Figure 11: Elasticity of a soft synthetic thrombus cured in 1 mL syringe 
 Medium and Hard Synthetic Thrombus (90% and 95%)  
90-weight percent is where the Clot Capstone Team expects to find the medium synthetic clot and the 95-weight percent is ideally where the hard synthetic colt will be feasible. Achieving these two consistencies of clots will be the goal for next semester when the team starts testing the synthetic thrombus to that of animal thrombus. The goal is to create as similar consistency to animal thrombus as possible and this is beneficial because it allows medical devices to be bench tested against known mechanical properties and saves experimenters time and money when trying to recreate a specific type of thrombus.  
Subsystem #5: Long-term Storage 
Design #1: Heat Shrink	 
The client, Dr. Becker, is most interested in exploring the option of storing synthetic thrombus in heat shrink. The appeal to this method is its ability to be color coded, sealed between every use, and protection against UV exposure which will break down the polymer over time. Some of the challenges that the team foresees with this method is the heat used to activate the heat shrink may further cure the clot to an undesirable consistency and getting an airtight seal may be difficult to achieve. The team could combat these challenges by lowering the temperature of the synthetic thrombus before extruding it into the heat shrink to avoid reaching an internal temperature that could over cure the thrombus. The team could also store the heat shrunk tubes in an airtight container or bag to limit air exposure. More testing would need to be performed to see if minimal air exposure and decreasing the temperature would cause damage to the synthetic thrombus.  
Design #2: Syringe 
The syringe is the Clot Capstone Team’s current desired method of storage, and the company Mentice is also using it based off the sample that was sent to the lab. This is desirable because it is airtight when a cap is screwed onto the end of the syringe. The challenges that could be faced by using a syringe long term is the exposure to light through the plastic will break the material down over time. To combat this, the team could place the syringes in faraday bags which are commonly used with electronics. This is how Mentice sent their sample over which makes the team hopeful that this would be enough to prevent UV breakdown. Experimentation will have to be done to see if exposure to light for short periods of time when an experimenter is actively using the syringe could cause the polymer to break down. Figure 12 shows the current method that the lab’s synthetic thrombus is being stored. 
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Figure 12: Current storage method of synthetic thrombus. 
Design #3: Test Tube 
Life Designs is using a test tube to ship their synthetic thrombus samples which allow for multiple sizes of thrombus to be stored within one container for shipping out samples. This would be ideal from a sales perspective since it allows the client to sample multiple types of synthetic thrombus to see which would be most suitable for their bench testing. However, for this project there is not much benefit to this storage method. It exposes the material to much more air from all sides, there is much more light exposure when the test tube is removed from the faraday bag and contamination of the thrombus can easily occur while the experimenter is rummaging through the test tube to pull out their desired shape.  
Subsystem #6: Precision 
Precision is key to a successful final product, especially when it comes to synthesizing thrombus. There are many stages involved in the creation of synthetic thrombus and our beginning research had some inconsistencies which prompted the creation of this subsystem in the morph matrix. The more precise that the process and environment can become, the more likely it is to result in consistent results. This section is focused on ways that the Clot Capstone Team can improve their precision while creating synthetic blood clots.  
Design #1: Automated System for Curing 
A method that could be used to prevent over curing the material in the incubator would be to program an Arduino to automatically turn off the incubator when the synthetic clots reach the desired cure time. This would be beneficial because a team member would not have to be present remember 72 hours after the clot creation to go back to the lab to check on it and would allow the team freedom to inspect the clots together since there will not be a time constraint. Another benefit to an automated system is it takes human error out of the length of time that the clots were curing. After the creation of a clot, it is easy to forget to mark down the time that the syringes were placed into the incubator, this system would prevent this error because it is programmed to run for a known amount of time. The downside to this method is that the syringes would all need to be the same volume/size since each syringe has a different cure time. This could be fixed by having multiple incubators but for this project, there is no need to use the whole budget on purchasing multiple incubators.  
Design #2: Clean Room 
In industry, when medical equipment or materials as sensitive as synthetic thrombus is being made, it is often done in a clean room. A clean room is a controlled environment where outside contamination like dust, UV radiation and airborne particles are prevented from the location where a material or device is being created. This is often achieved by having all personnel entering the room wear a full body clean suit, have the air filtered and have no windows that allow outside light into the room. This method is not practical for the Clot Capstones current stage in the project since they have been able to create successful clots that can be tested against the rheometer. However, while testing for a different consistency of clot there may become a greater need for a controlled room such as a clean room. The benefit of this method is that it limits the number of variables that could have caused the batch to fail.  
Design #3: Sanitized Glassware 
The glassware that is used in the lab undergoes a washing process of detergent and tap water. This method appears to be working for soft clots, but the glassware can contain contaminants from the tap or left-over residue from the detergent which could prevent the clot from curing or becoming homogeneous. This could be decreased by sanitizing the glassware via autoclave. An autoclave is an oven-like device that creates a high-pressure steamy environment. The temperatures reach 250 degrees Fahrenheit and can sterilize most surfaces in 20 minutes. This is a common practice in doctor offices, laboratories, curing of carbon fiber and setting of resin. For this project’s specific need, it would be used to sanitize the glassware to ensure when it is used again there is no way that external contamination was introduced via the glassware.


[bookmark: _Toc132367546]CONCEPT GENERATION
[bookmark: _Toc472068915][bookmark: _Toc484366997][bookmark: _Toc132367547]The concept generation method applied to the Clot Capstone was the morph matrix as shown in Table 4. This method allowed the team to break the components of the prototype into categories that could be combined to make a successful and repeatable product. The categories were as follows: shape of the clot, how to approach curing the clot, changing the chemical components to make a different type of clot, the long-term storage of the clots and the precision of how the clot is created. These concepts are different than the average morph matrix but are valuable to the Clot Capstone due to the uncertainty in the storage and creation of the synthetic thrombus. This morph matrix model is also unique in the way that a specific combination can become useful to the team as they progress through the project and perfect the chemical amounts required to successfully set the mixture. The concepts were generated by using the few examples that are on the market and our own experience on how previous batches made in the lab were successfully created. The morph matrix has made a clear path to the team’s end goal and multiple ways to reach the end goal as the team's knowledge broadens through the year.  
The main goal of the Clot Capstone is to create 3 different consistencies of synthetic thrombus that behave like organic thrombus and verify this behavior by testing our synthetic material against the organic. This is beneficial to medical device manufacturers, surgeons and patients due to the ability to test devices against known consistent mechanical properties allowing consumers to be confident they are using the right tool for the job and preventing accidents due to device failure while in the operating room. When creating thrombus using animal blood, it is difficult to achieve identical consistencies and based off research there are not many studies done regarding the mechanical properties of soft, medium and hard organic thrombus. With this research and applying the morph matrix as a roadmap, the Clot Capstone Team will be able to answer these pressing questions in the medical industry and hopefully pave the way for synthetic thrombus to be a more common way of bench testing medical devices. 

Table 4: Morph Matrix Concept Generation
[image: ] 
 
Full System Design #1: Soft Synthetic Thrombus 
During experimentation in the lab, the team has been working towards creating a viable soft synthetic thrombus. This has taken several weeks and multiple trials to achieve but the team has discovered that an 85% weight percent will achieve this goal. A soft blood clot should be stretchy, keep its shape without necking and become extremely slick when exposed to water. The team was able to achieve this successfully by adjusting the weight percent of AAM to Alg at 85%.  
The cons of the soft synthetic thrombus are at this low weight percent, it is very easy to have exposure to the elements, small measurement errors and curing issues that cause the clot to come out as liquid instead of holding its shape. This is unfortunate because if the mixture does not set up, it cannot be reused or changed in any way. The batch turns into chemical waste which is since in liquid form the material is toxic. There are environmental impacts as well as safety impacts associated with a clot not being able to fully cure.    
The greatest benefit of a soft clot is our client, Dr. Becker, has experience with a good idea of how the soft clots and how they should behave, which results in the team being able to use visual identifiers to verify that the clot is behaving as expected. This saves the team time in mechanically testing each batch in order to verify it is up to the standard of the client. It is also suspected that the clots received by Mentice and Life Designs are soft clots which gives the team the opportunity to test the mechanical properties of all 3 similar synthetic thrombi at a similar hardness level. The other benefit of having a consistent soft clot is that it can be used to bench test against new medical devices and make sure that the device can remove the clot without getting gummed up from the stretchy and sticky properties of the clot. Future research performed in this field has a high likelihood of saving lives because doctors will have more information on the devices they are using and if it is a viable solution for the removal of a specific type of clot.  
Full System Design #2: Medium Synthetic Thrombus 
The next goal of the Clot Capstone is to successfully create a medium synthetic thrombus which will be mechanically tested and compared to biological medium clots in the upcoming semester. Though this is not the current goal of the team, it is important to discuss it because achieving this is important to the client. Ideally, the medium synthetic clot will have the same properties as the biological and will be a reliable bench test for new medical devices. In theory, the medium clot should be achievable at a 90-weight percent. The medium clot should be able to hold its shape while being stretched but have a bit more resistance to stretching and still become slippery when exposed to moisture. In order to truly determine the ideal properties of a medium clot, the team will need to run tests on animal thrombus to get a benchmark on what is ideal.  
The cons to this consistency of a clot are that more research will need to be done to ensure our clot meets the requirements of a medium clot in the real world. This is difficult because unlike the soft clot, there is a wide range that could be acceptable as a medium clot. The team will be working closely with Dr. Becker to ensure we meet his expectations regarding consistency and accuracy. The other downside about pursuing this clot is that it is slightly more expensive since more AAM will need to be used and there is a higher probability of error while creating these clots either in the curing process or mixing the chemicals since the mixture is a thickness that the team has not encountered yet. There is a probability that the team will have issues with making a homogeneous mixture.  
The benefits of medium synthetic thrombi are that medical devices will have a chance to bench test against a clot that behaves slightly differently to a soft clot but is not as brittle as a hard clot. The behavior of a medium clot will be explored in more depth during the upcoming semester to find out what challenges a medical device might face when trying to remove a medium clot and how to make sure that the synthetic thrombi can imitate that behavior.  
Full System Design #3: Hard Synthetic Thrombus 
The final goal of the Clot Capstone is to successfully create a hard clot. This clot should hold its form, resist stretching and break into clumps like what a scab would do on the human body. This type of clot is beneficial to the medical industry because it allows medical devices to be tested against a clot that has a higher resistance to being removed and is more likely to break off and travel further down the vein. Issues like these can be catastrophic for both the patient and the company who designed the device. Having the ability to test medical devices' performance against known mechanical properties could prevent accidents such as these occurring in the operating room.   
The challenges to be expected while pursuing this consistency is that there is a chance that the weight precent ratio that the team is currently using will not be feasible in this thick of a mixture. Ideally, the mixture should be homogenous and past experimentation as shown that the more AAM that is introduced into the solution, the thicker the mixture becomes making it harder to break up any clumps. This could be prevented by sifting the chemicals into the solution but that will increase the change of chemical contamination and an increase in chemical composition uncertainty as the likelihood of chemicals not making it into the Erlenmeyer flask would increase.  
The benefits to creating this type of thrombus is that neither Mentice nor Life Design has a hard clot available which means that the teams research could benefit their companies and help them expand their products to help more people. This will be a challenge, but it will be very interesting to see how the material behaves. 
  
 
DESIGN SELECTED – First Semester
The team attempted several of the designs mentioned above and concluded to make all of the clots using a syringe and curing in the incubator for 4 days. This design has proved to be the most efficient at long term storage and has yielded consistent results during testing. This method is also the most user friendly as it is easy to extract the clots and cut them to the desired size. 
The synthetic clots we manufacture experience a unique load case, as it would undergo stresses comparable to those in the human body. In the scope of benchtop device testing, the clots would be placed in a pulsatile flow. Since the performance of clots is crucial in benchtop testing, our test cases relate to the pressures of a pulsatile flow. If the bench is intended to emulate a patient with normal blood pressure, it would operate at 120 mmHg systolic over 80 mmHg diastolic. These values, as well as the dimensions of the samples, were used as the parameters for the preloading conditions of the rheometer to obtain physiologically relevant mechanical properties during the compressive and shear tests.
Prior to describing the mathematics required to determine preload forces for the rheometer, it is important to describe the experimental setup and the role of the preload force in mechanical testing. For the compression test, the elastic modulus of a sample is calculated using calculated stress divided by calculated strain of a sample. The calculated stress requires the application of a force, which needs to be optimized. If the force is too low, the readings from the rheometer will be too inconsistent to yield viable data. If the force is too high, the rheometer could damage the sample. The same information is true for the shear test, where the rheometer holds a constant force on the sample and twists to determine the shear modulus. Based on prior lab testing, both tests require approximately the same preload force, to assure that the data collection is consistent and accurate.
Equations 1-3 were used to determine the appropriate forces for the elastic and shear moduli tests. These calculations have been set up as an Excel spreadsheet (Appendix A), to be used for samples of different sizes, or testing at different desired pressures. Please note that this Excel sheet has some additional columns unused in calculations, which are purely for documentation and observation in the lab. Equation 1 relates pressure to the area of the sample, in terms of the circular sample diameter.
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We care about force in this equation, and already have pressures (obtained from human blood pressure scenarios, explained above), we rewrite Equation 1 to solve for force. This solved version is shown by Equation 2.
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The only remaining steps are to convert pressures from mmHg (the standard in medicine) to Pa (SI units) to obtain final forces in Newtons. This conversion factor is shown by Equation 3. 
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Thus, the preload force required for a 4 mm sample is approximately 0.13-0.2 N. It is important to note that the BDL’s benchtop flow system accommodates a range of patient physiologies outside the average, ranging as high as 160 mmHg systolic (critically high blood pressure, hypertension), or as low as 60 mmHg diastolic (critically low blood pressure, hypotension). Since the alginate polymer material is not in danger of failing within the bench, the factor of safety analysis isn’t entirely appropriate. However, the disparity in mechanical properties at different pressures is worth troubleshooting and discussing further. Table 1 summarizes this discussion.
Table 5: Load Case Scenarios
	Load Case Scenario
	Possible Failure
	Likelihood of failure
1(low)-5(high)
	Mitigation Testing Required?

	Bench run at 120/80mmHg (avg. blood pressure) 
	Clots do not perform like human
	1
	No

	Bench run at 160mmHg/120mmHg (hypertension)
	Clots stiffen/strengthen under lower stresses (like work-hardening)
	1
	No

	Bench run at 90mmHg/60mmHg (hypotension)
	Clots weaken/deteriorate under higher stresses
	4
	Yes
The clots should be tested at these parameters to ensure they do not fail under bench conditions



This discussion changed the test design for synthetic clots by revealing the greatest concern for failure: deploying the clots in a hypertension scenario. To adequately prepare for this scenario and ensure that the clots do not weaken under higher pressure, the team will consult with their faculty mentor to determine the best course of testing action. A new round of mechanical testing may be required to mitigate this concern, using slightly higher forces. These forces would be calculated in the same way as the original test parameters, using Equations 1-3.
The chemical reactions involved in the creation of synthetic thrombus are quite in depth and the team will be investigating the process further during this semester. When creating the material, the team changes the amount of alginate and acrylamide added to the mixture. These changes change the hardness of the synthetic thrombus which has the potential to become as soft as a gummy bear or as hard as a shopping cartwheel per the shore harness scale and Stryker’s report. 
Molecular weight can be simplified and turned into the actual number of atoms by the following Equation 4. Once this is found out, the weight can tell the chemist how many of each chemical are in a solution based on its weight using the periodic table.
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Using the equations below the team can convert the grams of chemicals using into molar weight. This molar weight makes it easier to simplify the chemical equations and better understand how the chemicals interact with each other and what the product of the synthetic thrombus is. Over the course of this semester the team will be investigating the molecular reactions more closely.
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The value to dissecting the synthetic thrombus at a molecular level is that the team can better understand why the clots fail such as becoming too brittle or too liquid. Knowing the specific reaction that should or should not occur to reach the desired consistency can be answered using prior chemistry knowledge. There is also a benefit to understanding what chemical reactions take a longer time or are sensitive to outside influences as this could allow the team to speed up the time-consuming process of creating synthetic thrombus.  




[bookmark: _Toc132367548]Project Management – Second Semester
[bookmark: _Toc132367549][bookmark: _Toc472068926][bookmark: _Toc484367008]Gantt Chart
[bookmark: _Toc132367550]The Gantt chart Figure 13 is a preliminary estimate of this semester’s timeline. The red section represents the general time frame the team expects for the remaining design elements listed above and may change given obstacles. However, the blue section designates deliverables for the capstone course, which are likely to remain the same for the semester.
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Figure 13: Gantt Chart


Purchasing Plan
[bookmark: _Toc132367551]Initially the budget for the Clot Capstone was $2,000 and the team made a purchase of $823.88 toward PPE, chemicals, swine whole blood and a UV curing light. The total fund remaining is $1176.12.
The team is manufacturing the product which is a synthetic thrombus with a material property of “soft, medium and hard” which will be tested using compression and tension tests performed by the rheometer. To develop this material, the team will need to acquire the chemicals shown in Table 1. The total predicted cost per sample of synthetic thrombus is $41.42. 

Table 5: Materials needed to create medium synthetic thrombus. 
	 
	Bill of Materials 200 mL Sample 72wt% Solvent to Solute 
	 
	 

	Part # 
	Description 
	Quantity 
	Price Per Purchase 
	Price Per Unit (g) 
	Total Cost 

	1 
	Acrylamide 
	56 
	$439.00  
	 $0.44  
	 $24.64  

	2 
	Ammonium Persulfate 
	0.0952 
	$49.80  
	 $0.50  
	 $0.05  

	3 
	Alginic Acid Sodium Salt 
	21.78 
	$86.80  
	 $0.35  
	 $7.62  

	4 
	Calcium Sulfate Dihydrate 
	1.446 
	$58.70  
	 $0.59  
	 $0.85  

	5 
	Tetramethyl-ethylenediamine 
	0.07 
	$85.90  
	 $3.44  
	 $0.24  

	6 
	Methylenebisacrylamide 
	0.0084 
	$56.10  
	 $2.24  
	 $0.02  

	7 
	Syringes 
	50 
	$16.00  
	 $0.16  
	 $8.00  

	 
	 
	 
	 
	Total= 
	$41.42  


Over the course of this final semester, the team predicts that they will need to create about 24 samples of synthetic thrombus to ensure that our samples are repeating the results that real blood clots would yield. This in theory will cost the team $994.08 but this is not accounted for in the budget since the team has taken on chemicals from BDL without the need to purchase them.  
The chemical composition of synthetic thrombus contains 7 main chemicals that are mixed with DI water. In this section the molecular structure, common uses, and the role the chemical plays in synthetic thrombus will be discussed for each individual chemical to help justify the reasoning behind purchasing the chemical. 
Iohexol is referred to as Omnipaque by the team and is used as an x-ray contrast medium. It is an effective non-ionic, water-soluble contrast agent used in many radiographic procedures. The chemical composition of Omnipaque is C19H26I3N3O9.
Alginic Acid Calcium Sodium Salt is abbreviated to Alg in the lab and in this report. It is most used to make hydrogels for dental impression materials and surgical dressings. This chemical can also be found in food as a texturizer. The molecular formula is C18H23CaNaO19. 
Acrylamide is a crystalline amide that is used to make polyacrylamide that is used to treat wastewater at water treatment plants, produce dyes, contact lenses, cosmetics, toiletries, ore processing, sugar refining and as a grout stabilizer. Acrylamide is a very common chemical and is extracted as a byproduct from starch rich foods that are cooked at high temperatures. The chemical polymerizes rapidly and is used as a laboratory reagent because of this property, which is the same reason that it is used in this capstone project. The chemical composition of Acrylamide is C3H5NO. 
Calcium sulfate dihydrate is a calcium salt that is used in building materials, dentistry impression material and medicine for immobilizing casts. It is often referred to as gypsum in the medical industry and is used for its dimensional stability, high compressive strength, and hardness. Calcium sulfate dihydrate’s chemical composition is CaSO4∙2H2O. 
Ammonium persulfate is a white crystalline solid that is a strong oxidizing agent, bleaching agent and food preservative. Another very interesting use of this chemical is its ability to prevent polymerization which will be discussed in the future on why this chemical is used to make the synthetic blood clot, which is a hydrogel, it could possibly be used to reduce the polymerization of Acrylamide into Polyacrylamide. This chemical is also used in the glassware cleaner found in the lab. The chemical composition of Ammonium persulfate is H8N2O8S2. 
Tetramethyl-ethylenediamine is also referred to as Temed. This chemical is used as both a ligand for metal ions and a catalyst in organic polymerization with a role as a chelator or a catalyst. A catalyst is a chemical that holds a molecule steady to increase the chances of it colliding with its intended chemical partner to increase the chances of a chemist yielding their intended response. The catalyst does not react in any way other than acting as a bonding agent. This is important for most polymer creations due to the viscosity of the liquid. Temed is a clear liquid that has a very low flashpoint of 68 degrees Fahrenheit making this a chemical that needs to be stored and handled with care. The chemical composition of Temed is C6H16N2.  
Methylenebisacrylamide is a white crystalline powder used in plastics and rubbers and is commonly used as a cross-linking agent to make polyacrylamide or prepare polyacrylamide gel for electrophoresis. The benefit of this is the chemist can create polyacrylamide without the use of heat using this chemical which is useful for the team because heat would be a dangerous addition to the mixture if Temed is in its pure form when it is added. The chemical composition of Methylenebisacrylamide is C7H10N2O2.
 	
The chemicals listed above cannot be created in-house and must be outsourced. When these are purchased from the manufacturer, Figure 8 shows how many samples can be yielded from one purchase.  
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Figure 14: Number of Samples Yielded Per Container 
 
The manufacturer that the team will be using throughout this process with Sigma-Aldrich and all the prices that were generated for the teams' costs were using the site www.sigmaaldrich.com. The lead times for each chemical is shown in Figure 9 which is why it is important that the team determine if we need to purchase more Alginate before too long to ensure that it will arrive in time since the lead time is 37 days.  
[image: ]
 
Figure 15: Time it takes for each chemical to arrive after purchase.  

Manufacturing Plan
Over the course of the year, the Clot Team has purchased $823.88 in materials to create synthetic thrombus. This is below budget as the team was given $2000 to complete this task. The reason that we have kept the budget so low is that the lab equipment was available for us to use, we did not have any issues with chemicals going bad or any complications during the testing process. This was revised from last semester; the team purchased more PPE and the materials needed to create the swine blood clot.
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Figure 16: BOM of Purchased Items and Overview of expenses




[bookmark: _Toc132367554]Final Hardware 
[bookmark: _Toc132367555]Final Hardware Images and Descriptions
The final design for the clot container was for each type of clot to be put in syringes, all the syringes for that batch were then placed in the incubator for 2-7 days based on the clot type. After the clots had been cured, they were placed in a Ziplock bag and labeled with the clot type and date of creation. These bags were then placed in a carboard box and stored in an area with ought direct light. 
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Figure 17: Synthetic Clots 
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Figure 18: Incubator

The rheometer was used in order to test the material properties of the clots. The SOP that was created for the rheometer clot testing tested the shear and compression of each batch of clots. 
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Figure 19: Rheometer test
The benchtop flow model was used to simulate an artery in the brain. A blood substitute was pumped through the system and the flow rate was run to match that of a human system. The clot was then deployed into the model and then extracted using a medical device to test the time till digestion of the clot and compare it to that of a whole blood clot. The model had new fittings created in order to accommodate the group's needs and was modified to be able to be taken to the room that contained the fluoroscope in order to see if the contrast agent worked inside the model during a simulated surgery. 
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Figure 20: Benchtop Flow model [image: ]
Figure 21: Benchtop flow model under fluoroscope
In order to effectively see the clots in a model a contrast agent needed to be added so that they would appear on a fluoroscope. 
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Figure 22: Clots with and with ought contrast agent
[bookmark: _Toc132367556]Design Changes in Second Semester
The main changes that were made in the second semester were the addition of contrast to the clots, creation of a new standard operating procedure for the rheometer testing, and improvements to the benchtop flow model. 
[bookmark: _Toc132367558]Challenges Bested
There were a number of challenges that the team had to overcome in order to finish the hardware on time for the capstone class. The first issue that needed to be overcome was the rheometer standard operating procedure. The original SOP that was designed was found to be unusable for the clots that were created as the clots were too soft in order for the rheometer to record any real data. The rheometer issue was overcome by creating a new SOP from scratch that was able to accurately record data for each of the clot samples with ought destroying the sample or getting interference. The next challenge that needed to be overcome was making clots with contrast agents in them. The client wanted the team to test a variety of contrast agents by incorporating them into the clot creation process. This ended up being an issue as the contrast agents completely changed the physical properties of the clots both during creation and during testing. This challenge was overcome by trial and error when making the clots to see which contrast agents would be able to cure with the clot, which contrast agents would have the longest shelf life, and which contrast agents would show up on a fluoroscope image with ought compromising the integrity of the clot. The final major challenge that had to be overcome this semester was the benchtop model and getting the simulated surgery to provide valid data. The benchtop model needed to be optimized and organized in order to run properly. Without an improved benchtop model, acquiring simulated surgery data would be unattainable. This challenge was overcome by creating CAD designs for cable management of the pump system, and the fittings for the flow model in order to better allow for flow thought the system. 


[bookmark: _Toc132367559]Testing
This section will describe the testing procedures used to verify the manufacturing processes for the synthetic thrombi and the material properties of the fully cured polymers. There are 3 testing procedures in total, the radiopacity test, shear and elastic moduli tests, and a benchtop occlusion test. If possible, the samples will be analyzed under a microscope for damage or degradation during testing. 
Testing Procedure 1: Shear and Elastic Moduli
The most important testing procedure in this project is the shear and elastic modulus testing. These tests will be used to determine the stiffness and material properties of the fully cured thrombi. 
Testing Procedure 1: Objective
The primary objective is to identify the shear and elastic modulus of the sample the team has manufactured. Our client identifies hard, soft, and medium clots, each of which have distinct moduli. The syringes are roughly 4-mm in diameter and the wanted sample height is 4-mm. This small cylinder sample is then placed on the rheometer to be tested. The rheometer plate is heated to 37C to mimic the human body temperature. Once the plate is heated and the sample has settled underneath the rheometer, the rheometer will then be programmed to apply a certain force to the sample. The rheometer will measure the force the sample is pushing back with and the deformation of the sample to provide values for the elastic modulus. When testing for the shear modulus, the same procedure is carried out, but the rheometer will also apply a torsional force to test for the shear modulus of the material. The shear and elastic modulus are important for defining the type of human clot our manufactured clots will resemble. Our client identifies hard, soft, and medium clots, each of which have distinct moduli. Once these properties are characterized, our manufactured samples can be categorized and used for testing.
Testing Procedure 1: Resources Required
To test for these properties, one to two people are sufficient for successfully testing the samples. The testing and preparation go more smoothly with two people, but one is enough. The rheometer is the most important tool needed to conduct these tests. The rheometer is paired with the TRIOS software package and will not provide numerical or graphical data without this program. For the samples, the previously manufactured clots will need to be cut using a small scalpel while being measured with a small caliper. Once the samples have been cut to size, they will need to be stored in an airtight and non-light exposed container, with a small amount of humidity to maintain the original properties of the product. Using a 4-mm biopsy punch, a team member will need to get two circular pieces of sandpaper to attach to the bottom and top of the contact areas on the rheometer. The sandpaper will prevent slipping of the sample when applying torsional forces. Tweezers, gloves, goggles, and other safety equipment are needed during this type of testing due to the need to handle the product multiple times. All tests involving the rheometer will be performed in the BDL Lab as the rheometer is owned by BDL. The lab is also equipped with emergency hazard kits and eye washing stations in the event of something going wrong. 

Testing Procedure 1: Schedule
These tests vary on the number of samples being tested. One test with one sample can be completed in a time of roughly five minutes not including test preparation and set-up. Once set up and the initial testing period has been completed, iterations of the same sample can be conducted in minutes at a time. Some small breaks are needed to allow the samples to rest and return to their original size and shape.
Completely cured samples are needed prior to conducting any material property tests. The team has managed to manufacture multiple samples that can be used for testing within the first semester of the project. In the second semester, the team will focus on manufacturing successful clots with different hardness levels (hard, soft, medium) to test for material properties. and characterizing them.
Since the tests do not take an extreme amount of time to complete, testing after manufacturing cycles will be conducted throughout the rest of the first semester and spanning across the calendar for the second semester.
Testing Procedure 2: Radiopacity
The radiopacity test is important to validate the fluorescent properties of fully cured thrombi. These properties are relevant because for device testing in a simulated surgical model, most imaging and tracking is done via a C-arm fluoroscope, much like those used on patients in surgery.
Testing Procedure 2: Objective
The objective of the radiopacity test is to determine an appropriate concentration of contrast agent and assess how well the cured clots fluoresce with the desired concentration. The clots must fluoresce enough to be visible via fluoroscope, but still distinguishable from metal, such as that used for a stent retrieval system or aspiration catheter. The thrombi will be placed under the fluoroscope and compared to surgical devices. The images will then be shown to Dr. Becker, who will decide if the amount of contrast is viable. This is a qualitative test of visual properties.
Testing Procedure 2: Resources Required
This testing will require use of a C-arm fluoroscope, which the Bioengineering Devices Laboratory possesses. This equipment is in a special X-Ray safe area in the NAU Biology Annex. Training and keycard access is required for this equipment. Since the team leader has completed these trainings and has access, this testing is doable. Two people are required for this test, one to operate the fluoroscope and one to position and move samples. Figure 4 shows team member Hunter Gaines assisting with fluoroscope use.
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Figure 23: Hunter Gaines assisting with fluoroscope use
Testing Procedure 2: Schedule
This testing is contingent on the completion of a successfully curing clot with contrast, which the team has not yet achieved. The timeline for this clot will be completion in January, with subsequent testing taking 2-4 weeks depending on client feedback.
Testing Procedure 3: Benchtop Occlusion
The benchtop occlusion test will be used to determine how well the thrombi obstructs flow. This is relevant because it indicates how well the synthetic thrombi simulates stroke, and how they will interact with the stroke retrieval devices.
Testing Procedure 3: Objective
The objective of the benchtop occlusion test will be to determine how much flow is obstructed by the synthetic thrombi. This objective is to obtain a supplemental piece of flow information for clot deployment for the client. This testing procedure is a lower priority than the other two previously listed. This testing will involve the deployment of the synthetic thrombus into a flow model, with calibrated pressure transducers in a controlled, pulsatile flow. The changes in pressure for the vessel in which the clot is placed will be observed using LabVIEW data acquisition. This test will be repeated multiple times to see the different ways that flow could be occluded. 
Testing Procedure 3: Resources Required
This test will require use of LabView, pressure transducers, and the benchtop flow meter. Since this setup is already in use at the Bioengineering Devices Laboratory, the testing will take place in the lab. This test will require team members to use pressure transducers, a sphygmomanometer and LabVIEW. One to three people can help run this test, depending on the volatility of the benchtop model. Figure 24 shows this model.
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Figure 24: Benchtop flow model
Testing Procedure 3: Schedule
This testing took 2 weeks and began on April 30th complete and slight modifications were needed for the flow model. Occasionally, the flow model has issues with flow pressures due to a problem with the pump. This was combatted by having extra pressure transducers, lots of syringes to help get air out of the system and a team of well-versed grad students to help us out. The individuals who assisted us have been acknowledged at the beginning of this report. 
[bookmark: _Toc132367561] 
Testing Results
The testing results are shown in Figure 25 and 26. The elastic moduli was gathered by using the rheometer to put the synthetic thrombi under compression and record how much force they pushed back with. These results are great! The soft clot with contrast is behaving very similar to the whole blood which is exactly what the team predicted since the Conray inhibits the reaction in the solution, it did not cure in the same manner that the other clots did. Instead, it behaves like a structured liquid which is very similar to the whole blood. When holding the soft clot with 20% contrast, it is very similar in texture to that of the whole blood clot. These are great results as there is a wide variety of properties that are repeatable in each synthetic thrombus sample. 
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Figure 25: Average Elastic Moduli of all samples recorded at 37C, 1 Hz

The bars on the graphs show 1 standard deviation. The shear modulus was achieved by having the rheometer twist a known distance and record the materials resistance to turning. This also yielded excellent results. The soft clot with 20% contrast performed as expected, mimicking the behavior of the whole blood. 
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Figure 26: Average Shear Moduli of all samples recorded at 37C, 1 Hz
The results shown above verify that our team can identify each clot type using their unique material properties, and it is easily repeatable. We can have a random sample tested and determine the type of clot it is depending on the results. This test also proved that there is no difference between the clots that we created last semester versus the clots we created 2 weeks ago. This is excellent news as we have met the requirements for an extended shelf life. 


[bookmark: _Toc132367562]RISK ANALYSIS AND MITIGATION
The greatest critical failures for this capstone per the FMEA is the clot drying out, the clot absorbing moisture, air and light exposure, and customer complaints due to the dye not being dark or light enough. The dye is considered because there is no standard on “redness” needed for a clot and it appears to be a personal preference so it would be difficult to mitigate that risk. In the following section, the subsystems will be discussed as a whole and analyzed to see the risks at each stage of the manufacturing process and testing process. For this specific capstone, an analysis in this way is extremely valuable to see the risks the team faces at each stage instead of just the final product, therefore the entire table was placed in the main part of the report.  
This section will discuss the possible project failure modes and the necessary mitigations to reduce failure potential. A failure modes effect analysis (FMEA) was used to determine the highest potential for risk, and the team brainstormed to determine solutions. 
Table 1 presents the highest risk 10 failures found through an FMEA. Most of the top 10 risks are in the storage subsystem. The highest risk is product application, where the clots can dry out prior to use.
  
Table 6: FMEA 
	Part # and Functions 
	Potential Failure Mode 
	Potential Effect(s) of Failure 
	Potential Causes and Mechanisms of Failure 
	RPN 
	Recommended Action 

	Manufacturing Modes of Failure                            Subsystem: Chemicals 

	Dye 
	Color too light or dark 
	Customer is unhappy with product 
	Customer complaints, unable to see clot deployed in model 
	162 
	Send small samples to customers so they can select the amount of dye they want in their clots.  

	Manufacturing Modes of Failure                            Subsystem: Curing 

	UVC Cure 
	Under cure 
	UVC is unable to penetrate storage used for mixture 
	Liquid clot 
	100 
	Automated system to dispense thin layers of mixture for even cure and use exposed molds for best effect 

	 
	 
	 
	 
	 
	 

	 Product Modes of Failure                             Subsystem: Testing Properties 

	Clot 
	Drying out 
	Exposure to air changes mechanical properties 
	Results are inaccurate 
	350 
	Keep water around the sample while testing 

	 Product Modes of Failure                             Subsystem: Application of Product 

	Clot 
	Water Absorption 
	Bloated sample expanding both laterally and axially 
	Exceeds the size of the system and becomes trapped, too much restriction of flow 
	500 
	Provide customers with information regarding how to effectively use the material 

	Clot 
	Drying Out 
	Shrinking sample becoming brittle and hard 
	Clot is unable to be deployed or used in the system 
	800 
	Provide customers with information regarding how to effectively use the material 

	 Product Modes of Failure                             Subsystem: Storage 

	Syringe 
	Light exposure 
	UV rays degrade the material overtime 
	Mechanical properties are no longer consistent 
	84 
	Keep in poly bags 

	Test tube 
	Light exposure 
	UV rays degrade the material overtime 
	Mechanical properties are no longer consistent 
	224 
	Keep in poly bags 

	Test tube 
	Air exposure 
	Dries out sample 
	Mechanical properties are no longer consistent 
	400 
	Introduce an element of moisture that is not touching the material 

	Glass sample jar 
	Light exposure 
	UV rays degrade the material overtime 
	Mechanical properties are no longer consistent 
	224 
	Keep in poly bags 

	Glass sample jar 
	Air exposure 
	Dries out sample 
	Mechanical properties are no longer consistent 
	500 
	Introduce an element of moisture that is not touching the material 


 

[bookmark: _Toc132367563]Potential Failures Identified First Semester
Potential Critical Failure 1: Chemical Failures 
The chemical failures involved with this Capstone project have a wide range of implications. The largest struggle that the team will have to combat is the storage and the race against time regarding the chemical's degradation. Several of these products are highly reactive or hydrophilic making it highly likely that the chemicals degrade slightly with every use. These failures could cause batches to be inconsistent in their mechanical properties, appearance, and curing. This is very important to avoid since there are so many components that go into making a batch of synthetic thrombus, it would be difficult to figure out which chemical is causing the discrepancy. This will be prevented by limiting the number of people interacting with the chemicals, storing chemicals in their appropriate cabinets, and limiting the exposure to the outside elements by opening the lids for the shortest amount of time possible.  
The other chemical failure that it is important to discuss does not impact the final product as much as it does the environment and the health of the chemists. As engineers, it is important to assess the environmental impact of our product alongside that of the potential mechanical failures. Several of these chemicals are toxic to humans as well as aquatic life. Several live animal experiments using the chemicals showed signs of cancer, mutations, damage to ovarian tissue and nerve damage from prolonged exposure. Since the team is interacting with these chemicals' multiple times a week, these impacts were taken into consideration. To prevent any discomfort or long-term damage to the lab technicians, it is important that all personal protective equipment is always worn when mixing a batch of synthetic thrombus and always performed under the fume hood to prevent inhalation of any chemical dust. The future preventative measures that should be taken is to prevent any food from entering the lab while this capstone is in progress. The risk of dust settling on tables or being tracked away from the hood is too great to ignore and many people are in the lab daily increasing their chance of ingesting the hazardous chemicals.  
Potential Critical Failure 2: Curing Failures 
The potential critical failures involved with the curing process are less impactful since it is easy to see if a clot cured correctly by checking the consistency of the clot or by inspecting its appearance. There are several steps in the curing process of a clot, introducing the slurry and making sure it distributes evenly throughout the mixture, degassing the mixture and using either an incubator or UVC box to cure the mixture. If the slurry does not mix properly the batch will become clumpy and unable to use, this is harder to prevent and is better to leave the mixing of the slurring to a well-seasoned lab technician. The degassing method currently used in the laboratory is a manual vacuum that must be released every 3-10 seconds to prevent the mixture from overflowing and can take as long as 4 hours to complete. Due to the manual labor involved, the team generally stops degassing after an hour. This could be improved by creating a manual system that cycles between on and off for several hours and would reduce the need for a person to be present during this time. It would also yield more accurate results of the final product. The final failure involved with the curing process is the method used, for now the team is only using incubation, and this was given a low impact value due to the team finding the correct cure time and having replicated several successful batches using the method. In future, the team will be exploring the curing method of UVC to see if the final product can be produced in a quicker amount of time. These methods will be difficult to perfect due to the limitation of UVC rays and have been given a high RPN value.  
Potential Critical Failure 3: Storage Failures 
The final critical failure is long term storage. These storage methods have all worked well for the course of a week or so, but these samples should ideally last longer. The biggest risk of storage failure is that the thrombus samples will dry out before we are able to test them. The team has been experimenting with different storage methods to mitigate this risk. So far, the most significant way of solving this issue is keeping the clots in their syringes until they are to be tested. It helps if the clots are stored in a non-light penetrable vessel, such as a cardboard box. Once the samples are cut, they can be stored in airtight containers, away from light exposure, with a small amount of moisture. They should not be suspended in moisture, to avoid degradation, but rather a few drops of distilled water can be added to the container to improve the humidity of the vessel and keep the samples moist.  

[bookmark: _Toc132367564]Potential Failures Identified This Semester
Table 7: FMEA 
	Part # and Functions 
	Potential Failure Mode 
	Potential Effect(s) of Failure 
	Potential Causes and Mechanisms of Failure 
	RPN 
	Recommended Action 

	 Product Modes of Failure                             Subsystem: Application of Product 

	Clot 
	Water Absorption 
	Bloated sample expanding both laterally and axially 
	Exceeds the size of the system and becomes trapped, too much restriction of flow 
	500 
	Provide customers with information regarding how to effectively use the material 

	Clot 
	Drying Out 
	Shrinking sample becoming brittle and hard 
	Clot is unable to be deployed or used in the system 
	800 
	Provide customers with information regarding how to effectively use the material 

	 Product Modes of Failure                             Subsystem: Storage 

	Glass sample jar 
	Air exposure 
	Dries out sample 
	Mechanical properties are no longer consistent 
	500 
	Introduce an element of moisture that is not touching the material 

	Contrast
	Dilution in water
	Unable to see it in flow model
	Cannot use the fluoroscope to monitor time to digestion
	500
	Use Barium Sulfate or Omnipaque


 

Potential Critical Failure 1: Benchtop Occlusion Testing Failures 
Bench testing how this final product will be used, the product will be deployed into artificial arteries to record the impacts of flow and the ability for certain medical devices to remove the clot. The materials used in the benchmark tests will simulate that of the human body so the frequency will not exceed 1 hertz, so the failure method discussed with the rheometer is not a problem for the bench test. The greatest challenge with the synthetic clot is being able to keep the clot in the perfect environment to prevent degradation via drying out of absorbing too much water. During testing on the rheometer, there have been signs leading to 1 hour of water exposure causing the mechanical properties to change and 10 minutes of exposure to body temperature also causing the properties to change. To prevent the end user from experiencing size or property changes, further tests will be performed and detailed instructions on the length of time these clots should be deployed in a bench test will be shipped with the clots.  
Major failures in this stage of the project lie more within the benchtop model than the actual synthetic thrombus. For example, the pump that controls the pulsatile flow for the model has been experiencing technical difficulties over the last six months, where the piston malfunctions or the O-ring air seal slips and bubbles bleed into the system. Currently, other lab members are working on fixing these issues, and this mitigation is the best we can hope for regarding these tests. If the pump is not fixed, we might try a different method, but after speaking with the client, it seems as though this test is a low priority for the time being. He is not overly concerned if this data is not collected. 
Other ways of collecting this data could be using a different pump or using a bucket timer method to measure outflow. Since the latter is very unprecise and crude, we would like to avoid using this system. It is our impression that the client would rather us collect no data than use an alternate method from the benchtop design, since that is where the synthetic thrombi will eventually be deployed in the lab. 
Potential Critical Failure 2: Material Testing Failures 
Testing failures are the most common failures experienced at this stage in the capstone project. The team is learning more about the mechanical properties of the synthetic thrombi and adjusting the material tests to avoid damaging the sample. However, if the test is run at forces too low, the data is unusable as it is incoherent. This failure is being mitigated using meticulous trial and error, with lots of documentation. The client is also helping to set up the material test since he is very knowledgeable about the mechanical properties involved. So far, the team has made good progress in test development, and we foresee less failures in the future. We will not stop honing the process until we are confident it will not result in project failure. 
Another testing failure experienced is slippage during torsion tests which is due to the clot drying out and shrinking. It also can be caused by inaccurate placement of the sandpaper used to hold the small sample in place. The diameter of the clot that is being tested is 4mm which leaves a lot of room for error when trying to place the sandpaper on the rheometer. This could be prevented by creating a special tool that wraps around the rheometer attachment and places the sandpaper perfectly underneath it. This also could be prevented by using a larger sample size such as the puck. To achieve this, the team would have to send out molds to the manufacturers to see if they would be willing to cure their batches in the molds and send them to us.  
Some other ways, aside from method, that the material testing could fail would be the use of too much fluid, too little fluid, not securing the rheometer equipment, failing to calibrate the system, or failing to load the correct testing procedure. Also, on occasion, the TRIOS software crashes and deletes collected data. For these reasons, it is important that all team members pay close attention while testing and setting up experiments. Further, it is important to save data as we move along, to ensure that nothing is lost. 

[bookmark: _Toc132367565]Risk Mitigation
In this section, the comparisons of different failure methods and how these failures have led to the design currently being tested now. There will be a description of what the team initially wanted, what was changed and why it is a risk the team was willing to take. The critical failure methods will be explored and compared in depth for size, comparability, curing, testability, bench testing and storage. Overall, there are few risk trade-offs for this design. For the most part, mitigating risk in one area reduces risk in the other areas, because limiting variability is best in experimental design and execution. For instance, finding a good way to keep samples moist (mitigates storage failure) also reduces the variability in the material testing. Additionally, reducing the risk of curing facility and chemical failure will improve the consistency of the material properties, because all thrombi will follow a finely tuned manufacturing and curing method.  Thus, our design decision did not rely too heavily on potential failures, because the goal of our project is to improve the predictability of this design. The only obvious trade off at this stage of the project is that the material properties of a radiopaque clot might be different than those of a non-fluorescing clot. This is important because material properties and radiopacity are both highly prominent customer requirements, so we will need to do substantial material testing to mitigate the risks presented by this chemical change. Otherwise, there are not any obvious increases in risk. The investigation in this section will reflect the best analysis we could perform given these circumstances/ 
1. Risks and Trade-offs of Size Versus Comparability 
The size of the sample in use is extremely important to the accuracy of the results received on the rheometer; the smaller the sample, the more precise the experimenter needs to be to get accurate results. Ideally, for testing the team would like to use a puck 8mm x 4mm to have the most accurate results, however this is a trade-off that the team has made to ensure that our samples are as accurate and comparable to that of the samples that were sent in from other companies. This risk will allow the team to have data that is easy to follow, easy to compare and ideally easy to replicate.  
2. Risks and Trade-offs of Curing Versus Testability 
The risks and trade-offs involved with the curing process are mostly time. The time it takes to cure a sample using the incubator is significant ranging from 72 hours to a week depending on the size of the syringe. Ideally, the team would prefer to use a method such as UVC curing or another method of delivering heat to cure more quickly and efficiently. These alternative methods are not possible now due to the nature of how the samples have been cured. The team is limited to curing in a syringe of 4mm diameter and UVC rays cannot penetrate the plastic or glass. For this reason, the team is sacrificing time to compensate for testability and accuracy of our tests. Once the material has been confirmed to match the mechanical properties at the 4mm size, the team can explore further options to increase the cure time.  
3. Risks and Trade-offs of Bench Testing Versus Storage 
The trade-offs involved with bench testing versus storage are quite significant due to the materials ability to wick up and excrete moisture at a fast rate. This makes storage a very difficult challenge and forces the team into using a syringe so the end user can extrude only what they need and keep the rest protected from air exposure. The team has experimented with storing the synthetic thrombus in several different containers, all resulting in the sample drying out before it could be tested again. The mechanical properties change dramatically when exposed to water or the lack of water which makes storage a very serious problem to ensure that the devices being tested are experiencing the same mechanical properties that have been recorded. For this reason, the team will be taking time to explore mechanisms of storage to optimize the protection of the material despite it being a sidetrack from the main goal of the capstone. 

[bookmark: _Toc132367566]LOOKING FORWARD
The goal of this capstone is to create synthetic thrombus that can be used for medical device testing. The benefits of using synthetic thrombus over whole blood is that it is not biohazardous and not detrimental to the pump. These clots also have a known elastic and shear modulus making them excellent bench tests to ensure that the devices can remove a variety of thrombus. The team successfully created soft, medium and soft clots and used the rheometer to verify that these values were accurate. The team is leaving the client with a completed project and only cosmetic changes are suggested to improve the visibility of the synthetic thrombus when deployed into the flow bench. 

[bookmark: _Toc132367567]Future Testing Procedures
The synthetic thrombus would benefit from more time to digestion tests and comparing the behavior to that of whole blood thrombus. However, according to the test results that were gathered during the course of this capstone project, the synthetic thrombus should reflect closely to that of whole blood thrombus. 
[bookmark: _Toc132367568]Future Iterations
In the future, these clots could benefit from changing the contrast from Conray to Barium Sulfate to prevent dilution when exposed to water-based substances. There is also an opportunity to introduce Omnipaque as a contrast into the synthetic thrombus as that should not dissipate in the liquid either. This was the only issue that was discovered during testing. 


[bookmark: _Toc132367569]CONCLUSIONS
In conclusion, this capstone was very successful. All client and engineering requirements were met, the product tested very well against the whole blood thrombus and the clots behaved exactly as a hard, soft or medium clot would be expected when interfaced with the catheter. The catheter was able to 
[bookmark: _Toc132367570]Reflection
New product development is the major skill that the team learned during this capstone. We applied our knowledge of material science, biomaterials and mechanics of materials to create a successful synthetic thrombus that is ready for in vitro use. The team learned how to research topics that we were not familiar with to change the methodology behind how we manufacture or test the thrombus. We learned how to fail gracefully, went back to the drawing board and our work paid off as we have a very successful product that we hope will be used in the medical testing industry. The driving factor behind our work is the desire to improve the lives of people by improving the ability to test thrombectomy devices against clots with known mechanical properties. This precision has the potential to change the way medical devices are tested around the world and lower the risk of complications during a thrombectomy. 
[bookmark: _Toc132367572]Project Applicability
This project prepared us for the real world by giving us deadlines to meet, being able to think on our feet when things get complicated and team building skills. An engineer will always be part of a team and learning how to navigate the team environment, working on each other's strengths and brainstorming together is the most important skill that can be brought into the work force. Meeting deadlines is also very important, and there sure were a lot of tight deadlines to meet! Our team handled these challenges with grace and have a very happy client. We look forward to hearing about how BDL moves forward with our synthetic thrombus and to seeing the new catheter design that is in the making. 



[bookmark: _Toc132367573]REFERENCES
[1]	“Stroke Facts & Statistics - Stroke Awareness Foundation.” https://www.strokeinfo.org/stroke-facts-statistics/ (accessed Oct. 20, 2022).
[2]	J. K. Nicholls, J. Ince, J. S. Minhas, and E. M. L. Chung, “Emerging Detection Techniques for Large Vessel Occlusion Stroke: A Scoping Review,” Front. Neurol., vol. 12, p. 2477, Jan. 2022, doi: 10.3389/FNEUR.2021.780324/BIBTEX.
[3]	W. Merritt et al., “Quantifying the mechanical and histological properties of thrombus analog made from human blood for the creation of synthetic thrombus for thrombectomy device testing,” J. Neurointerv. Surg., vol. 10, no. 12, pp. 1168–1173, Dec. 2018, doi: 10.1136/NEURINTSURG-2017-013675.
[4]	N. G. Norris, W. C. Merritt, and T. A. Becker, “Application of nondestructive mechanical characterization testing for creating in vitro vessel models with material properties similar to human neurovasculature,” J. Biomed. Mater. Res. A, vol. 110, no. 3, pp. 612–622, Mar. 2022, doi: 10.1002/JBM.A.37314.
[5]	N. Wortmann et al., “Development of synthetic thrombus models to simulate stroke treatment in a physical neurointerventional training model,” https://doi.org/10.1080/26895293.2022.2046181, vol. 15, no. 1, pp. 283–301, 2022, doi: 10.1080/26895293.2022.2046181.
[6]	S. Sarkar, “Artificial blood,” Indian J. Crit. Care Med., vol. 12, no. 3, p. 140, Jul. 2008, doi: 10.4103/0972-5229.43685.
[7]	I. Kan et al., “Technical Note: A Novel Method of Thrombus Preparation for Use in a Swine Model for Evaluation of Thrombectomy Devices,” AJNR Am. J. Neuroradiol., vol. 31, no. 9, p. 1741, Oct. 2010, doi: 10.3174/AJNR.A1991.
[8]	D. N. Sarode and S. Roy, “In Vitro models for thrombogenicity testing ofblood-recirculating medical devices,” Expert Rev. Med. Devices, vol. 16, no. 7, p. 603, Jul. 2019, doi: 10.1080/17434440.2019.1627199.
[9]	N. Krasokha et al., “Mechanical properties of blood clots – a new test method,” Materwiss. Werksttech., vol. 41, no. 12, pp. 1019–1024, Dec. 2010, doi: 10.1002/MAWE.201000703.
[10]	N. Boodt et al., “Mechanical Characterization of Thrombi Retrieved with Endovascular Thrombectomy in Patients with Acute Ischemic Stroke,” Stroke, vol. 52, pp. 2510–2517, 2021, doi: 10.1161/STROKEAHA.120.033527.
[11]	J. H. Ashton, J. P. Vande Geest, B. R. Simon, and D. G. Haskett, “Compressive mechanical properties of the intraluminal thrombus in abdominal aortic aneurysms and fibrin-based thrombus mimics,” J. Biomech., vol. 42, no. 3, pp. 197–201, Feb. 2009, doi: 10.1016/J.JBIOMECH.2008.10.024.
[12]	A. K. Bajpai and M. Shrivastava, “DYNAMIC SWELLING BEHAVIOR OF POLYACRYLAMIDE BASED THREE COMPONENT HYDROGELS,” http://dx.doi.org/10.1081/MA-100101141, vol. 37 A, no. 9, pp. 1069–1088, 2007, doi: 10.1081/MA-100101141.
[13]	S. Pourshahrestani, E. Zeimaran, N. A. Kadri, N. Mutlu, and A. R. Boccaccini, “Polymeric Hydrogel Systems as Emerging Biomaterial Platforms to Enable Hemostasis and Wound Healing,” Adv. Healthc. Mater., vol. 9, no. 20, p. 2000905, Oct. 2020, doi: 10.1002/ADHM.202000905.
[14]	G. M. Gunning, K. McArdle, M. Mirza, S. Duffy, M. Gilvarry, and P. A. Brouwer, “Clot friction variation with fibrin content; implications for resistance to thrombectomy,” J. Neurointerv. Surg., vol. 10, no. 1, pp. 34–38, Jan. 2018, doi: 10.1136/NEURINTSURG-2016-012721.
[15]	“Properties of Materials,” Mater. Handb., pp. 1–57, 2008, doi: 10.1007/978-1-84628-669-8_1.
[16]	H. Guerreiro et al., “Novel synthetic clot analogs for in-vitro stroke modelling,” PLoS One, vol. 17, no. 9, p. e0274211, Sep. 2022, doi: 10.1371/JOURNAL.PONE.0274211.
[17]	D. J. Carr, T. Stevenson, and P. F. Mahoney, “The use of gelatine in wound ballistics research,” Int. J. Legal Med., vol. 132, no. 6, pp. 1659–1664, Nov. 2018, doi: 10.1007/S00414-018-1831-7/FIGURES/4.
[18]	“Cerebral vein and cerebral venous sinus thrombosis.”
[19]	“Industrial Autoclaves | Laboratory Sterilizers | Priorclave.” https://www.priorclave.com/en-us/ (accessed Oct. 23, 2022).
[20]	“The Challenge of Working in a Cleanroom.” https://cleanroom-industries.com/index.php/resources/the-challenge-of-working-in-a-cleanroom/408 (accessed Oct. 23, 2022).
[21]	“Percent by Weight Calculation | ChemTalk.” https://chemistrytalk.org/percent-by-weight-calculation/ (accessed Oct. 23, 2022).
[22]	“Thrombectomy Device - an overview | ScienceDirect Topics.” https://www.sciencedirect.com/topics/nursing-and-health-professions/thrombectomy-device (accessed Oct. 23, 2022).



[bookmark: _Toc472068927][bookmark: _Toc484367009][bookmark: _Toc132367574]APPENDICES
Appendix A: Complete FMEA
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Appendix B: Design Selection Materials
Pugh Chart
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Appendix C: Final CAD and BOM

Clots after removal from syringe, simulated using CAD.
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Final Bill of Materials
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