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[bookmark: _Toc119870159]EXECUTIVE SUMMARY
[bookmark: _Int_wVteL5Co]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: _Toc472068878][bookmark: _Toc484366960][bookmark: _Toc119857630][bookmark: _Toc119865342][bookmark: _Toc119870161]BACKGROUND
[bookmark: _Toc472068879][bookmark: _Toc484366961][bookmark: _Toc119857631][bookmark: _Toc119865343][bookmark: _Toc119870162]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: _Toc119857632][bookmark: _Toc119865344][bookmark: _Toc119870163]Project Description
Following is the original project description provided by the sponsor in bulleted form:
“Develop a protocol for polymer synthesis in the Bioengineering Devices Lab	
· Research existing protocols for hydrogel polymer synthesis, and whole blood clot creation
· [bookmark: _Int_hu1PcdPI]Complete NAU BioRaft chemical and X-ray safety training
· Experiment with polymer synthesis using equipment at BDL (create soft, firm, and radiopaque clots)
· Validate consistency in the material properties by developing and standardizing mechanical testing procedures (i.e., compression, shear, Poisson’s Ratio)
· Write SOPs for final clot designs and mechanical testing procedures using BDL format
Characterize the material properties of lab-created polymer, commercial polymer, and whole blood clots
· Complete NAU BioRaft Bloodborne Pathogens training, in addition to rheometer use testing
· Perform data analysis on all synthetic clots to determine the degree of similarity to the control (whole blood clots)
· Report all findings in a final written analysis”
Currently, there have not been any revisions to this project description.

[bookmark: _Toc119857633][bookmark: _Toc119865345][bookmark: _Toc119870164]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: _Toc119857634][bookmark: _Toc119865346][bookmark: _Toc119870165]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 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.
[bookmark: _Toc119857635][bookmark: _Toc119865347][bookmark: _Toc119870166]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: _Toc119857636][bookmark: _Toc119865348][bookmark: _Toc472068898][bookmark: _Toc484366980][bookmark: _Toc119870167]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: _Toc119857637][bookmark: _Toc119865349][bookmark: _Toc119870168]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: ]
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: _Toc119857638][bookmark: _Toc119865350][bookmark: _Toc119870169]Functional Model/Work-Process Diagram/Hierarchical Task Analysis
[bookmark: _Toc472068891][bookmark: _Toc484366973]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: Diagram
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Figure 2: Functional Decomposition
[bookmark: _Toc119857639][bookmark: _Toc119865351][bookmark: _Toc119870170]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: _Toc119857640][bookmark: _Toc119865352][bookmark: _Toc119870171]Standards, Codes, and Regulations
Since 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.

[bookmark: _Toc119857641][bookmark: _Toc119865353][bookmark: _Toc119870172]Testing Procedures (TPs)
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. 
[bookmark: _Toc119857642][bookmark: _Toc119865354][bookmark: _Toc119870173]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. 
[bookmark: _Toc119857643][bookmark: _Toc119865355][bookmark: _Toc119870174]Testing Procedure 1: Objective
The primary objective is to identify the shear and elastic modulus of the sample the team has manufactured. This is achieved by cutting small samples from the polymers being stored in the syringes. 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.
[bookmark: _Toc119857644][bookmark: _Toc119865356][bookmark: _Toc119870175]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. 

[bookmark: _Toc119857645][bookmark: _Toc119865357][bookmark: _Toc119870176]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.
[bookmark: _Toc119857646][bookmark: _Toc119865358][bookmark: _Toc119870177]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.
[bookmark: _Toc119857647][bookmark: _Toc119865359][bookmark: _Toc119870178]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.
[bookmark: _Toc119857648][bookmark: _Toc119865360][bookmark: _Toc119870179]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 4: Hunter Gaines assisting with fluoroscope use
[bookmark: _Toc119857649][bookmark: _Toc119865361][bookmark: _Toc119870180]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.
[bookmark: _Toc119865362][bookmark: _Toc119870181]Testing Procedure 3: Benchtop Occlusion
The benchtop occlusion test will be used to determine how well the thrombi obstruct flow. This is relevant because it indicates how well the synthetic thrombi simulate stroke, and how they will interact with the stroke retrieval devices.
[bookmark: _Toc119865363][bookmark: _Toc119870182]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. 
[bookmark: _Toc119865364][bookmark: _Toc119870183]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 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 5 shows this model.
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Figure 5: Benchtop flow model
[bookmark: _Toc119865365][bookmark: _Toc119870184]Testing Procedure 3: Schedule
This testing will take 1-2 weeks depending on the predictability of the flow model. Occasionally, the flow model has issues with flow pressures due to a problem with the pump. This testing will likely take place in February. 

[bookmark: _Toc119857650][bookmark: _Toc119865366][bookmark: _Toc119870185]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.
[bookmark: _Toc119865367][bookmark: _Toc119857651][bookmark: _Toc119870186]Critical Failures
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 1: 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
	[bookmark: _Int_bk57eCsd]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: _Toc119857652][bookmark: _Toc119865368][bookmark: _Toc119870187]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. 
[bookmark: _Toc119857653][bookmark: _Toc119865369][bookmark: _Toc119870188]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. 
[bookmark: _Toc119857654][bookmark: _Toc119865370][bookmark: _Toc119870189]Potential Critical Failure 3: 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 are paying 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: _Toc119857655][bookmark: _Toc119865371][bookmark: _Toc119870190]Potential Critical Failure 4: 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.
[bookmark: _Toc119857656][bookmark: _Toc119865372][bookmark: _Toc119870191]Potential Critical Failure 5: 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: _Toc119857657][bookmark: _Toc119865373][bookmark: _Toc119870192]Risks and Trade-offs Analysis
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 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/
[bookmark: _Toc119857658][bookmark: _Toc119865374][bookmark: _Toc119870193]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. 
[bookmark: _Toc119857659][bookmark: _Toc119865375][bookmark: _Toc119870194]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. 
[bookmark: _Toc119857660][bookmark: _Toc119865376][bookmark: _Toc119870195]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: _Toc119865377][bookmark: _Toc472068917][bookmark: _Toc484366999][bookmark: _Toc119870196]Design Selection—First Semester
The design selection was done using a Pugh chart (Appendix B) and the House of Quality already presented. The engineering requirements and customer requirements were compared and then weighted to be placed into the matrices. These two charts were then used to rank the design criteria to determine which design would be most suitable for this project. 
[bookmark: _Toc119857662][bookmark: _Toc119865378][bookmark: _Toc119870197]Design Description
The final chemical manufacturing process is largely the same as that outlined in the functional decomposition (Figure 2). This process involves mixing, degassing, and heat curing to obtain a fully gelled thrombus that retains its shape, does not particulate, and does not degrade significantly in fluid. Figure 6 shows part of the manufacturing process. Using the BDL’s fume hood.
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Figure 6: Manufacturing synthetic thrombi
The final design decision is a 1 mL syringe. While the puck design had the highest score on the Pugh chart, the pucks are not usable in benchtop testing models. The 1 mL syringe was useful for storage and benchtop testing but must be modified (cut) for material testing
Figure 7 shows the clots in syringes. These clots are heat cured and can be deployed in the BDL benchtop vessel model.
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Figure 7: Synthetic thrombus cured in a syringe.
After being deployed from the syringe (Figure 8, right), the synthetic clots retain their cylindrical shape. After analysis using calipers, these clots measure 4 mm in diameter, and vary in length. These samples are cut into 4mm length cylinders for material testing. They can be cut smaller or larger for benchtop use. This design has the most successful curing and storing properties thus far in the project investigation. Clot samples are stored in airtight jars, shown in Figure 8 (left). These samples are stored with a little bit of moisture, and in a light-safe (cardboard or solid plastic) bin to avoid degradation.
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Figure 8: Left—clot samples and storage, right—clot after being deployed from syringe.
[bookmark: _Toc119857663][bookmark: _Toc119865379][bookmark: _Toc119870198]Implementation Plan
Our design will be implemented by physical prototyping and iterative feedback. The only way to achieve results for these samples is to create many different types of samples, troubleshoot the manufacturing process, and fully characterize each material. To ensure that all manufacturing and testing will be completed on time, the team is utilizing a calendar to keep track of important dates. The client is consulted at least once per week, to ensure that all the team activities are on track. 
The timeline for spring semester is detailed in Table 2.
Table 2: Spring Semester Schedule
	Month
	Task
	Est. Time
	Resources Required

	January
	Material testing, radiopacity testing, clot manufacturing
	Material: 8-12 wks.
Radiopacity: 1-2 wks.
Clot mfg.: 8-12 wks.
	Bioengineering Devices Laboratory Rheometer, C-arm fluoroscope, chemicals, PPE, syringes

	February
	Material testing, benchtop occlusion testing, clot manufacturing
	Material: 4-8 wks.
Benchtop: 2 wks.
Clot mfg.: 4-8 wks.
	Bioengineering Devices Laboratory Rheometer, benchtop flow model, LabVIEW, pressure transducers, chemicals, PPE, syringes

	March
	Material testing and statistical analysis, clot manufacturing
	Material: 0-4 wks.
Statistics: 1-2 wks.
Clot mfg.: 0-4 wks.
	Bioengineering Devices Laboratory Rheometer, chemicals, PPE, syringes

	April
	Present at NAU’s Undergraduate Symposium
	1-2 wks.
	Printing services, BDL capstone presentation templates, Microsoft Office

	May
	Present findings to capstone class and client
	2 wks.
	Microsoft Office



Currently, we are collaborating with two companies to materially characterize their synthetic thrombi. We are not purchasing these clots, rather using samples obtained through contacts at each company. Thus, we do not foresee needing to order more, at least not using the budget. The final CAD for our design is shown in Figure 9. The final bill of materials is shown in Table 3.  
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Figure 9: Final CAD of a deployed clot and syringe
Table 3: Final Bill of Materials
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[bookmark: _Toc472068923][bookmark: _Toc484367005][bookmark: _Toc119857664][bookmark: _Toc119865380][bookmark: _Toc119870199]CONCLUSIONS
The team has had many successes throughout the semester while working on this project. The main objective was to solidify a manufacturing process for the clots and be able to replicate it without failure. As seen in the report, there are many potential failure modes when working with the reactants required to create synthetic thrombi. After much trial and error, the team was able to reduce the number of failures encountered throughout the manufacturing process and learned how to properly handle the chemical solution for the best results. Considering the success of the manufacturing process that has been put in place for the project, the team began focusing on the best methods for storage and clot shape(design) that would benefit the project the most.
The team used a series of selective process methods to determine the best approach to the goals of the project after the manufacturing portion was handled. These goals include testing material properties of the thrombi and achieving three different types of clots: soft, medium, and hard. The team is working towards a standard of procedure for creating the different types of clots and is now beginning to test material properties. The team is slightly ahead of schedule for the material testing and will be focused more on testing products in the second semester of the project. Companies within the industry have provided the team with clots for comparing and contrasting. The team will use analyzation of the competing companies to further improve the design and standards of procedure being utilized by the clot capstone team.
Moving into the second semester, the team will work toward finalizing the design of the three different types of clots and have material property data that can describe each type of clot. The three different testing methods, previously mentioned, will be used to quantify the theory behind synthetic thrombi and provide the medical industry with an innovative solution for testing blood clots and blood clot technology.
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Pugh Chart
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Clots after removal from syringe, simulated using CAD.
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Final Bill of Materials
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Bill of Materials 200 mL Sample 87wt% Solvent to Solute

Part# Description Quantity| Price Per Purchase | Price Per Unit (g) | Total Cost
1 Acrylamide 26 S 439.00 [ S 044 |$ 1144

2 Ammonium Persulfate 0.0442 | S 49.80 | S 050 | $ 0.02

3 Alginic Acid Sodium Salt 3.885057 S 86.80 [ S 035($ 1.36

4 Calcium Sulfate Dihydrate 0.258 | $ 58.70 | § 059 | $ 0.15

5 Tetramethyl-ethylenediamine | 0.0325 | $ 85.90 | $ 3.44 (S 0.11

6 Methylenebisacrylamide 0.0156 | $ 56.10 [ § 224 | S 0.03

7 Syringes 50 S 16.00 | $ 0.16 | $ 8.00
Total= S 211D
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Component Name
Part # and Functions Potential Failure Mode Potential Effect(s) of Failure Severity | Potential Ca“*;?si““"a"‘s"‘s of OCC(“(')a)“e Current Design Controls Test De‘g;“’" Recommended Action
Alginic Acid Sodium Salt Storage Breakdown of product f exposed to moisture o heat 5 Mixture does not cure property 5 Specialized Chemical Storage 1 25 Limit time with id off chemical
Alginic Acid Sodium Salt Harmfulto humans Dangerous to inhale f ponder becomes irborne 1 Minor discomfortfor chermist 2 PPE - Masks 1 2 Only open chemicals in the fume hood
‘Alginic Acid Sodium Salt Enviommental Impact Do not et product go down the crain 1 Minor discomfortfor chermist 2 Chemical Waste Storage 1 2 Purchase a large sealed waste container
Calcium Sufate Dihydrate Storage Keep dry and sealed to prevent breakdown 5 Vixture does not cure property 5 Specialized Chemical Storage 1 25 Limit time with id off chemical
Calcium Sulfate Dinydrate Storage Dust is combustible 3 Hazardous o al persons in lab 2 Specialized Chemical Storage 1 6 Purchase a large sealed waste container
Ammonium Persufate Storage Storetightly sealed, moisture sensitie 7 Vixture does not cure property 5 Specialized Chemical Storage 1 35 Limit time with id off chemical
Ammonium Persufate Storage Combustable, keep away from hot surfaces 8 Hazardous o al persons in lab 2 Specialized Chemical Storage 1 16 Purchase a large sealed waste container
‘Ammonium Persulfate Harmiul to humans Oral Toxicity 8 Severe injuries to chemist 2 Wash hands be‘ore eating 1 16 Never bring food into the Lab
Ammonium Persufate Harmiul to humans Skin nitation and sensitzation 8 Severe injuries to chemist 2 PPE - Lab Coatand gloves 1 16 Only open chemicals in the fume hood
‘Ammonium Persulfate Harmiul to humans Eye Iniation 8 Severe injuries to chemist 2 PPE - Goggles 1 16 Only open chemicals in the fume hood
‘Ammonium Persulfate Harmiul to humans Specifc target organ toricity 8 Severe injuries to chemist 2 Wash hands be‘ore eating 1 16 Never bring food into the Lab
‘Ammonium Persulfate Harmiul to humans Respiratory sensitization 8 Severe injuries to chemist 2 PPE - Masks 1 16 Only open chemicals in the fume hood
‘Ammonium Persulfate Enviommental Impact Shortterm aquatic hazard 8 Short term impact on aquatic Ife 1 Chemical Waste Storage 1 8 Purchase a large sealed waste container
Tetramethykethylenediamine Storage Store at room temperature I sealed container- 9 Mixture does not cure property 2 Specialized Chemical Storage 1 18 Limit time with lid off chemical
Tetramethykethylenediamine Storage Must have separate Wa;ﬁi;‘;gj:ﬁ' andbe disposedbya| o Severe injuries to chemist 5 Chemical Waste Storage 1 45 | Implement a separate waste container for this chemical
TetramethyL-sthylenediamine Storage Highly flammable iquid and vapor o Severe injuries to chemist 5 Specialized Chemical Storage 1 45 Purchase a large sealed waste container
TetramethyL-sthylenediamine Harmiul to humans Toxic f swallowed o Severe injuries to chemist 5 Wash hands be‘ore eating 1 45 Never bring food into the Lab
TetramethyL-sthylenediamine Harmfulto humans Toxic finhaled o Severe injuries to chemist 5 PPE - Masks 1 45 Only open chemicals in the fume hood
TetramethyL-sthylenediamine Harmiul to humans Causes devers skin bums and eye damage o Severe injuries to chemist 5 PPE-Lab coat, gloves, goggles 1 45 Only open chemicals in the fume hood
TetramethyL-sthylenediamine Enviommental Impact Harmfulto aquic Ife o Severe impact on aquatic lfe 1 Chemical Waste Storage 1 o Purchase a large sealed waste container
Methylensbisacrylamide Storage Dry sealed container that's well ventited 3 Vixture does not cure property 5 Specialized Chemical Storage 1 15 Limit time with id off chemical
Methylenebisacrylamide Storage Combustable with exidizing agents, bases and strong 3 Hazardous to all persons in lab 2 Specialized Chemical Storage 1 6 Purchase a large sealed waste container
Methylenebisacrylamide Harmiul to humans Toxic f swallowed 6 Vedium discomfortfor chemist 2 Wash hands be‘ore eating 1 12 Never bring food into the Lab
Methylenebisacrylamide Harmfulto humans Do not nhale 6 Vedium discomfortfor chemist 2 PPE - Masks 1 12 Only open chemicals in the fume hood
Methylensbisacrylamide Harmiul to humans Causes genetic defects to choromosomes 6 Life long impact on chemist 2 Wash hands be‘ore eating 1 12 Never bring food into the Lab
Methylenebisacrylamide Enviommental Impact ot readiy biodsgradable 6 Long term impact on aquatic lfe 1 Chemical Waste Storage 1 6 Purchase a large sealed waste container
Methylenebisacrylamide Enviommental Impact Toxic to aquatic fe 6 Long term impact on aquatic lfe 1 Chemical Waste Storage 1 6 Purchase a large sealed waste container
Acrylamide Storage Explosive when mixes vith air o intense heating 7 Hazardous o al persons in lab 2 Specialized Chemical Storage 1 14 Only open chemicals in the fume hood
Acrylamide Storage Dust is combustible 7 Hazardous o al persons in lab 2 Specialized Chemical Storage 1 14 Only open chemicals in the fume hood
Acrylamide Storage ‘Store at room temperature in sealed container ’ Mixture does not cure property b Specialized Chemical Storage 1 35 Limit tme with Iid off chemical
Acrylamide Harmiul to humans Toxic f swallowed 7 Vedium discomfortfor chemist 3 Wash hands be‘ore eating 1 21 Never bring food into the Lab
Acrylamide Harmfulto humans Harmfulin contact with skin 7 Vedium discomfortfor chemist 3 PPE - Lab Coatand gloves 1 21 Only open chemicals in the fume hood
Acrylamide Harmiul to humans Harmful f nhaled 7 Vedium discomfortfor chemist 3 PPE - Masks 1 21 Only open chemicals in the fume hood
Acrylamide Harmiul to humans Causes genetic defects 7 Life long impact on chemist 3 Wash hands be‘ore eating 1 21 Never bring food into the Lab
Acrylamids Harmful to humans damages fetilty or the unborn child 7 Life long impact on chemist 3 Wash hands be‘ore eating 1 21 Never bring food into the Lab
Acrylamide Harmiul to humans Causes damage '°;::o'::;‘e%":f;;‘;';':“s system through | 7 Life long impact on chemist 3 Wash hands be‘ore eating 1 21 Never bring food into the Lab
Acrlamids Harmful to humans Causes cancer 7 Life long impact on chemist 3 Wash hands be‘ore eating 1 21 Never bring food into the Lab
Acrylamids Enviommental Impact Harmfulto aquatic Ifs 7 Long term impact on aquatic lfe 1 Chemical Waste Storage 1 7 Purchase a large sealed waste container
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Incubator Over cure or under cure Incorrect length of time used during curing 10 | The resultisthe clot is solid or liquid 5 Extrude a Samzfﬂ:xc‘;“ is the correct 1 50 | Adtomated systemto ‘“":‘;‘"eme incubator at a specfic
uve cure Under cure UVC is unable to penetrate storage used for mixture| 10 Liquid clot O Samzfﬂ:xc‘;“ is the correct 1 100 A““;“:;ig?&"‘u;de‘i:g i ayers of mtre for
Degas Human error |air is left in mixture resutting in a clot that cannot cure{ 10 | Clot s heterogenous or does not cure 4 Chemist "‘a"“a!‘f:;g:es until bubbles 1 40 | Investinmore i ;eu’f“:“:‘:g;wa‘ does not allow
Stirting Slury Heterogeneous Mixture | "€ j‘p“'a"'{::‘e‘;'r“r'::‘“sc‘z‘::;‘:‘:’"‘b‘r’;‘a“;e‘fu‘:"“’s 8 | Clotis heterogenous or does not cure 5 Slowly pour slurry into mixture. 1 40 [Imtroduce mixture "‘“’ai:'y""f‘;’gl‘;‘:’p:"e"“ﬁ to throw siurry
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Extrude a sample to see if it is the correct

Automated system to turn off the incubator at a specific

Incubator Over cure or under cure Incorrect length of time used during curing 10| The resultis the clot is sold or liquid 5 1 50
consistency time.
UVC Cure Under cure UVC is unable to penetrate storage used for mixture| 10 Liquid clot 10 Extrude a sample to see ffitis the correct 1 1gp | Automated system to dispence thin layers of mixutre for
consistency even cure and use exposed molds for best effect
Degas Human error |air is left in mixture resulting in a clot that cannot curel 10 | Clot is heterogenous or does not cure 4 Chemist manually degases unil bubbles 1 40 | Investinmore percise degas method that does not allow
are gone the mixture to overflow.
[ etorogeneous Mure | ThE Shumy thatis introduced to the mixture chumps | ¢ | o i nerogenous or does ot cure | 5 Slowy pour sl info miture s 4o |Imroduce mixture nto slury to alow chermist o throw sturry

up and the stir rod is unable to break it up

away i it clumps.

Rheometer Fuman eror Rheometer software incorrectly setup Resuls are innacurate 1 Compare data 3 Only allow trained persons to operate Rheometer
Rheometer Compression Compression exceeds 1 Hertz. v Results are innacurate 1 Compare data 1 7 Only allow trained persons to operate Rheometer
Rheometer Torsion Sippage between sandpaper and Rheometer 5 Results are innacurate 5 Compare data 1 25 Only allow trained persons to operate Rheometer
Rheometer Calbration Rheometer incorrectly setup 10 Resuls are innacurate 1 Compare data 3 30 Only allow trained persons to operate Rheometer
Puck Clot Incomparable to competitors | PUCK1S easier to test but are not created by other | 7 Restifs are incomparable. 1 At the moment this option is not viable. 1 7 | Provide puck molds to other manufacturers to see ff they

companies can cure their clots to the same size for testing purposes.

Syringe Clot Very small Very small and p'ecrf‘s"u"“:eeded foraccurate Results are innacurate Compare data Purchase percision tools to help with the set up for testing

Ciot Drying out Exposure to air changes machanical properties Resuls are innacurate Compare data Keep water around the sample while testin
Coefficient of resttution for synthetic
ot Compression Systom exceeds frequency of the human body | 10 | rombus IS oo low o axensd 5 Keep bench tests within the range of the Provide customers with information regarding how to
human body frequencies properly use the material
frequency of 1 hertz
o o System exposes syihetc thrombus fo exreme | Synthetic thrombus wil shear | Keep bench tests within the range of the | 5 | Provide customers wih information regarding how to
condiions human body frequencies properly use the material
o o Clot s too Iubricious to cling to the walls of the 5 A Deploy clots of different sizes to monitor | 0 | Provide customers wih information regarding how to
system Unable to simulate a clotted artery their behavior with the artfcial artery properly use the material
Exceeds the size of the system and
Clot Water Absorbtion Bloated sample expanding both laterally and axially | 10 |becomes trapped, too much restriction| 10 |-t bench teststo 1 hour and remove clot| o 500 | Provide customers with information regarding how to
e when test is completed properly use the material
o oryng Ot Shinking sample becoming bt and hard 10| Ciotis unable to be deployed orused | 1o Keep extruded samples in a humid B 500 | Provide customers wih information regarding how to
in the system enviornment properly use the material

Mechanical properties are no longer

Syinge Light exposure UV rays degrade the material overtime 6 piladiud 2 Store in cardboard box 7 84 Keep in poly bags

Test tube Light exposure UV rays degrade the material overtime g | Mechanical "C'Zg;‘:‘ f’e no longer 1 Store in cardboard box 7 224 Keep in poly bags

Test tube Air exposure Dries out sample qo | Mechanical "C'Zg;‘:‘ Jrere fonger 8 Avoid opening container unless necessary 5 400 | Iniroduce an element °'""“a‘:‘::‘:"e that isn't touching the
Glass sample jar Light exposure UV rays degrade the material overtime 8 Mechanical "C'Zg;‘:‘ f’e no longer 1 Store in cardboard box 7 224 Keep in poly bags
Glass sample jar Air exposure Dries out sample qo | Mechanical "C'Zg;‘:‘ Jrere fonger 10 | Avoid opening container unless necessary 5 500 | Iniroduce an element °'""“a‘:‘::‘:"e that isn't touching the
Heat shrink tubing Extraction Unable to extrude sample in an easy manner 2 Unhappy Customer 4 Have not implemented this idea yet 1 8 Make marks on heat shrink for reccommended cutting

locations for ideal clot sizes.
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Design Alternatives

Criteria Weights 1mlSyringe  .5mlSyringe 3mlSyringe Puck shrink wrap tube
Cost 3 + - - +
safety 5 s s H s
Ability to test 4 - + -
Uniform properties 2 + - + s
Time to produce 1 + - s s
Comparability to Human Clots 4 DATUM s s s s
Total + 3 0 2 1
Total - 1 3 1 1
Overall score 2 3 1 0
Weighted total 2 -10 3 1




