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The game of baseball is changing rapidly in the modern era. What used to be a sport based on intuition has now become a game revolving around numbers. Professional teams spend time and money focusing on the analytics of the game to seek an edge against competition. Today, the pitcher’s motion, baseball speed, baseball rotation and pitch path are all measures tracked during games and practices. Our project involves changing a baseball to find another analytic that allows teams to base their game decisions on. 
When a pitcher throws a baseball, each fingertip generates different forces, including compressive and shear forces. The shear forces are what causes the balls spin. With an instrumented baseball, we created an accurate way of measuring these forces applied when throwing the ball. Specialized electrical parts placed within the ball carry out this procedure, allowing the user to obtain data right after performing their throw. 
Our design uses force sensors to determine a pitcher’s fingertip forces the instant the user throws the baseball. A custom 3D printed design holds the technology inside our baseball to avoid physical damage. This design can support difficulties with the baseball’s rotation, size and weight on release and makes sure our baseball is up to official standards. Data regarding a pitcher’s fingertip forces allows for player-specific performance to be collected and studied during practices. Knowing these forces could decrease the chance of injury and increase overall player performance. A phone or computer can be used to track these changes by means of a Bluetooth receiver inside the ball. This receiver will then connect to an application that shows the information gained from the sensors.
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[bookmark: _Toc100581395][bookmark: _Toc100582874][bookmark: _Toc100583144][bookmark: _Toc100673710]1.1 Project Scope
1.1.1 Project Description
Develop technology that can be used to instrument a baseball for greater feedback and performance of athletes. We look to develop a product that pitchers can use to receive more insight on their throwing abilities.
1.1.2 Key Goals
A key goal of this project is to develop an accurate method of measurement for dynamic fingertip forces while ensuring that the instrumented ball is as realistic to a baseball as possible. Another important goal of the project is to facilitate access to the gathered data so that the user will be informed based of off their performance. It is important to maintain the overall feel of pitching so that the user can relate his/her performance with the product to a competitive or recreational setting.
1.1.3 Markets
The markets for this device can be determined by the people that could benefit from this technology. The primary markets for the project are professional baseball players, college athletes, and young players looking to improve their abilities. Other secondary markets for the project are retired professionals, adults that enjoy playing baseball, and data analysts.
1.1.4 Assumptions
Assumptions help limit the scope of the project. For this project, it is assumed that the ball will be caught after release by a non-destructive apparatus. It is also assumed that the user will hold the ball in the position specified by the product. Finally, for data visualization purposes, it is assumed that the user has an electronic device to read data from (computer, laptop, smartphone).
1.1.5 Stakeholders
The main stakeholders of the project are Dr. William Oates, who is the sponsor and advisor, and Dr. Shayne McConomy, the senior design coordinator. Other secondary stakeholders of the project are the FAMU-FSU College of Engineering, professional baseball teams and players, and general baseball enthusiasts.
[bookmark: _heading=h.541xm7fwjlav]
[bookmark: _heading=h.sbfco2hb0d3l][bookmark: _Toc100581396][bookmark: _Toc100582875][bookmark: _Toc100583145][bookmark: _Toc100673711]1.2 Customer Needs
To determine the needs for our design, we developed a set of questions and topics to interview our sponsor and advisor, Dr. William Oates. Given that he is a general baseball enthusiast and an expert in his field, the team believed that his input would be critical to identifying important needs. These questions were designed based on our project scope and what the team agreed to be important characteristics to how our product should function.  Table 1 below shows the questions asked to the sponsor as well as the answer and interpreted need.

[bookmark: _Toc100584764][bookmark: _Toc100673712]Table 1: Questions, answers, and interpreted needs to customer responses.
	
	Question
	Answer
	Interpreted Need

	1.
	Should the product be rechargeable?
	“Yes.”
	The product can be charged.

	2.
	What data needs to be captured?
	“Dynamic force provided by fingertips on the ball (pressure, shear).”
	The product captures pressure and shear forces.

	3.
	How many force-sensing locations should the product have?
	“Two.”
	The product captures forces at two separate locations.

	4.
	What is a positive about current feedback devices used in baseball?
	“They don’t interfere with the pitcher.” 
	The product records the data fast enough not to interfere with the pitcher's rhythm.

	5.
	How fast should the product read data?
	“Higher than 10 kHz”
	The product reads data at a frequency higher than 10 kHz.

	6.
	Does the data have to be displayed to the user?
	“Yes.”
	The product displays the data to the user.

	7.
	Can the ball be hit?
	“No.”
	The product is tailored for pitchers only.

	8.
	What fingers should we be considering?
	“The index finger and middle finger.”
	Sensors are tailored to detect forces on the index and middle fingers.

	9.
	What type of pitch are we designing for?
	“4-seam (fastball).”
	The product will measure forces in locations that assimilate a 4-seam style.

	10.
	Should the user have access to the inside of the product?
	“No.”
	The product is encased such that only the manufacturer can access it.

	11.
	How long should the product last?
	“Comparable to similar, existing products.”
	The product has a competitive lifetime compared to similar products.



The team identified that the fundamental needs of the project are to capture pressure and shear forces, read data at a high frequency, and display data to the user. Data gathering is vital in the scope of our project. Without properly measuring these quantities, our product will serve no purpose.  Measuring the data properly is also an important aspect that our group aims to tackle.  Having a device that can read frequencies of 10 kHz or higher will help prevent future problems in capturing the data properly. Without doing so, we will obtain invalid quantities. Displaying the data to the user is critical to maintain the product’s competitiveness with existing markets.  By displaying the data, the user will be able to see accurate results of their performance pitch by pitch.

[bookmark: _Toc100581397][bookmark: _Toc100582876][bookmark: _Toc100583146][bookmark: _Toc100673713]1.3 Functional Decomposition
1.3.1 Function Identification
By breaking down complex solutions into functional objectives, a functional decomposition can be achieved. The instrumented baseball can be decomposed into four systems: data acquisition, force sensing, encasing, and rechargeability. These systems will be further divided into functions and sub-functions, which can be seen in Figure 1. To determine the impact that the functions and sub-functions will have on the systems, a cross-reference table is developed. This table can be seen in Appendix B, Table 1. 
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[bookmark: _Toc100584358]Figure 1: Functional Decomposition hierarchy chart.
To develop the hierarchy chart above, the team reviewed the previously discussed customer needs and divided them into different systems. After that, these systems were divided in such a way that the needs of our project can get assigned specific targets and metrics. It also defined the steps that needed to be followed for the project to achieve its main goals.
1.3.2 Function Priority Ranking
	Table 2 ranks the functions based on how many systems are affected by them. To determine the affected systems, a matrix was built that compared the functions to the major systems. In this matrix, an X represents that the system is affected by the function. The details of this matrix can be seen in Appendix B, Table 1. With this process, the more relevant functions can be identified, and opportunities for innovation can be considered.
[bookmark: _Toc100584765][bookmark: _Toc100673714]Table 2: Rank of function priority.
	Rank
	Function
	Systems affected

	1
	Match moment of inertia close to standard
	3

	2
	Locks components in place
	3

	3
	Plot time dependent data
	2

	4
	Isolates regions for index and middle fingertip application
	2

	5
	Isolates region for main components
	2

	6
	Contains supplied voltage
	2

	7
	Senses applied load
	1

	8
	Supports weight of components
	1

	9
	Transforms signals from analog to digital
	1



	According to Table 2, the most important functions of the project are to “match the moment of inertia close to standard” and to “lock components in place”. Initially, it was surprising to see that “isolates region for index and middle finger application” came in fourth place, but this finding can help determining our focus in the design. While isolating regions for force application is important, the critical aspect of the design will be to make a product that can replicate the pitching experience, such that the gathered data is meaningful to the user and the experience is enjoyable.
	Matching the moment of inertia to the standard one can impact the design of many systems, as any weight added by additional components can affect the spin and center of mass of the ball. An important objective of the final design is to incorporate a housing that can maintain the mass properties, while also achieving safe rechargeability and force sensing. Since displaying the data impacts both the force sensing and the data acquisition, a design that includes both an automatic display of data and high-frequency force sensing can give the design an edge over the current products in terms of enjoyability and quality.
	1.3.3 Action and Outcomes
	Based on the previously defined functions, the overall action that the design must do is to capture forces applied by a pitcher’s fingertips. The expected outcome of this is that the data gathering process must not interfere with the natural feel of pitching, which can be achieved by matching the properties of our design to that of an official baseball. For this to happen, the moment of inertia of the design must match the one of a baseball as much as possible, as this is the highest-ranked function in our priority ranking. Components must also be locked in place to avoid any induced changes in the center of mass. Displaying the data, as well as isolating the space for components in a safe manner, can give the design an edge compared to its competitors.
	
1.3.4 Function Resolution
A functional resolution was decided by the team which summarizes what the instrumented baseball should do. The baseball design should support the weight of its components, effectively lock its components in place, and match the moment of inertia to a baseball under regulation. The design should also satisfy our customer’s need for rechargeability, as we don’t want the ball to be easily accessible by its user. In addition, the design should accurately measure the user’s fingertip shear forces by sensing the applied load, transforming a signal from analog to digital, and isolating regions for the index and middle fingers. 
[bookmark: _Toc100581398][bookmark: _Toc100582877][bookmark: _Toc100583147][bookmark: _Toc100673715]1.4 Target Summary
1.4.1 Targets
After developing the functional decomposition, targets were assigned to these functions. These targets assign values to the previously developed functions and specify the constraints and conditions that must be achieved for the successful operation of the product. The targets were decided based on the customer needs, advisor’s requests, and the team’s interpretation of a feasible target. Table 3 shows the critical functions of the product, along with their defined targets. These critical functions are the first five functions from our function ranking that were developed previously in Table 2. A complete catalog of the targets for all the functions can be found in Appendix C.



[bookmark: _Toc100584766][bookmark: _Toc100673716]Table 3: Critical functions and defined targets
	Functions
	Targets

	Match moment of inertia close to standard
	Moment of inertia is equal to 81.56±5% kg*mm2

	Locks components in place
	Components will be limited to 0.5 mm or less of movement inside the baseball

	Plot time-dependent data
	Data is shown for a period of 2 seconds after a force is applied

	Isolates regions for index and middle fingertip application
	Between 4cm2 and 5cm2

	Contains supplied voltage
	Between 7-12V



1.4.2 Critical Targets
1.4.2.1 Match moment of inertia close to standard
Matching the moment of inertia to that of a standard baseball is an important target that the group aims to accomplish. A baseball that is not of size would be an unusable practice ball that most pitchers would not use. Pitchers, whether college, major league, or other upcoming aspiring players, need a standard size ball to practice with so that their gametime pitching form is not skewed. That is, the ball’s skewed projection or other measures that might disrupt a pitcher’s ability to throw a perfect game. This target was determined by calculating the moment of inertia of a standard size baseball (solid sphere):  , where M is the mass of a standard baseball and R is the radius. The value obtained from these calculations was . We also determined that a feasible tolerance for this value would be  since it would be improbable to get the exact value. 



1.4.2.2 Isolates regions for index and middle finger application
To accurately gather data from the surface of our ball, there needs to be a region that is isolated for the index and middle fingertips. This region can be determined by the average fingertip area plus the standard deviation of the fingertip area. This value is roughly 3.9cm2. However, additional area should be included to take into consideration of potential variation in a person’s individual fingertips. Increasing this tolerance will accommodate all types of pitcher's hands making it a universal design.
1.4.2.3 Contain Supplied Voltage
For the product to operate correctly, the voltage must be within a range of 7-12V to power the electronics inside the baseball. The voltage range was based on the voltage allowed to power different types of microcontrollers inside the core of the baseball.   
1.4.2.4 Lock components in place
Locking components in place will be important to avoid structural damages and variations on the moment of inertia. Ideally, components will not displace at all during operation, but this will be difficult when the product is subjected to high forces. A maximum of 0.5mm will be allowed as this length value is small compared to the diameter of a standard baseball (75mm) and possible components that can be introduced to the product (around 53mm). This displacement value applies for the x, y, and z directions.
1.4.2.5 Plot time-dependent data
	Plotting time-dependent data efficiently is principle in providing useful data for the user. The sensors need to read the data and plot the time dependent data within 2 seconds. This value was determined from the average time it takes a pitcher to release the baseball. 
1.4.3 Metrics
	Functions
	Metrics

	Match moment of inertia close to standard
	Device will be suspended through its center of mass and rotated

	Locks components in place
	Components will be displaced in the housing to measure difference.

	Plot time-dependent data
	Software will plot the data for the specified time interval

	Isolates regions for index and middle fingertip application
	Digital caliper will be utilized to measure lengths to determine area

	Contains supplied voltage
	Operation of the device is possible without electrical shocks.



1.4.4 Critical Metrics
1.4.4.1 Match moment of inertia close to standard
An experimental approach can be used to determine the moment of inertia of the final product. With the use of a cable and a stopwatch, the product can be attached to a fixed table and allowed to rotate in a free manner for a known angle. This action can be monitored with a stopwatch to determine the time of travel. With this data, the following equations can be applied to determine the moment of inertia:


In these equations, τ represents the torque, I the moment of inertia, α the angular acceleration, m the product’s mass, g the acceleration of gravity, h the height at which the ball is suspended, and θ the traveled angle. This method was chosen as it is inexpensive and easy to perform. It can also be used to determine if the pitching feel of the product is like the standard, which will result in the user getting more valuable data.
1.4.4.2 Isolates regions for index and middle finger application
When determining the area necessary for fingertip application a digital caliper can be utilized. The shape of the region may be irregular but accurate estimations can be made by designing the region as an ellipse. This shape closely resembles a fingertip. The width and length of the shape can be determined by modeling the dimensions of an “extreme case”. The extreme case is defined as a person with well above average fingertips. 
1.4.4.3 Contain Supplied Voltage
When finding the voltage range for the microcontroller it was determined through testing different ranges of voltage that using a range of 7-12V is reliable to prevent short-circuits as well as overheating the microcontroller inside the baseball. The voltage range also prevents the need to repair the microcontroller after extended use of the product. 
1.4.4.4 Lock components in place
When keeping the components within the baseball in place an experimental approach could be used to determine the best housing for the final product. The use of additive manufacturing methods can help house the electrical components and with varying tolerances to ensure some flexibility whilst maintaining structural integrity. With some tolerance levels set in place, the housing will provide the ability to capture the shear directional forces coming off from the ball as well as allow room to flex instead of a rigid impact the ball may experience.
1.4.4.5 Plot time-dependent data
In terms of plotting the time-dependent data the use of tools to measure the accuracy of the forces generated from the Δt of the ball releasing from the pitcher’s hand should be within three significant figures. The value obtained is a plotted force vs time for each individual sensor to ensure a proper reading for each fingertip force generated.

[bookmark: _Toc100581399][bookmark: _Toc100582878][bookmark: _Toc100583148][bookmark: _Toc100673717]1.5 Concept Generation
A total of 100 concepts were conceived for this project. To achieve an organized and effective brainstorming process, a morphological chart was developed. This chart contains the most important functions that were previously defined, as well as individual solutions for each function. These solutions were there combined to form a total of 50 concepts. The morphological chart can be found in Appendix D. The other 50 concepts came from two main brainstorming techniques: biomimicry and crapshoot. Biomimicry was focused on animals that execute important functions with their fingers and have enhanced sensing capabilities. On the other hand, the crapshoot method was also used, combining users such as a baseball pitcher, activities such as scouting, and potential resources such as smart materials. Out of all these concepts, 3 high-fidelity and 5 medium-fidelity concepts were chosen by the team.
1.5.1 High-Fidelity Concepts
[bookmark: _Toc100581400][bookmark: _Toc100581665][bookmark: _Toc100582879][bookmark: _Toc100583149][bookmark: _Toc100673718]1.5.1.1 Concept 1
Concept 1 consists of a spherical, plastic housing that will be introduced on the inside of a baseball by removing its core. An Arduino will be introduced in this housing, along with piezoelectric sensors, by forcing fitting the components to avoid unnecessary movement. Additionally, the outside of the baseball will have stickers that indicate the position of the index and middle fingertip for force application.
[bookmark: _Toc100581401][bookmark: _Toc100581666][bookmark: _Toc100582880][bookmark: _Toc100583150][bookmark: _Toc100673719]1.5.1.2 Concept 2
Concept 2 consists of a custom 3D-printed housing inserted on the core of a baseball that contains piezoelectric sensors connected to an Arduino. The components will be held in place by small cushions to avoid failure. Additionally, the outside of the baseball will have a custom stitching component that indicates the point of force application.
[bookmark: _Toc100581402][bookmark: _Toc100581667][bookmark: _Toc100582881][bookmark: _Toc100583151][bookmark: _Toc100673720]1.5.1.3 Concept 3
Concept 3 consists of a custom 3D-printed housing that contains pressure sensors wired to an Arduino. Two indentations will be performed on the outside of the baseball to indicate the points of force application. To accommodate for the change in the moment of inertia, additional counterweights will be added to the inside of the baseball. Components will be locked in place with the use of elastic cushions.
1.5.2 Medium-Fidelity Concepts
[bookmark: _Toc100581403][bookmark: _Toc100581668][bookmark: _Toc100582882][bookmark: _Toc100583152][bookmark: _Toc100673721]1.5.2.1 Concept 4
Concept 4 consists of a custom spherical housing that holds all the main hardware components of the baseball. This housing will feature screws to lock the hardware in place. To keep the same weight and moment of inertia of an actual baseball, the group will aim to remove the core of the baseball. This concept will include two indentations which will serve as indicators for where the user should place his fingers for the specific pitch. 
1.5.2.2 [bookmark: _Toc100581404][bookmark: _Toc100581669][bookmark: _Toc100582883][bookmark: _Toc100583153][bookmark: _Toc100673722]Concept 5
Concept 5 consists of a custom spherical housing that uses counterweights like how they rotate tires to keep the MOI as similar to a baseball as possible. The electrical components and sensors would be soldered to keep a solid connection. The use of piezoelectric sensors would be used to obtain the forces, where their data would be transmitted to an Arduino to be read in and displayed to the user. The use of stickers would be used to indicate to the pitcher the relative finger placements of where the sensors lay.
[bookmark: _Toc100581405][bookmark: _Toc100581670][bookmark: _Toc100582884][bookmark: _Toc100583154][bookmark: _Toc100673723]1.5.2.3 Concept 6
Concept 6 consists of having different housings for the components that use a gyroscope to keep the moment of inertia the same as a normal baseball. In addition, the components would be force-fit the into place, so they do not move around when being thrown. The forces from the users’ fingertips would be read with Piezoelectric sensors and that data would be graphed using MATLAB to ensure the user places their fingers in the correct places the baseball will have sticker indicating where the user needs to put their fingers when throwing the ball.

1.5.2.3 [bookmark: _Toc100581406][bookmark: _Toc100581671][bookmark: _Toc100582885][bookmark: _Toc100583155][bookmark: _Toc100673724]Concept 7
Concept 7 consists of using different housings for the components and to keep the same moment of inertia when adding components, the yarn of in the inside of the baseball will be removed. The components will be force fit to not move while being thrown as well as Piezoelectric sensors will be used to capture the forces from the users’ fingertips when throwing the baseball and this data will user an Arduino to transfer the data. To make user interaction easier where the user is supposed to place their fingers will be marked with stickers to get the most accurate measurement.

1.5.2.4 [bookmark: _Toc100581407][bookmark: _Toc100581672][bookmark: _Toc100582886][bookmark: _Toc100583156][bookmark: _Toc100673725]Concept 8
Concept 8 consists of a 3D printed rectangular housing with added counterweight to match the moment of inertia of a standard baseball. Screws would be used to lock components in to place to prevent moment of the ball from shifted. Potentiometer will be user to track the forces that are applied on the ball from the user’s fingertips while the user is throwing the baseball this data will be transmitted using Raspberry Pi in order to plot a time dependent data. For user simplicity stitching for the finger placement will be added to the ball to mark the sensors on the ball to get accurate readings of the data.

1.6 [bookmark: _Toc100581408][bookmark: _Toc100582887][bookmark: _Toc100583157][bookmark: _Toc100673726]Concept Selection
1.6.1 House of Quality
The house of quality was determined using a binary pairwise comparison chart in which each need was rated against the others. The most important need was given a 1 and the other received a 0. The team then summed each of the needs and an importance weigh factor was given. A better illustration of this process is shown in Appendix E. The most important need was given a weight factor of 9 and the least important received a 0. The need with most important weight factor was determined to be that the sensors are tailored to detect forces on the middle and index fingers. The need with the least important weight factor was determined to be that only the manufacturer can access the baseball. 
These weight factors were then used in the house of quality chart in figure below which each of our engineering characteristics, or targets/metrics, were ranked from least important (1) to most important (8). Our findings suggest the following list of characteristics from most important to least important: Applied load sensed, area for fingertip application, data-gathering frequency, area for components, supplied voltage, component weight, close to standard moment of inertia, and component displacement. With these findings, the concepts in which the team developed can be simplified by eliminating those that take the least important engineering characteristics into account. Without this knowledge a concept that might sound more senior, might be substandard to those that were determined from our advisor’s needs. 
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1.6.2 Pugh Charts
Pugh charts were created to compare each design concept to one another based on the customer requirements. A datum design was also included as an existing reference to use as a standard for comparison to our team's design ideas. Located below in Figure 3, shows the first Pugh chart where the datum was the popular SKLZ ball. The SKLZ ball is a baseball that implements accelerometers to record the velocity of the ball when thrown. Each concept, located on the top portion of the chart, was compared to the datum using the customer requirements, located on the left side of the chart under selection criteria. Each concept was given a plus, minus, or satisfactory rating relative to the datum to eliminate undesirable designs. The designs colored in red were eliminated in this process while the design colored in yellow was used as the new datum for the next Pugh chart. The new datum was determined by having competitive pluses and minuses but ultimately was in the middle of the design rankings.
[image: ]
[bookmark: _Toc100584360][bookmark: _Toc100673727]Figure 3: Pugh Chart with SKLZ Ball Datum
The second Pugh chart, located below in figure 4, was completed in a similar manner with the new datum in place of the SKLZ ball and with the eliminated concepts no longer in the chart. Comparing the designs with the new datum based on customer requirements was repeated, leading to the elimination of another two concepts colored red. This led to a total of three concepts that will be used in the AHP to decide which design will be carried out.
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[bookmark: _Toc100584361][bookmark: _Toc100673728]Figure 4: Pugh Chart with New Datum
1.6.3 Analytical Hierarchy Process (AHP)
AHP was used to provide a mathematical justification for or final design selection. Initially, the engineering characteristics previously mentioned were compared between each other to determine which one is the most important. These set of decisions were decided by the team based on our interpretation of their relevance to the project. In this chart, called the Criteria Comparison matrix, a 1 represents equal importance, 3 represents slightly more important, 5 represents moderately more important, 7 represents sufficiently more important, and 9 represents extremely more important. The reciprocal of these values means the opposite, less importance in this case. This matrix was then normalized to determine the Criteria Weights matrix, which was obtained by taking the average value of each row in the Criteria Comparison matrix. This represents the equivalent importance of each engineering characteristic in the final design selection. This normalized chart can be seen in Figure 5.
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[bookmark: _Toc100584362]Figure 5: Normalized Criteria Comparison Matrix
The original Criteria Comparison matrix, as well as the required consistency checks, can be found in Appendix E. From the normalized chart, the two most important engineering characteristics to the final design selection are “Data-gathering Frequency” and “Applied Load Sensed”. This was not a surprise to the group given that these characteristics were very important to our customer. Furthermore, this indicates that the final product should be more tailored to the force measuring and data gathering aspect than to the weight and feel of the product.
This comparison process was carried out between the three previously selected concepts the same way as the Criteria Comparison Matrix. Each concept was compared between each other to determine which concept does a better job in performing each engineering characteristic. At the end of each comparison, each chart was normalized to determine the Design Alternative Priorities matrix. This matrix was determined in a similar way to the Criteria Weights matrix, and then implemented in the Final Rating matrix. This information can be found in Appendix E. Figure 6 shows the Final Rating matrix. In this matrix, the rows quantify how good a concept is at achieving each engineering characteristic. So, a higher value means that the concept is good in that specific characteristic.
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[bookmark: _Toc100584363]Figure 6: Final Rating Matrix
	From this chart, the top and bottom rows mostly contain higher values for most engineering characteristics. This means that it is possible that these concepts are selected for the final design. As for the concept in the middle row, its data gathering and force sensing capacity is not as good as desired, so it is less likely that this design is selected, even though it does a good job in providing area for fingertip application.
Finally, the Final Rating matrix and the Criteria Weights matrix were multiplied in a matrix multiplication to determine the Alternative Value of each concept. This Alternative Value corresponds to how good each concept would be at satisfying the project needs. A higher Alternative Value corresponds to a better concept. Figure 7 shows the Alternative Values for each concept.
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[bookmark: _Toc100584364]Figure 7: Alternative Values for Concept Selection
Based on Figure 7, the ideal concept for this project is to incorporate a 3D-printed housing, Arduino based, piezoelectric sensing concept. Another feature of this concept is the use of cushions in the housing to avoid unnecessary movement and failure of components by acting as physical dampers. Additionally, a stitching component will be added to the outside of the baseball to indicate the point of fingertip force application.

1.6.4 Final Selection
After evaluation and comparing many different criterions and functions, the chosen design in the final selection is a combination of an Arduino with Bluetooth capabilities, Piezoelectric sensors housed inside a 3D printed housing that acts as a cushion as well as holds the sensors in place to prevent the baseball from losing its moment of inertia that mimics a standard baseball. These specifications were chosen through the concept selection process as previously described and consider the customers need the best. The team also can continue to progress in the project knowing the selection made was the best possible according to our standards, and that with our schooling can achieve this design and come to a successful project 
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[bookmark: _Toc100584365]Figure 8: Sketch of selected concept
1.7 Spring Project Plan 
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[bookmark: _Toc100581410][bookmark: _Toc100582889][bookmark: _Toc100583159][bookmark: _Toc100673730]2.1 Restated Project Charter
Project Description
Develop technology that can be used to instrument a baseball for greater feedback and performance of athletes. We look to develop a product that pitchers can use to receive more insight on their throwing abilities.
Key Goals
A key goal of this project is to develop an accurate method of measurement for dynamic fingertip forces while ensuring that the instrumented ball is as realistic to a baseball as possible. Another important goal of the project is to facilitate access to the gathered data so that the user will be informed based of off their performance. It is important to maintain the overall feel of pitching so that the user can relate his/her performance with the product to a competitive or recreational setting.
Markets
The markets for this device can be determined by the people that could benefit from this technology. The primary markets for the project are professional baseball players, college athletes, and young players looking to improve their abilities. Other secondary markets for the project are retired professionals, adults that enjoy playing baseball, and data analysts.
Assumptions
Assumptions help limit the scope of the project. For this project, it is assumed that the ball will be caught after release by a non-destructive apparatus. It is also assumed that the user will hold the ball in the position specified by the product. Finally, for data visualization purposes, it is assumed that the user has an electronic device to read data from (computer, laptop, smartphone).
Stakeholders
The main stakeholders of the project are Dr. William Oates, who is the sponsor and advisor, and Dr. Shayne McConomy, the senior design coordinator. Other secondary stakeholders of the project are the FAMU-FSU College of Engineering, professional baseball teams and players, and general baseball enthusiasts.
[bookmark: _Toc100673731]Customer Needs
To determine the needs for our design, we developed a set of questions and topics to interview our sponsor and advisor, Dr. William Oates. Given that he is a general baseball enthusiast and an expert in his field, the team believed that his input would be critical to identifying important needs. These questions were designed based on our project scope and what the team agreed to be important characteristics to how our product should function. 
2.2 Results 
2.2.1 Sensor Testing and Data Acquisition
Sensor testing consisted of using an MTS load cell in the AME lab. The setup of the test can be seen below in the figure. The small piezoelectric sensors were places directly underneath the load cell, and with the use of a micrometer stage the group was able to accurately test the sensor’s response under different strengths of loads.
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Figure 10: Testing setup in AME lab 
These piezoelectric sensors operate by outputting an electrical voltage when the senor is displaced by an applied load. As seen in the figure, the output voltage was actively monitored as the load cell increased its dynamic load. To obtain accurate time-dependent data the group took a video of these responses to ensure that data was recorded at each 1 second interval.
To determine a feasible calibration equation, the group plotted the sensor’s linear response under different loading conditions. This can be seen below where the sensor’s analog response (voltage) was plotted against the loading force in Newtons.
[image: ]
Figure 11: Dynamic pressure response vs. applied force 
After plotting the response, the group plotted a line of best fit which was used as a calibration equation to monitor the dynamic response of a load. This equation can be seen below:

It was noticed that there were some fluctuations in the graph that make the data seem to be non-linear, so an adjusted R-Squared value of 0.94 was given to the data set. Error was likely due to the loading conditions or an insufficient wiring harness which was attached to the sensor’s dipole. 
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[bookmark: _Toc100673732]2.2.3 3D Printing and Manufacturing
The ball was manufactured out of a silicon-rubber material and was chosen for a few reasons listed: the material had a density close to that of a standard baseball, it was easy to cast (1A:1B part mixture), it had a high tear strength, and it was curable within 6 hours.
To sufficiently pour a gravity mold, the group 3D printed a spherical mold which had the necessary components inside to shape the mold that was needed. This two-part mold consisted of a top section and bottom section which was clamped down as the casting material (silicon-rubber) was poured in the top.
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Figure 12: 3D printed baseball mold

After the casting material was fully cured, the mold was taken off from the casting material and a 2-part baseball mold was successfully manufactured. This can be seen in the picture below which illustrates how the 3D printed parts can fit inside the baseball. 
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Figure 13: 2-part baseball mold
[bookmark: _Toc100673733]2.2.4 Final Assembly
The final assembly of our project consisted of implementing all the hardware components inside the necessary 3D printed housings. This can be seen in the figure below which highlights both sensor stacks sitting in the main 3D printed housing. 
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Figure 14: Final assembly with sensor stacks
Each piezoelectric sensor needed connections to ground and analog so that data could be successfully transferred to the Arduino for data acquisition. In addition, each sensor required a 1 mega-ohm resistor which helped in discharging the sensor within a reasonable time. To account for wire management, a custom PCB I2C board was printed and soldered to the Arduino. This board sat flush to the Arduino pins and allowed room inside for additional battery wires and other connections. 
	After wiring the batteries and sensors to the Arduino, the group wanted to ensure that the baseball had a similar feel and touch to that of a standard ball. In doing so, laces were hand-stitched to the rubber baseball. The process can be seen below in the figure.
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Figure 15: Hand-stitched baseball 

2.3 Discussion 
2.3.1 Replicating the standard moment of inertia
The final design showed dimensions similar to official baseballs, although the additional electrical components added more weight. In total, the instrumented baseball had a weight of 150 grams and a radius of 37.5 mm. This equals a moment of inertia of 84.375 kg*mm2, which falls into the considerable tolerance that was expected during the ideation and manufacturing process. We validated this using a scale for both our instrumented baseball and an official one.
 
2.3.2 Supplied Voltage
	With the electronic components involved within the project, the supplied voltage for all parts involved needed to operate within a 7V – 12V range. This was to ensure that the components used can operate with the Arduino Bluno Nano range of operation. The batteries used were also placed in series to have a voltage of 12V which this setup was sufficient to power all components within the ball. We validated by connecting the batteries to the Vin and GND pins and checking whether the Arduino was turned on.
2.3.3 Sensing Applied Load 
	Our piezoelectric sensor stack was capable of measuring forces up to 400N, which is substantially higher than our initial value of 117N. The results from testing also show a linear relationship between pressure and voltage, which further validates our initial assumptions. We validated this using the load frame and electrometer setup.
2.3.4 Plotting time-dependent Data
	For plotting time-dependent Data the goal was to measure the values across a 2 second interval via Bluetooth. This was made achievable as throughout testing measure all the outputs from the ball through the entirety of the applied load. This was then transmitted via Bluetooth to the Arduino app where the data was displayed for each individual sensor. This proved to validate the needs for our project and incorporated the ability to shut the Arduino off and on, as well as a sleep mode.


2.4 Conclusions
	There are multiple lessons learned throughout the project. Understanding the importance of wire management and insuring there is enough room inside the housing for electrical components. There is also large significance to utilizing resources offered taking advantage of the knowledge available.  Additionally, making use of the suppliers offered rather than attempting to build a component from scratch. For example, instead of trying to wire the piezoelectric sensors by hand, order them pre-wired and design around them. These lessons learned are of great benefit if future work is to be done.
2.5 Future Work
	With the success of our testing the project does show the need for further research and improvement within this new form of data acquisition technology. Some considerations to implement in the future would be better wire connections established between the sensors to ensure accurate data. The sensors being in the mm scale makes wiring bare wires to the sensor by hand difficult to be done nicely. Although for our project we used bare piezoelectric sensors, Thor Labs has a pre-wired alternative of the sensors at a higher price markup but would ensure that cable management and connection is secure. Another consideration to look further would be purchasing the piezo stack as a whole. These stacks contain multiple sensors preconstructed and wired; however, size limitations within the ball may arise the possibility should be considered. 
	In addition, the group aims to implement a different material for the baseball mold. Even though the silicon-rubber material had a density close to that of a standard baseball, with all components inside the baseball was slightly heavier than a normal baseball. A standard baseball weighs around 160 grams and our ball weighed approximately 165 grams. This 5-gram difference is enough to integrate new materials. For instance, Reynolds advance materials has a line of silicon rubber which are less dense than the Smooth-Sil series which was implemented in our ball. This material would sufficiently account for the weight difference that was seen in our prototype.
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Mission Statement
	The team seeks to support baseball athletic performance with the development of technology that is suited to their needs and follows engineering standards.
Team Roles
This section describes the members’ career aspirations, and involvement/role within the team:
David Adams 
	A senior mechanical engineering major from Panama City, FL. His senior technical elective track is aeronautics and hopes to one day work in the aeronautical or aerospace industry as a design engineer for companies like Boeing, NASA, Lockheed Martin, or Northrop Grumman. His primary role within the team will be as a Manufacturing  Engineer. This involves creating a replicable and manufacturable housing capable of meeting the tolerances required to hold various electronics within the ball.
Mathew Brown
A senior mechanical engineering major from Miami, FL. His senior technical track is in dynamics systems with hopes to work within the automotive industry or within engineering design. His primary role within the group will be serving as the mechatronics engineer. This would entail looking up and having an understanding knowledge of the electrical components used or that could be used for the product.


Riley Ferrer 
	A senior mechanical engineering major from Ocala, Florida. His dream job is to work as a manufacturing engineer to optimize the manufacturing process. This involves producing a high-quality product using cost-efficient methods. His primary role within the group will be serving as the design engineer. This entails designing and creating a working prototype that can be utilized in the testing phases, improving product designs, and researching existing models already out on the market.
Yanni Giannareas
A senior mechanical engineering major from the Republic of Panama and the materials track. His dream job is to work at a large automotive manufacturer doing research and development work. His primary role within the group will be to serve as Systems Engineer. His expected tasks include distributing the work fairly between the team, ensuring that the project deadlines are being considered, and acting as the point of contact between the team and the advisor. 
Charles Whitaker  
A senior mechanical engineering major from Chipley, Florida, on the dynamics track. His dream job is to design outdoor vehicles with companies such as Can-Am or Yamaha. His primary role within the group will be serving as a Test engineer by creating a process that would best test particular parts being developed throughout product development.
Attendance Policy
This project is divided into two main sections: one is in the fall semester and the other in the spring semester. Although attendance is mandatory throughout the entirety of this class, three (3) unexcused absences will be given in each project section. An unexcused absence will be given for any of the following:
· Failure to respond to team members within 24 hours over any communication channels (see communication channels in communication policy section below)
· Failure to provide a valid excuse as determined by the team.
These conditions also exist and are provided below:
· Unless outside obligation, the time set for senior design will be used for working. The other times determined for the meeting are Mondays after 2:00 PM and Tuesdays/Thursdays from 2:00 PM to 3:30 PM. These times will be used when needed.
· On certain occasions, it may be required to meet at other times to ensure that the project deadlines are being met or to make additional progress in certain areas. If these meetings conflict with a team member’s schedule, the team will make note of that, and it will not count as an unexcused absence. 
· 3 strikes and you are out policy: 3 unexcused absences will follow Conflict Resolution Guidelines.
Communication Policy
	The principal communication channels, intended purpose, and estimated delay in response are the following:
· Email (24 hours): communication with sponsor and Dr. McConomy.
· Text messages (24 hours): notify absences and meeting locations.
· Discord (24 hours): send reference files, video calls, discuss project-related information.
· Google Drive (48 hours): upload collaborative files, meeting minutes, design ideas.
Dress Code
The following information describes the expected attire to wear in different group settings. 
· Presentations: Business Professional 
· Advisor Meetings: Casual
· Team Meetings: Casual
· Customers: Business Casual
· Sponsor Meetings: Casual
Conflict Resolutions
If the reason for conflict involves a project aspect (design, implementation, targets) between two group members, it is expected that they comment on the issue with the whole team and explain both their arguments. Then, if the team does not reach a consensus, the issue will be discussed with Dr. Oates, our advisor, to provide a final decision.
If a team member has an attendance conflict for a team meeting or a sponsor meeting, it should be notified to the rest of the team 48 hours before the meeting. Then, the team will decide whether it should count as an excused or unexcused absence. These excuses will accumulate as described in the attendance policy section. If a team member exceeds the maximum number of excuses, the team will first notify him, and the team member is expected to improve their effort in the remaining project deliverables. If the team member continues to be absent from his responsibilities, the issue will be discussed with Dr. McConomy to determine if the team should proceed with or without the absent team member, and what would be the appropriate sanctions.

Statement of Understanding
By signing this document, each team member acknowledges the conditions listed on this code conduct and will follow all conditions set forth. 

	
__________________________________                                                  __________________09/03/2021

David Adams                                                                                                Date
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__________________________________                                                  __________________
Mathew Brown                                                                                            Date


09/03/2021


__________________________________                                                  __________________
Riley Ferrer                                                                                                   Date                                           



09/03/2021


__________________________________                                                  __________________
Yanni Giannareas                                                                                          Date                                              


09/03/2021

__________________________________                                                  __________________
Charles Whitaker                                                                                          Date                                           
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Table 1: Cross Reference Table for Decomposition
	
	Data Acquisition
	Force Sensing
	Encasing
	Rechargeability
	Sum

	Plot time dependent data
	X
	
	X
	
	2

	Isolates region for main components 
	
	
	X
	X
	2

	Provides connection to power supply 
	
	
	X
	X
	2

	Senses applied load 
	
	X
	
	
	1

	Isolates regions for index and middle fingertip application
	
	X
	X
	
	2

	Supports weight of components 
	
	
	X
	
	1

	Match moment of inertia close to standard 
	
	X
	X
	X
	3

	Transforms signals from analog to digital 
	X
	
	
	
	1

	Locks components in place
	
	X
	X
	X
	3

	
	
	
	
	
	

	Sum
	2
	4
	7
	4
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	Functions
	Targets
	Metrics

	Transforms signals from analog to digital
	Data is gathered at a frequency higher than 10 kHz.
	Software will show the data in discrete time steps that should match the frequency of the sensors.

	Plot time dependent data
	Data is shown for a period of 2 seconds after force application.
	Software will plot the data for the specified time interval.

	Senses applied load
	~117N
	Pressure plate will be used to verify that a given input load is sensed correctly.

	Isolates regions for index and middle fingertip application
	Between 4cm2 and 5cm2
	Digital caliper will be utilized to measure lengths to determine area.

	Supports weight of components
	Housing can support at least 75 grams.
	Components are placed without yielding the housing.

	Locks components in place
	Components will be limited to 0.1mm of movement
	Components will be displaced in the housing to measure difference.

	Isolates region for main components
	Between 2000mm2 and 2100mm2
	Digital caliper will be utilized to measure lengths to determine area.

	Match moment of inertia close to standard
	Moment of inertia is equal to 81.56±7% kg*mm2 
	Device will be suspended through its center of mass and rotated.

	Contains supplied voltage
	7-12V
	Operation of the device is possible without electrical shocks.






[bookmark: _Toc100581415][bookmark: _Toc100582894][bookmark: _Toc100583164][bookmark: _Toc100673738]Appendix D: Concept Generation
[bookmark: _Toc100584767][bookmark: _Toc100673739]Table 4: Morphological chart
	Isolates regions for main components
	Match moment of inertia close to standard
	Locks components in place
	Senses applied load
	Plot time dependent data
	Isolates regions for index and middle fingertip application

	Spherical, Plastic Housing
	Gyroscope
	Force fit components
	Piezoelectric sensors
	Arduino
	Electrode mesh

	3D Printed Rectangular Housing 
	Remove core from baseball to make room for components
	Cushion 
	Pressure sensors
	Raspberry Pi
	Sticker For Finger Placements

	Different housings for different components
	Add counterweights 
	Screws
	Potentiometers
	MATLAB 
	Stitching For Finger Placements

	X
	Remove yarn (baseball material) to balance the MOI
	Tie down
	X
	Excel
	Finger Here Arrow

	X
	X
	Removable slats on the side of the housing
	X
	X
	Indent In baseball for Fingers

	X
	Replace Yarn with some sort of filament
	Glue/tape
	X
	X
	Led Light for Indicator

	X
	X
	Solder
	X
	X
	X



Morphological Chart Concepts
1. Spherical, plastic housing with a gyroscope, force fit components, piezoelectric sensors, Arduino, and stickers for finger placements
2. Spherical, plastic housing with a gyroscope, force fit components, piezoelectric sensors, Arduino, and stitching for finger placements 
3. Spherical, plastic housing with a gyroscope, force fit components, piezoelectric sensors, Arduino, and finger arrow here
4. Spherical, plastic housing with a gyroscope, force fit components, piezoelectric sensors, Arduino, and indent in baseball for fingers
5. Spherical, plastic housing with a gyroscope, force fit components, piezoelectric sensors, Arduino, and LED light for indicator
6. Spherical, plastic housing with counterweights, force fit components, piezoelectric sensors, Arduino, and stickers for finger placements
7. Spherical, plastic housing removal of yard in baseball, force fit components, piezoelectric sensors, Arduino, and stickers for finger placements
8. Spherical, plastic housing with counterweights, tie downs, piezoelectric sensors, Arduino, and stickers for finger placements
9. Spherical, plastic housing with counterweights, tie downs, pressure sensors, Arduino, and stickers for finger placements
10. Spherical, plastic housing with counterweights, screws, piezoelectric sensors, Arduino, and stickers for finger placements

11. Spherical, plastic housing with counterweights, soldered components, piezoelectric sensors, Arduino, and stickers for finger placements
12. Spherical, plastic housing with counterweights, glued/taped components, piezoelectric sensors, Arduino, and stickers for finger placements
13. Spherical, plastic housing with counterweights, tie downs, potentiometer, Arduino, and stickers for finger placements
14. Spherical, plastic housing with counterweights, tie downs, piezoelectric sensors, excel program, and stickers for finger placements
15. Spherical, plastic housing with counterweights, tie downs, piezoelectric sensors, MATLAB program, and stickers for finger placements
16. Spherical, plastic housing with counterweights, tie downs, piezoelectric sensors, raspberry pi, and stickers for finger placements
17. Spherical, plastic housing with counterweights, screws, piezoelectric sensors, raspberry pi, and stickers for finger placements
18. Spherical, plastic housing with counterweights, glued/taped components, piezoelectric sensors, raspberry pi, and stickers for finger placements
19. Spherical, plastic housing with counterweights, soldered, piezoelectric sensors, raspberry pi, and stickers for finger placements
20. Spherical, plastic housing with yarn removal, tie downs, piezoelectric sensors, raspberry pi, and stickers for finger placements

21. Different housings for different components, Gyroscope, Force fit components, Piezoelectric sensors, Arduino, Sticker for Finger Placements
22. Different housings for different components, remove core from baseball to make room for components, Force fit components, Piezoelectric sensors, Arduino, Sticker for Finger Placements
23. Different housings for different components, Add counterweights, Force fit components, Piezoelectric sensors, Arduino, Sticker for Finger Placements
24. Different housings for different components, remove yarn (baseball material) to balance the MOI, Force fit components, Piezoelectric sensors, Arduino, Sticker for Finger Placements
25. Different housings for different components, Replace Yarn with some sort of filament, Force fit components, Piezoelectric sensors, Arduino, Sticker for Finger Placements
26. Different housings for different components, Gyroscope, Cushion, Piezoelectric sensors, Arduino, Sticker for Finger Placements
27. Different housings for different components, Gyroscope, Screws, Piezoelectric sensors, Arduino, Sticker for Finger Placements
28. Different housings for different components, Gyroscope, Tie down, Piezoelectric sensors, Arduino, Sticker for Finger Placements
29. Different housings for different components, Gyroscope, Removable slats on the side of the housing, Piezoelectric sensors, Arduino, Sticker for Finger Placements
30. Different housings for different components, Gyroscope, Glue/tape, Piezoelectric sensors, Arduino, Sticker for Finger Placements
31. Different housings for different components, Gyroscope, Solder, Piezoelectric sensors, Arduino, Sticker for Finger Placements
32. Different housings for different components, Gyroscope, Force fit components, Pressure sensors, Arduino, Sticker for Finger Placements
33. Different housings for different components, Gyroscope, Force fit components, Potentiometers, Arduino, Sticker for Finger Placements
34. Different housings for different components, Gyroscope, Force fit components, Piezoelectric sensors, Raspberry Pi, Sticker for Finger Placements
35. Different housings for different components, Gyroscope, Force fit components, Piezoelectric sensors, MATLAB, Sticker for Finger Placements
36. 3D Printed Rectangular Housing, with added counterweights, screws to lock components in place, a potentiometer that senses applied load, the use of MATLAB to plot time dependent data, and a stitching for finger placements.
37. Spherical Housing, with a removed core, screws to lock components in place, a potentiometer that senses applied load, the use of MATLAB to plot time dependent data, and a stitching for finger placements.
38. Different housings for different components, with removal of baseball material such as yarn, a tie down so that components are locked in place, pressure sensors to sense applied load, and a sticker for finger placements.
39. 3D Printed Rectangular Housing, with added counterweights, screws to lock components in place, piezoelectric sensors that sense applied load, the use of an Arduino to plot time dependent data, and a stitching for finger placements.
40. Spherical Housing, with gyroscope, screws to lock components in place, a potentiometer that senses applied load, the use of MATLAB to plot time dependent data, and a stitching for finger placements.
41. Different housings for different components, Removable slats on the side of the housing, Pressure sensors, Indent In baseball for Fingers
42. Spherical, Plastic Housing, remove core from baseball to make room for components, Solder, Pressure sensors, Arduino, Led Light for Indicator
43. 3D Printed Rectangular Housing, Replace Yarn with some sort of filament, Glue/tape, Pressure sensors, Raspberry Pi, Electrode mesh
44. 3D Printed Rectangular Housing, with added counterweights, screws to lock components in place, a potentiometer that senses applied load, the use of Raspberry Pi to plot time dependent data, and a stitching for finger placements.
45. Spherical, Plastic Housing, remove core from baseball to make room for components, Solder, Pressure sensors, Arduino, Finger Here Arrow
46. 3D Printed Rectangular Housing, replace yarn with some sort of filament, screws to lock components in place, a potentiometer that senses applied load, the use of MATLAB to plot time dependent data, and a stitching for finger placements.
47. Different housings for different components, with removal of baseball material such as yarn, a tie down so that components are locked in place, pressure sensors to sense applied load, and a sticker for finger placements.
48. Different housings for different components, remove core from baseball to make room for components, screws, piezoelectric sensors, Raspberry Pi, indent in baseball fingers.
49. 3D Printed Rectangular Housing, with removal of yarn, screws to lock components in place, potentiometer to sense applied load, MATLAB, LED light for indicator.
50. 3D Printed Rectangular Housing, with removal of baseball core, screws to lock components in place, potentiometer to sense applied load, MATLAB, LED light for indicator.
Crapshoot/Biomimicry Concepts
51. Sensors can move to distinct locations by having tracks along the places where the user can shift the sensors to fingertips.
52. Sensors can rotate freely relative to the tip of the user’s finger so the sensor can measure the shear accurately for different pitches.
53. Electrode mesh that can detect fingertip locations no matter where the user fingers are. 
54. Put a button on top of the ball's surface that the user places their fingers on.
55. Stich laces over the sensors leaving a hole in the leather.
56. Leave a cutout in the laces for the sensor.
57. Use a plastic housing for the microcontroller and arms extending from the center of the housing to the surface of the ball containing the sensors.
58. Put sensors on a glove wired to a microcontroller.
59. Sensors are attached to a “joystick” where the shear can be measured by movement of the joystick and the pressure can be measured from the joystick being pushed in.
60. Fabricate a synthetic baseball where a portion of the laces can be placed wherever the user wants.
61. Have sensors attached to a small sticky mat that the user can place on their fingertips before they throw.
62. A glove for the user that can sense pressure differences and shear forces.
63. A hollow baseball that has a heavy metal outer shell containing all the components on the inside.
64. Place all components on the outside of the baseball
65. An aluminum plated core in which encases the components needed to detect fingertip forces.
66. An LCD finger monitor that is worn on your fingers to determine forces. 
67. The use of a composite material under the cover that senses applied loads.
68. Use rechargeable hearing aid battery for power supply.
69. Skintight covering to go over the user’s hand for the pitcher to wear when throwing to read fingertip forces
70. Making the entire ball cover a sensor for pressure
71. Designing the baseball to read forces only from changeup pitches
72. Designing the baseball to read forces only from slider pitches
73. Designing the baseball to read forces only from knuckleball pitches
74. Sensors being placed on the outside of the baseball
75. Make a cover to go over the ball to track fingertip forces
76. Have indicators to show where the user should place their fingers 
77. Letting the user choose where they want to place the sensors on the ball
78. Having a port for recharging the baseball components
79. Allow users to have access to the inside of the ball for repairs
80. Sensors placed to be able to read forces off the users’ fingers for throwing a curveball
81. The Sensors are surgically implanted into the fingertips of pitchers
82. A sleeve that a pitcher wear has sensors throughout to calculate force exerted through motion upon release
83. 3d Printed baseball with leather around that has sensors placed within 20 degrees of each other across all axes
84. Polyurethane ball that mimics the weight and shape of baseball with all electrical components inside
85. Have a touchscreen sensor like a smartphone
86. Housing for the sensors has some tolerance where the sensor can move freely to measure shear.
87. Housing for sensors that has distinct locations where the wires can be locked into place against the sensors, so no soldering is required.
88. Cold solder wires to the sensors.
89. A solar powered baseball so no batteries are required for operation.
90. LCD screen within baseball that reads in the forces coming off each finger and tells pitcher after throw, allowing for all components to be within baseball.
91. Kinetic Energy powered baseballs like how watches stay powered based on movement 
92. Hooked up to a VR simulation and places hands on sensors and simulates throw within VR
93. Ball has tiny spider like hairs like that of a spider to detect pressure coming off each individual hair
94. Baseball has pressure plates located all around the ball containing separate sensors underneath each plate
95. Baseball has a mesh layer underneath its skin containing multiple sensors throughout the laces.
96. Introduce corpuscles inside the skin of the pitchers to assimilate the mechanoreceptors from a platypus.
97. User grips a foam ball that tells the forces they would use when throwing the ball
98. Add a sticky component in the point of force application that assimilates geckos to assure that forces are fully gathered.
99. User being hooked up to a machine through wires to track the forces on the ball
100. Sensors placed on the users’ tendons to read to forces they are applying on the ball


[bookmark: _Toc100581416][bookmark: _Toc100582895][bookmark: _Toc100583165][bookmark: _Toc100673740]Appendix E: Concept Selection
[image: A screenshot of a computer

Description automatically generated with medium confidence]
[bookmark: _Toc100584366]Figure 16: Binary Pairwise Comparison for HoQ
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[bookmark: _Toc100584367]Figure 17: AHP for Engineering Characteristics
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[bookmark: _Toc100584368]Figure 18: AHP for Data-gathering Frequency
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[bookmark: _Toc100584369]Figure 19: AHP for Close to Standard Moment of Inertia
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[bookmark: _Toc100584370]Figure 20: AHP for Component Displacement
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[bookmark: _Toc100584371]Figure 21: AHP for Area for Fingertip Application
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[bookmark: _Toc100584372]Figure 22: AHP for Supplied Voltage
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[bookmark: _Toc100584373]Figure 23: AHP for Area for Components
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[bookmark: _Toc100584374]Figure 24: AHP for Component Weight
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1. Overview

[image: ]
Figure 1: Instrumented Baseball design
1.1 Project Description

        The game of baseball is changing rapidly in the modern era. What used to be a sport based on instinct has now become a game revolved around numbers. Professional teams spend time and money focusing on the analytical aspects of the game to seek an edge against competition. In today’s era of the sport, the pitcher’s motion, baseball speed, and pitch path are all measures tracked during games and practices. Our project involves modifying a baseball to find another process that allows teams to base their game decisions on. 
       When a pitcher throws a baseball, a dynamic force is created at each fingertip. This dynamic force is the combination of a compressive and shear forces. With this instrumented baseball, we aim to create an accurate way of measuring these forces applied when throwing the ball. This is carried out by using specialized electrical parts placed within the ball where the user’s fingertips would be placed when throwing the ball.
1.2 Project Objective

The objective of this project is to implement piezoelectric sensors to determine a pitcher’s dynamic fingertip force as a pitch is thrown. Within doing so, the group aims to create 3D printed housings in which all components can be secured within the baseball. Lastly, it is important that the instrumented baseball is on par with size and weight regulations.
1.3 Key Goals
Key goals within the scope of the project are listed below:
· The instrumented baseball has a moment of inertia close to that of a regulation baseball.
· The instrumented baseball accurately senses an applied load (90 mph pitch should be roughly 117 N).
· The instrumented baseball can plot time-dependent data and determine the point of maximum dynamic force when the ball is being thrown.
· The supplied voltage for all electrical components falls within a 5-12 V range.
1.4 Assumptions
There were several key assumptions that were made as this project progressed. First, the baseball needs to be caught by a net. The group calculated there to be a very large impact force if the ball were to be caught in a catcher’s glove. To relieve issues with our sensors breaking it needs to be assumed that the pitch will be thrown into a net. It is also important to assume that these sensors will be placed below in a 4-seam fastball manner. This is the most common pitch among pitchers and the group decided the instrumented baseball would be used extensively if the ball were to be tailored to this pitch. Lastly, it is also assumed that the user will have access to a device that can connect to Bluetooth. The group aims to send sensor data through a Bluetooth module in which the user can access the data through a Bluetooth device.
2. Component/Module Description
2.1 Piezoelectric sensors
The piezoelectric chips used for this project are the TA0505D024 pressure sensors and the PL5FB shear sensors that can be found on Thorlabs website. Sensors are to be assembled in a stack that is composed of one pressure sensor and two shear sensors to capture the three components of the force applied.
The function of these piezoelectric sensors is to generate a voltage whenever a force is applied on top of them. Each sensor has a positive and negative electrode through which the voltage is generated. Given the size of these sensors, certain aspects regarding their mechanical and electrical handling must be considered. Some of these aspects are as follows:
· Do not store these at temperatures above 80°C.
· Avoid soldering directly to the electrodes.
· Consider using a resistor (>1kΩ) connected between the electrodes to avoid discharging.
· Do not load the sensors at locations close to the edges to avoid failure.
Figure 2 below shows the location of the electrodes for both the pressure and shear sensors. Since these electrodes are flat, there are two recommended ways in which cables can be attached to them. The first method is to make mechanical contact between the electrode and a copper wire and then wrap the connection with the use of electrical tape. This assures that the mechanical contact is maintained during operation. This method is primarily intended for individual testing of the sensors, as the addition of the tape can interfere with the force gathering.
[image: ][image: ]
Figure 2: Location of the electrodes for pressure (left) and shear sensors (right)
The second method involves the use of copper tape. A reliable electrical connection can be achieved by sticking the tape into the electrode from one side, and into a cable from the other. It is recommended that the copper tape is wrapped around the cable and secured using insulation to prevent current leakage. This method is preferable for the final assembly. Figure 3 shows how copper tape can be used in shear sensors. It is extremely important that, when making the connection between the tape and the electrodes, the two pieces of tape do not touch at all.
[image: ]
Figure 3: Copper tape method for electrical connection in shear sensors.
To measure the analog response from the sensors, the Arduino Blue Nano microcontroller will be used. It is small enough to fit inside the baseball and has enough capacity to read the six sensors used. The function used to read the data is analogRead(), which converts the analog input voltage from the sensor to a digital value between 0 and 1023. The following code can be used to verify the response of each individual sensor, assuming the positive end is connected to the A0 pin and the negative to the GND pin:
[image: ]
The equation that is used to convert the reading into force was found by extensive calibration of the sensors using a load frame and a micrometer stage. This code can be expanded to all six sensors by declaring pins A0 to A5 as input pins and reading their analog values separately. Since the Bluno Nano only has 2 GND pins, we recommend that each sensor stack uses a common ground for convenience. This can be achieved with the use of heat shrink butt connectors, where the three ground cables can be attached to a single cable that goes to the GND pin. The overall circuit diagram can be seen in Figure 4 below.
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Figure 4: Circuit diagram of the Bluno Nano.
2.2 Bluetooth Incorporation
The group plans to use an Arduino Blue Nano microcontroller for several reasons. One is because of its small, sub-compact design the microcontroller can easily fit inside the instrumented baseball and weighs only 5 grams. The microcontroller also has a built-in Bluetooth module in which information can be transmitted to Bluetooth devices. Lastly, the microcontroller has enough analog pins (7) in which the piezo sensors can be connected to. Each sensor stack needs 3 analog connections, so the group can get a better picture of this Arduino microcontroller below in figure 3.[image: ]
Figure 3: Arduino blue nano microcontroller
Operating the Bluetooth module requires 3 main steps in which the user needs to connect their device to this Bluetooth device. First, the user needs to find the settings menu on their device and make sure their Bluetooth is ON.  Secondly, the user must download the “Bluetooth for Arduino” application and connect to the devices named “Bluno” to establish communication with the microcontroller. Lastly, the user should wait 30 seconds before the first throw to ensure that the sensors are fully decompressed and provide reasonable data. An illustration of a typical Bluetooth window can be seen below in Figure 5.
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Figure 5: Device’s Bluetooth window showing real-time data of sensors
2.3 Lithium-Ion Battery
The Arduino Blue Nano microcontroller needs at least 9V and 19 mA of current to sufficiently power the Bluetooth controller over a period. Due to the sub-compact scale of the project, the group chose to implement a stack of 3V lithium-ion batteries. Stacking 3 batteries in series will allow for the proper voltage (9V).
[image: ]
Figure 5: Battery stack hooked up to

This battery stack can easily be assembled and can determined from the following steps:
a.  Stack three 3V batteries on top of one another (positive end connects to negative end of another battery)
b.  Attach a wire lead to the top of stack (positive end) and another wire lead to the bottom of the stack (negative end)
c.  To ensure secure connections wrap the battery stack in electrical tap
d.  Connect positive lead to V­in on the Arduino microcontroller
e.  Connect negative lead to GND on the Arduino microcontroller
f.  Once all leads have been fastened to the headers on the Arduino board, check the light on the board
a. If light is NOT on (red) then check connections (see figure 5 above)
b. If light is ON you have successfully connected the battery stack to the Arduino 
This wired battery stack will be placed in the red housing section shown in figure 1. This cylindrical tube will allow the user to easily place the stack of batteries inside. The orange end cap (seen in figure 1) is screwed into the battery housing and fastens the stack so that the components do not come loose.
2.4 3D-Printed Elements
The group decided to 3d-print all housing components found within the baseball. This design process was crafted within PTC-Creo 8 and is broken down into 6 primary components found within the appendix. For the software used to 3d print, the group used open-source slicing program Cura. Within Cura the printer was set for each component on .12 quality to ensure a precision print as well as a 30% infill to ensure the parts are sturdy enough to be within ball and not break when thrown. We also are printing using standard PLA as its sturdy enough and can be printed safely in a closed environment. Drawings and dimensions of these components can be found in the Appendix.
2.5 Molding of the Baseball
When molding the baseball, the group decided on a silicon compound sealant as the material of choice. This sealant is the “DAP Ultra Clear Silicon Sealant” as its properties can match the requirements needed for a baseball. This material once cured, has a similar texture to that of the rubber cage balls used for training. With properties such as being waterproof, crackproof, and minimal flexibility, this silicon compound is what is ideal regarding material selection. Typical baseballs fall within the density of  where the sealant is  and that increase makes up for some of the material carved out of the ball. 
              The molding portion is separated into these steps:
a. The resin is squeezed out using a caulk gun into the 3D printed mold as shown in the figure below.
b. While wearing gloves and in a well-ventilated space the silicon compound is pressed into the mold using your hand to ensure as much air bubbles are popped, and the ball is filled tight.
c. Grab the main housing piece and press within the mold to the edge of sphere
d. Fill the other half using steps 1-2
e. Clamp both halves together and let cure for 24-48 hours in a ventilated area.

[image: ]
Figure 6: 3D printed mold pieces
3. Systems Integration
The following steps must be followed when trying to incorporate all the systems of the instrumented baseball into a single, fully functional device:
a. Using copper tape, make an electrical connection between the electrodes of the sensors and a set of cables.
b. Locate the sensors in their appropriate spot of the sensor stack housing.
a. Make sure to mark which cables correspond to the positive and negative electrodes of each sensor.
b. Avoid any type of contact between different electrodes or different sensors.
c. Place each sensor stack in their appropriate location in the middle housing.
d. Fasten the sensors into the stack using a set of 4 bolts and nuts.
e. Pass the cables through the slots provided in the housing.
f. Solder the resistors to the positive and negative electrode cables of each sensor.
g. Using a heat shrink butt connector, connect the three negative electrode cables of each sensor stack into a single cable.
h. Connect each cable to the appropriate pins as indicated by the circuit diagram.
i. Place the Arduino into the bottom housing.
j. Fasten the bottom and middle housing using a set of 2 bolts and nuts.
k. Fasten the middle housing and the sensor stacks with the use of epoxy.
l. Connect the set of batteries to the Arduino using the Vin and GND pins.
m. Place the set of batteries on top of the bottom cap
n. Fasten the batteries by clamping the bottom cap through the threaded section of the bottom housing.
o. Place the integrated housing into the top part of the baseball mold and secure it by covering it up with the bottom part of the mold.
4. Operation of Device
The following steps must be sequentially followed when operating the device:
a. Open the “Bluetooth for Arduino” app on your phone.
b. In the list of devices, search for the one named “Bluno” and click on it to connect with the microcontroller.
c. Select the option of “Serial Monitor” to send commands and view outputs from the Arduino.
d. After Bluetooth communication is achieved, start gripping the ball while contacting the indications for each finger.
a. It is recommended to not put too much pressure on the ball at this point to avoid faulty data to be gathered.
b. The indications assume a right-handed throw. If the throw is to be performed with the left hand, place your finger in the opposite locations and interpret the data accordingly.
e. Throw the ball into a non-destructive cover, such as a net or a blanket.
f. Retrieve the ball from the net or blanket.
g. The data values are gathered by the microcontroller and updated to the user every 2 seconds.
a. Data values include the three force components (shear in X, shear in Y, pressure) for each fingertip.
h. Leave the device to rest for at least 2 minutes.
a. This is done to relax the charge that is accumulated by the sensors, avoiding failure or incorrect readings later.
i. After rest, the ball is ready to be thrown again.
5. Troubleshooting for Common Issues
a. Battery
i. Device does not turn on
1. Double check batteries are in the correct position
2. Recheck battery stack is connected properly 
3. If the device still does not turn on replace with fresh batteries
b. Connections 
i. Sensors are working but no signal to the Arduino 
1. Check for wire tears and broken wires
2. Check the quality of the copper foil between the sensors
ii. No signal to the display device
1. Move closer to the baseball
2. Check the Arduino is working properly
c. Sensors
i. Sensor not transmitting signal
1. Check that sensor is not damaged
2. Check that the copper foil is properly connected 
3. Check connection to Arduino 
d. Molding
i. If molding appears to have indents 
1. Check mold
2. Fill with proper amount of silicone
ii. Mold will not print properly
1. Recalibrate 3D printer
2. Check filament quality
3. Check CAD drawings are to the right dimensions
e. Housing
i. Housing bolt holes does not line up
1. Check 3D printer calibration 
2. Check filament quality
3. Check print quality
4. Check infill
5. Check CAD drawing dimension 
ii. Housing pieces do not line up with other pieces
1. Check 3D printer calibration 
2. Check filament quality
3. Check print quality
4. Check infill
5. Check CAD drawing dimension
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FAMU-FSU College of Engineering
Project Hazard Assessment Policy and Procedures
INTRODUCTION
University laboratories are not without safety hazards. Those circumstances or conditions that might go wrong must be predicted and reasonable control methods must be determined to prevent incident and injury. The FAMU-FSU College of Engineering is committed to achieving and maintaining safety in all levels of work activities. 

PROJECT HAZARD ASSESSMENT POLICY
Principal investigator (PI)/instructor are responsible and accountable for safety in the research and teaching laboratory. Prior to starting an experiment, laboratory workers must conduct a project hazard assessment (PHA) to identify health, environmental and property hazards and the proper control methods to eliminate, reduce or control those hazards. PI/instructor must review, approve, and sign the written PHA and provide the identified hazard control measures. PI/instructor continually monitor projects to ensure proper controls and safety measures are available, implemented, and followed. PI/instructor are required to reevaluate a project anytime there is a change in scope or scale of a project and at least annually after the initial review. 

PROJECT HAZARD ASSESSMENT PROCEDURES
It is FAMU-FSU College of Engineering policy to implement followings:  
1. Laboratory workers (i.e. graduate students, undergraduate students, postdoctoral, volunteers, etc.) performing a research in FAMU-FSU College of Engineering are required to conduct PHA prior to commencement of an experiment or any project change in order to identify existing or potential hazards and to determine proper measures to control those hazards.  
2. PI/instructor must review, approve and sign the written PHA.
3. PI/instructor must ensure all the control methods identified in PHA are available and implemented in the laboratory.
4. In the event laboratory personnel are not following the safety precautions, PI/instructor must take firm actions (e.g. stop the work, set a meeting to discuss potential hazards and consequences, ask personnel to review the safety rules, etc.) to clarify the safety expectations.
5. PI/instructor must document all the incidents/accidents happened in the laboratory along with the PHA document to ensure that PHA is reviewed/modified to prevent reoccurrence.  In the event of PHA modification a revision number should be given to the PHA, so project members know the latest PHA revision they should follow. 
6. PI/instructor must ensure that those findings in PHA are communicated with other students working in the same laboratory (affected users).
7. PI/instructor must ensure that approved methods and precautions are being followed by : 
a. Performing periodic laboratory visits to prevent the development of unsafe practice.
b. Quick reviewing of the safety rules and precautions in the laboratory members meetings. 
c. Assigning a safety representative to assist in implementing the expectations.
d. Etc. 
8. A copy of this PHA must be kept in a binder inside the laboratory or PI/instructor’s office (if experiment steps are confidential).
	Project Hazard Assessment Worksheet 

	PI/instructor: Dr. Shayne McConomy 
	Phone #: 850-410-6624 
	Dept.: Mechanical Engineering 
	Start Date: 11/15/2021 
	Revision number: 0 

	Project: Instrumented Baseball 
	Location(s): FAMU-FSU College of Engineering  

	Team member(s): David Adams, Mathew Brown, Riley Ferrer, Yanni Giannareas, Charles Whitaker 
	Phone #:  850-410-6624 
	Email: smcconomy@eng.famu.fsu.edu 


 
	Experiment Steps   
 
	Location 
	Person assigned 
	Identify hazards or potential failure points 
	Control method  
	PPE 
	List proper method of hazardous waste disposal, if any. 
	Residual Risk 
	Specific rules based on the residual risk 

	Cutting baseball 
 
 
 
 
	COE 
	Riley Ferrer 
	Blade may slip and cut a body part. Material may be shot out of the cutting blade into the user’s eye. 
	1,3  
 
	Gloves, eyewear 
	N/A 
	HAZARD:  3 
CONSEQ:  Significant 
	Make sure the ball is secured so the blade doesn’t jump. Make sure all appendages are out of the way of danger. 

	
	
	
	
	
	
	
	Residual: 
	

	 
Testing sensors 
 
 
 
	COE 
	Yanni Giannareas 
	Apparatus to test sensors by loading can cause injury to user if any body parts coincide with the path of force application. Shattering of sensors can also inflict injuries in the user. 
	1,2,3 
	Gloves, eyewear 
	N/A 
	HAZARD: 
4   
CONSEQ: 
Moderate 
	Treat sensors as ceramics when applying force. For electrical purposes, follow appropriate guidelines of measurement [1]. 

	
	
	
	
	
	
	
	Residual: 
Medium 
	

	 
 
Soldering cable connections 
 
 
	COE 
	David Adams  
	Soldering can lead to one being exposed by eye or face from flying particles, molten metal, liquid chemicals, acids or caustic liquids, chemical gases or vapors, or potentially injurious light radiation. 
	1 
	Gloves, face shield 
	N/A 
	HAZARD: 3   
CONSEQ: 
Significant 
 
 
	It is important to support the surrounding sensors that will be soldered in a way such that the molten metal will not cause a burn to the skin.  

	
	
	
	
	
	
	
	Residual: Med High 
	

	 
 
Applying epoxy to stick components 
 
 
	COE 
	Charles Whitaker 
	Epoxy can be cancerous to the body. It can enter the body by ingestion, inhalation, or skin contact. 
	1,3 
	Gloves, 
eyewear 
	The user should throw away the gloves in a chemically label trash can to be disposed of correctly 
	HAZARD: 
3  
CONSEQ: 
Significant 
	The user needs to remove gloves when finished applying epoxy as well as reframe from touching one’s eyes when gloves are dirty. Apply appropriate ventilation. [2] 

	
	
	
	
	
	
	
	Residual: 
Med High 
	

	 
Testing baseball by throwing it 
 
	COE 
	Mathew Brown 
	Throwing the baseball can potentially cause an injury to one’s shoulder or elbow.  
	1 
	Proper arm stretching before testing  
	 
	HAZARD: 1  
CONSEQ: Low 
	The user needs to stretch for 10 minutes before throwing the ball. A throwing warmup program may also be used before pitching. 

	
	
	
	
	
	
	
	Residual: 
Low-Low 
	


 
 
References 
 
[1]  IEEE Standard 176-1978, IEEE Standard on Piezoelectricity. Accessed on 11/19/21 
 
[2]  OSHA Standard 1910.107, Spray finishing using flammable and combustible materials. United States Department of Labor. Accessed on 11/15/21 
 
 
Principal investigator(s)/ instructor PHA: I have reviewed and approved the PHA worksheet. 
	Name 
	Signature 
	Date 
	Name 
	Signature 
	Date 

	__________________________________ 
 
	____________________ 
	____________ 
	__________________________________ 
 
	____________________ 
	____________ 


Team members: I certify that I have reviewed the PHA worksheet, am aware of the hazards, and will ensure the control measures are followed.  
	 
Name 
 
David Adams                                        
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Mathew Brown 
 
Riley Ferrer	 
 
Yanni Giannareas 
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Charles Whitaker	 
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Date 
 
03/11/2022 
 
03/11/2022 
 
03/11/2022 
 
03/11/2022 
 
03/11/2022 
 
	 
	 
	____________ 


 
DEFINITIONS:  
Hazard: Any situation, object, or behavior that exists, or that can potentially cause ill health, injury, loss or property damage e.g. electricity, chemicals, biohazard materials, sharp objects, noise, wet floor, etc. OSHA defines hazards as “any source of potential damage, harm or adverse health effects on something or someone". A list of hazard types and examples are provided in appendix A.   
Hazard control: Hazard control refers to workplace measures to eliminate/minimize adverse health effects, injury, loss, and property damage. Hazard control practices are often categorized into following three groups (priority as listed): 
1. Engineering control: physical modifications to a process, equipment, or installation of a barrier into a system to minimize worker exposure to a hazard. Examples are ventilation (fume hood, biological safety cabinet), containment (glove box, sealed containers, barriers), substitution/elimination (consider less hazardous alternative materials), process controls (safety valves, gauges, temperature sensor, regulators, alarms, monitors, electrical grounding and bonding), etc. 
1. Administrative control: changes in work procedures to reduce exposure and mitigate hazards. Examples are reducing scale of process (micro-scale experiments), reducing time of personal exposure to process, providing training on proper techniques, writing safety policies, supervision, requesting experts to perform the task, etc.  
1. Personal protective equipment (PPE): equipment worn to minimize exposure to hazards. Examples are gloves, safety glasses, goggles, steel toe shoes, earplugs or muffs, hard hats, respirators, vests, full body suits, laboratory coats, etc. 
Team member(s): Everyone who works on the project (i.e. grads, undergrads, postdocs, etc.). The primary contact must be listed first and provide phone number and email for contact.  
Safety representative: Each laboratory is encouraged to have a safety representative, preferably a graduate student, in order to facilitate the implementation of the safety expectations in the laboratory. Duties include (but are not limited to):  
· Act as a point of contact between the laboratory members and the college safety committee members.  
· Ensure laboratory members are following the safety rules.  
· Conduct periodic safety inspection of the laboratory. 
· Schedule laboratory clean up dates with the laboratory members. 
· Request for hazardous waste pick up.  
Residual risk: Residual Risk Assessment Matrix are used to determine project’s risk level. The hazard assessment matrix (table 1) and the residual risk assessment matrix (table2) are used to identify the residual risk category.  
The instructions to use hazard assessment matrix (table 1) are listed below:  
1. Define the workers familiarity level to perform the task and the complexity of the task. 
1. Find the value associated with familiarity/complexity (1 – 5) and enter value next to: HAZARD on the PHA worksheet. 
Table 1. Hazard assessment matrix. 
	 
	Complexity 

	
	Simple 
	Moderate 
	Difficult 

	Familiarity Level 
	Very Familiar 
	1 
	2 
	3 

	
	Somewhat Familiar 
	2 
	3 
	4 

	
	Unfamiliar 
	3 
	4 
	5 


 
The instructions to use residual risk assessment matrix (table 2) are listed below: 
1. Identify the row associated with the familiarity/complexity value (1 – 5). 
1. Identify the consequences and enter value next to: CONSEQ on the PHA worksheet. Consequences are determined by defining what would happen in a worst case scenario if controls fail. 
a. Negligible: minor injury resulting in basic first aid treatment that can be provided on site. 
a. Minor: minor injury resulting in advanced first aid treatment administered by a physician. 
a. Moderate: injuries that require treatment above first aid but do not require hospitalization. 
a. Significant: severe injuries requiring hospitalization. 
a. Severe: death or permanent disability. 
1. Find the residual risk value associated with assessed hazard/consequences: Low –Low Med – Med– Med High – High.  
1. Enter value next to: RESIDUAL on the PHA worksheet. 
Table 2. Residual risk assessment matrix. 
	Assessed Hazard Level 
	Consequences 

	
	Negligible 
	Minor 
	Moderate 
	Significant 
	Severe 

	5 
	Low Med 
	Medium 
	Med High 
	High 
	High 

	4 
	Low 
	Low Med 
	Medium 
	Med High 
	High 

	3 
	Low 
	Low Med 
	Medium 
	Med High 
	Med High 

	2 
	Low 
	Low Med 
	Low Med 
	Medium 
	Medium 

	1 
	Low 
	Low 
	Low Med 
	Low Med 
	Medium 


 
Specific rules for each category of the residual risk: 
Low:  
· Safety controls are planned by both the worker and supervisor. 
· Proceed with supervisor authorization. 
Low Med:    	 
· Safety controls are planned by both the worker and supervisor. 
· A second worker must be in place before work can proceed (buddy system). 
· Proceed with supervisor authorization. 
Med: 
· After approval by the PI, a copy must be sent to the Safety Committee. 
· A written Project Hazard Control is required and must be approved by the PI before proceeding. A copy must be sent to the Safety Committee.  
· A second worker must be in place before work can proceed (buddy system). 
· Limit the number of authorized workers in the hazard area.  
Med High: 
· After approval by the PI, the Safety Committee and/or EHS must review and approve the completed PHA. 
· A written Project Hazard Control is required and must be approved by the PI and the Safety Committee before proceeding.  
· Two qualified workers must be in place before work can proceed. 
· Limit the number of authorized workers in the hazard area.  
High: 
· The activity will not be performed. The activity must be redesigned to fall in a lower hazard category.  
 
Appendix A: Hazard types and examples 
	Types of Hazard 
	Example 

	Physical hazards	 
	Wet floors, loose electrical cables objects protruding in walkways or doorways 

	Ergonomic hazards	 
 
	Lifting heavy objects Stretching the body 
Twisting the body 
Poor desk seating 

	Psychological hazards	 
	Heights, loud sounds, tunnels, bright lights 

	Environmental hazards	 
	Room temperature, ventilation contaminated air, photocopiers, some office plants acids 

	Hazardous substances	 
	Alkalis solvents 

	Biological hazards	 
	Hepatitis B, new strain influenza 

	Radiation hazards 
	Electric welding flashes Sunburn 

	Chemical hazards	 
 
	Effects on central nervous system, lungs, digestive system, circulatory system, skin, reproductive system. Short term (acute) effects such as burns, rashes, irritation, feeling unwell, coma and death. 
Long term (chronic) effects such as mutagenic (affects cell structure), carcinogenic (cancer), teratogenic (reproductive effect), dermatitis of the skin, and occupational asthma and lung damage. 

	Noise	 
	High levels of industrial noise will cause irritation in the short term, and industrial deafness in the long term. 

	Temperature	 
 
	Personal comfort is best between temperatures of 16°C and 30°C, better between 21°C and 26°C. 
Working outside these temperature ranges: may lead to becoming chilled, even hypothermia (deep body cooling) in the colder temperatures, and may lead to dehydration, cramps, heat exhaustion, and hyperthermia (heat stroke) in the warmer temperatures. 

	Being struck by	 
	This hazard could be a projectile, moving object or material. The health effect could be lacerations, bruising, breaks, eye injuries, and possibly death. 

	Crushed by	 
	A typical example of this hazard is tractor rollover. Death is usually the result 

	Entangled by	 
	Becoming entangled in machinery. Effects could be crushing, lacerations, bruising, breaks amputation and death. 

	High energy sources	 
	Explosions, high pressure gases, liquids and dusts, fires, electricity and sources such as lasers can all have serious effects on the body, even death. 

	Vibration	 
	Vibration can affect the human body in the hand arm with `white-finger' or Raynaud's Syndrome, and the whole body with motion sickness, giddiness, damage to bones and audits, blood pressure and nervous system problems. 

	Slips, trips and falls		 
	A very common workplace hazard from tripping on floors, falling off structures or down stairs, and slipping on spills. 

	Radiation 
	Radiation can have serious health effects. Skin cancer, other cancers, sterility, birth deformities, blood changes, skin burns and eye damage are examples. 

	Physical	 
	Excessive effort, poor posture and repetition can all lead to muscular pain, tendon damage and deterioration to bones and related structures 

	Psychological	 
	Stress, anxiety, tiredness, poor concentration, headaches, back pain and heart disease can be the health effects 

	Biological 
	More common in the health, food and agricultural industries. Effects such as infectious disease, rashes and allergic response. 
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int fsrAnalogPin = A0; // FSR is connected to analog 0
int fsrReading; // the analog reading from the FSR resistor divider
double force;

//int LEDbrightness;

void setup(void) {

Serial.begin(9600);  // We'll send debugging information via the Serial monitor

void loop(void) {
fsrReading = analogRead (£srAnalogPin) ;

force = (fsrReading + 4.78) / 4.72;
Serial.print ("Force = ");
Serial.print (£srReading) ;
Serial.print (" N")
Serial.printla(® "

delay(50);
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