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The purpose of this Senior Design Project is to design an automated medication dispensing system for Avocare, a technology company specializing in the medical field.  This dispensing system will be used in prisons to ensure that inmates receive the correct medications in a safe and expedient fashion.


The pill dispensing machine is split into major subsystems: chassis, pill storage, pill extraction, and pill delivery.  Each one serves a vital function in the delivery of medications to prisoners.  A prisoner or in-house nurse will be able to enter information about the prisoner’s identity and the system will be able to recognize what pills are required.  A robotic arm will move to the correct location along one of two vertical columns containing medications, puncture a foil lined pill container, called a Bingo card, and use suction to remove the pill from the container, causing it to travel down to a holding area.  The pills are then delivered to the patient in a plastic cup.

As opposed to most other projects where the first half of the project is spent outlining a very detailed design and building that design the second half, this project has taken a different approach.  We came up with a general idea, and are using parts given to us by our sponsor to create a prototype, modifying as we go along.  In our case, this is a more cost and time effective method.
1.0 Introduction
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1.1 Background

Avocare, formerly known as Innovations, LLC, is a Tallahassee based company whose motto is “Advancing healthcare through technology”.  They currently produce both mechanical and software solutions to healthcare providers, making the healthcare process easier for doctors, nurses, and patients.  
One place where the healthcare process is very outdated is in prison.  According to the Bureau of Justice Statistics, there are over two million prisoners in the Federal and State Prison System.  Many of these inmates require medications for ailments ranging from the common cold to chronic diseases such as AIDS.  Eighty-nine percent of deaths in prison between 2001 and 2004 were attributed to medical conditions.  The leading medical causes of death were heart disease (27%), various types of cancer (23%), liver diseases such as cirrhosis (10%), and AIDS-related deaths (7%).  In 2005, there were 22,480 state and federal inmates infected with HIV or AIDS.  Many of these prisoners received some type of medication for their conditions while in the prison system.  In addition to these physical ailments, it was found that 56% of state inmates, 45% of federal inmates, and 64% of local inmates suffered from some type of mental illness including mania, strong depressing, and psychotic disorders.  Medications are given for these mental illnesses as well.  Obviously the need to distribute medication in the prison system is a necessary one (Bureau of Justice Statistics). 
Currently, the way medication is dispensed in prison is a tedious task.  A nurse has to individually place the correct medication for each prisoner into a 30 millimeter

paper cup.  Prisoners line up at a pill window and receive their medications one at
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Figure 1.1.1 – Leading Causes of State Prisoner Deaths (Bureau of Justice Statistics)
a time.  Then the nurse has to make sure that the correct prisoner receives the intended medications in the correct dosages and actually takes the medicine, and that the process is as speedy as possible.  During the whole process, the nurse must make sure that the medications do not touch and become contaminated.  It is quite common to have violent allergic reactions to certain types of medications.  The process for distributing medications is an inefficient and time-intensive one and there is a large need for an improved system.

Often times after leaving the manufacturing plant, medications go to a repackaging plant.  There, the pills are placed in clear bubbles with foil backings.  They are called bingo cards or blister packs, and allow patients to see the pills through the clear plastic bubble without having to open them up.  Most of the cards are standard sized and often times the foil is perforated for easy access to the medication inside (Association of the British Pharmaceutical Industry).
Pills arrive to the repacking plant and are placed in a hopper.  A series of vibrating plates shake the medications, effectively sorting them and allowing one to fall into each individual compartment.  Monitored by a camera for each compartment, each compartment is ensured that it contains a pill.  If it does not, it is rejected from the line.  From this point, the packs are sealed with foil and marked with a batch number and expiration date.  They are sent on to be packaged in boxes for distribution (Association of the British Pharmaceutical Industry).
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Figure 1.1.2 – Bingo card with pills
1.2 Project Scope

The scope of the project is to design an automated system for distributing medications to prisoners.  Between 200 and 500 different types of medications in pill form must be able to fit within the system to accommodate a wide range of medical needs.  However, the automated system must be portable and therefore small enough that it can fit on a mobile cart.  Upon entering information about the prisoner’s identity, the whole process of delivering the medication to the inmate should take between 30-90 seconds.  The system should be easy to maintain and easy to unload and reload.  

A fully functioning model of this system would also include a method for identifying prisoners such as finger print scanning, several scans of the pills to verify that the selected pills are the correct ones, and an internal inventory database that continuously keeps track of the number of pills left in the machine.  While integral to the proper functioning of the overall system, these specific items are outside of the scope of this project as they are better suited towards students with Computer Science or Electrical Engineering backgrounds.  
1.3 Needs Assessment


The following is a list of needs that the automated medication dispensing system must fulfill.

- Distribute prescribed medications to specific prisoners

- Identification of prisoner

- Involve minimum of 200 different medications (recommended 300-500)

- Use as many already manufactured parts as possible to reduce cost

- Prisoners cannot come in contact with non-prescribed medications

- Machine must be easily maintained

- Pills should be in currently available pre-packaged forms

- Medications must be dispensed to prisoner in roughly 30-90 seconds

- Machine must be fully secure

- Machine should be as small as possible to execute its designed task

- Design of machine must be durable for long lasting use

- Machine must be easily reproduced for manufacturing

- Containers for pills must be sturdy yet disposable

- Should include enough medications that frequent maintenance is not necessary

- Cost of the machine must be limited but as not to affect its dependability

- Machine should include water dispensing system with cups (optional)

1.4 Product Specifications

Certain performance criteria must be included into the design to meet sponsor requirements.  The following is an explanation of the product specifications.

Speed:  The goal is for the time it takes from when the data is input to the final delivery of the medication to be 10 seconds per pill.  The overall process from beginning (data input) to end (prisoner receiving pills from the machine) should be from 30 to 90 seconds.  The time depends directly on the number of pills that are to be retrieved and delivered.


Size:  The only constraint on size is that the system must be able to pass through a doorway.  One dimension of the design must be less than 33 inches.


Medication Density:  A greater number of medications that are stored in the machine results in greater flexibility to meet the medical needs of patients in prison.  Holding 200 different types of medications in a sterile, non-contaminating environment is essential, however 300 to 500 medications is optimum.  Maximizing the pills stored within the limited size constraint is a primary focus of the overall design.



Weight:  Since the design is on a cart with wheels, it must be easy to push around.  The weight of the total system should be less than 100 pounds.


Other Important Parameters:  The medication dispensing system should be able to run off of a standard 120 volt electrical source.  1000 plastic cups in which the medication will ultimately be dispensed to the patient should be stored within the system. It would be ideal to have minimum maintenance on the system, and for the life of the parts to be 10 years before repair.  

2.0 Project Plan and Schedule
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A schedule, in the from of a Gantt chat, was created for both the Fall and Spring semesters for the Group using the scheduling program Primavera.  Each schedule can be found in the Appendix.  Following is an explanation of most of the items, including how the Group completed the design steps in the Fall semester and how it completed the construction items for the Spring semester. 

The Group was first introduced to the project assignment in the second week of classes, on September 4, 2007.  At this time, the group members were introduced to each other and initial e-mail contact between the Group and the sponsor, Avocare Chairman and CEO Dr. Lonnie Draper, was made.  For the rest of the month of September, the Group and Dr. Draper together formulated the Project Scope, Needs Assessment, and Product Specifications for the project.  Once the goal of the project was in hand, namely to extract a pill from its storage in a machine and deliver it to an output, brainstorming began on how to separate the major phases of design.

It was decided that the first major decision needed would be the method of storage for the 200-500 “bingo cards,” which hold the pills.  From mid-September until early-October, five distinct storage designs were chosen and sketched on a two-dimensional computer-aided-design (CAD) program.  On October 18, it was decided that the best method for storage would be the ‘spinning rods’ design.

With the design for card storage determined, the next big step in the project plan was to design the chassis of the machine, select parts for it, and draw it in a three-dimensional CAD program (ProEngineer).  It was suggested that the parts be chosen from the ItemAmerica catalog by Dr. Draper, so in light of this, the latter part of October was spent digging into and devouring all of the knowledge in the catalogs, learning how each of the beams, connecters, sliders, and movement devices fit together.  A final design of the outer chassis, the vertical beams, the horizontal beams, the spinning rods, and the robotic arm was completed in Pro/Engineer during the first week of November.

Concurrently with the design of the chassis, design of the pill extraction device began in the third week of October.  A three-week period was initiated in which two different ideas for pill extraction were discussed, namely ‘punching’ the pill out or ‘vacuuming’ the pill out; once the ‘vacuum’ method was settled upon, testing began to verify the feasibility of the method.  Multiple tests were performed both in homes and at the National High Magnetic Field Laboratory to determine if the vacuum method was the best option, and if so, how to perfect it. 

Also, during the last couple weeks of October rails were chosen from McMaster catalogs to attach the ‘bingo cards’ to the spinning rods.  Two out of the dozens of possible rails were purchased to determine which rail design would be the ideal choice of attachment for the cards.

In addition to the pill extraction and attachment methods, the third concurrent design phase that occurred during late-October to early-November was the cup movement design.  Possible ways to move the cup from the input stage, through the pill collection stage, and finally to the prisoner-output stage were determined, and an ideal design was determined.

For the rest of the month of November, the Group regularly met at Avocare to discuss with both Dr. Draper and VP Brendan Draper the intricacies of building the robot.  The Group was given a ‘work room’, along with multiple pieces of stock ItemAmerica parts that were unused by Avocare.  The final month of the semester, from roughly November 13 – December 4, was designated as a time to begin building a working prototype model of the design to demonstrate its feasibility and success.

During the last few weeks of the semester, while the prototype was being constructed, a CAD model of the ‘Vacuum Removal Device’ (VRD) was designed in Pro/Engineer.  This led to it being sent to a prototyping machine at the FAMU/FSU College of Engineering, in order for a physical model of the VRD to be manifested.  This VRD prototype was to be used as the optimal removal device; however technical malfunctions with the prototyping machine have delayed its manifestation. 

Finally, with the macroscopic design completed through the semester, part-ordering for the Spring building occurred in the final two weeks of the Fall.  With Avocare supplying many of the parts needed for construction, determination of the needed parts, including a Bill of Materials and desired Parts List, had to be compiled. 

While the Fall was filled with immense idea formulation and design, the plan for the Spring semester was dedicated to manifesting the design into a working physical machine.  While all of the individual phases of the robot were being constructed concurrently, each phase has a designated time slot for completion. From January 8-18, the main vertical and horizontal movement along the chassis was constructed.  In the month of February the VRD and the ‘spinning rods’ were integrated into the machine. Finally, the cup movement system was built onto the machine in early March as the last phase of the project.
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Figure 2.0.1 – Spring Semester Goals
Once the machine and all of its moving parts were physically constructed, the final two weeks of the project were dedicated to programming, testing, and modifying the built machine, resulting in a working and programmed machine by the end of March 2008.  This led right up to the Final Project Review.  The Final Design had to be completed before March 25, 2008, the date of the Final Project Review.  A week later the group presented its project in its entirety at the Senior Design Open House.

Overall, the plan for the Fall semester was followed and a Final Design was achieved by the end of the semester.  Despite the fact that the Group completed some of the construction by the end of the first semester, there was still a time crunch at then of the second semester to complete all of the assigned tasks. Overall, by the time of the Open House Presentation, Group Four had designed a constructed a successful prototype Automated Robotic Dispenser that demonstrated the feasibility and practicality of vacuum-suction removal and jukebox-style card storage of the pills.

3.0 Concept Generation and Selection
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3.1 Functional Breakdown[image: image1.png]



The below Work Breakdown Structure illustrates the systems and subsystems that will be involved in the automated medication dispenser. The AMD will consist of 5 systems: the chassis, pill storage, pill extraction, pill delivery, and CPU. These systems will have interfaces with each other in order for the system as a whole to work. These systems cannot be developed independently. Each system operates in conjunction with each of the four other systems. The interrelationships between the systems are discussed further in the “concept generation and selection” section.   

The first system to be designed will be the chassis, which consists of a frame and wheels. This system is being designed first because the size and geometry of the cart will determine how the other systems can function. Attached to the chassis will be all the robotics components. The robotics will perform all the necessary functions of the Automated Medication Dispenser. Mechanical and electrical components will be needed for the operation of the robotics. 
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Figure 3.1.1 – Work Breakdown Structure
The next system is the pill storage. The pill will be delivered to the system in pill cards, which will be manually loaded into the machine, much like traditional vending machines. Some means of storing the pill cards, possibly in multiple arrays will need to be designed.

The pill extraction system is how the pills will go from their cards into the cups. This system has two subsystems: pill selection and pill removal. Pill selection will involve a computer screen that will let the prisoner select which pill he needs, most likely by linking prescription with fingerprint scanning and/or social security number. An electrical system to power the touch screen and a CPU interface are also required for this sub-system.  The pill removal sub-system will need a mechanical means of extracting the pills from the cards, an electrical system including a motor to move the mechanical system, and a CPU interface to guide the mechanical system to the correct card.  

The pill delivery will consist of two sub-systems: pill cup storage, and pill release. The storage system needs to hold up to 200 cups, and be placed so that the cups will be released in the appropriate position to receive the pills. The pill cup placement should be agreeing with the location of the pill release system. The release system will consist of a mechanical means of moving the cup into position, possibly a motor to actuate the mechanical system, and a CPU interface. These two subsystems allow the pill to go from pill extraction stage to being delivered to the prisoner. 

The fifth and final system is the CPU. It is the system that will coordinate the other four systems. Because the CPU system will control the pill extraction, pill delivery, and the robotics of the chassis it will need to be developed last. This system will need the appropriate hardware and software to perform the required tasks.

3.2 Initial Chassis Design

The chassis for the Automated Pill Dispenser includes the outer frame and all supporting rails that remain stationary. The original constraint on the chassis size was that it had to fit through a doorway. A standard doorway width is 32”, so this was the maximum width for the chassis. The height and length dimensions of the chassis were based on the amount of storage space needed for the pill cards. The height and length of the chassis design are 45” and 60” respectively.


A parts catalog was used to order most of the parts needed for the chassis. The Item MB Building Kit System catalog includes basic profiles for rails, fastening elements, dynamic elements and various other elements that are necessary to construct a functional robot and chassis.


It was suggested that Profile 8 Item elements for the chassis. This Profile was suggested because it has been used in the past by Avocare and there are also spare pieces of Profile 8 that can be used for this project. Profiles 8 are suitable for all kinds of constructions. There are light and extra light versions of each Profile 8 that enable variation in the weight and strength of the material. The standard Profile 8 is 40x40mm and 2.47kg/m and can be seen below in Figure 3.2.1.
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Figure 3.2.1- Item Profile 8


One of the biggest advantages of using Item frame structures is the grooves in the profiles. These grooves are used in conjunction with fastening elements so the frame can be constructed in many various ways. The most common fastening elements are T-Slot Nuts. These are inserted into the profile grooves to connect one profile to another and to secure other elements to the frame. The T-Slot Nuts are inserted into the profile groove and they are secured in position by means of a thrust finger. The profile groove and the T-Slot Nut can be seen in Figure 3.2.2.
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Figure 3.2.2- T-Slot Nuts and Profile Groove
T-Slot Nuts have varying load characteristics and are chosen based on the load. 8 PA is the Profile 8 T-Slot Nut with the lowest permissible operating load of 150 N with a safety factor of 1.5. Since the chassis will never be subject to a load greater than 150 N, all of the T-Slot Nuts will be acceptable. After the T-Slot Nut is inserted into the groove, the profiles can be connected to other elements using any applicable screw.


The outer frame of the chassis should consist of twelve profile 8 rails arranged in rectangular box shape. Attached to the outer frame will be four additional profiles that will be used to support the pill cards that are stored in the machine. These should also be Profile 8 rails.  They will be assembled as shown in Figure 3.2.3 below, using T-Slot Nuts.
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Figure 3.2.3 - Chassis Frame


A vertical guide rail will be attached at the center of the back wall of the chassis. The vertical roller guides will move along this rail. A vertical guide rail will be attached at the center of the back wall of the chassis. Again, T-Slot nuts will connect the vertical guide rail to the chassis frame. This rail is a Profile 8 element.


The vertical rollers move along this guide rail. Inserted into the grooves of this vertical guide rail is a shaft and shaft clamp as shown in Figure 3.2.4 Both the shaft and shaft clamp are Item Profile 8 D6 components. The rollers will come in contact with the shafts and move vertically along them.
Item roller guides are easily assembled, have high load-bearing capacity and high traveling speed. They consist of steel rollers, ball-bearing units and a housing that can be easily attached to other elements via grooves. The maximum load on Profile 8 Shaft D6 rollers is 125 N. Again, the load on our system will never exceed 125 N, so the Roller Guide 8 on Shaft D6 will be suitable. Figure 3.2.5 shows the Roller Guide.
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Figure 3.2.4 - Shaft Clamp with Shaft
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Figure 3.2.5 - Roller Guide


Attached to the vertical roller guides is an Item Profile 5 rail. The Profile 5 elements are 20mm x 20mm and are significantly lighter (0.48 kg/m) than the Profile 8 elements. This rail is smaller and lighter so that the load on the vertical motor will be decreased. All further weight on the vertical roller guide should is kept to a minimum to ensure this. This rail extends horizontally from the roller guides. At the end of this Profile 5 rail is the drawer slide. It is a 10” 100lb drawer slide made by Hettich and can be seen in Figure 3.2.6 below.
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Figure 3.2.6- Drawer Slide


A drawer slide design was suggested by Avocare as a preferred design component over another roller guide. This is because the space between the cards is only 1.5” and the smallest roller guide thickness is roughly 1”. This leaves little room for the pill removal device. The drawer slide can access the pills by extending using a motor-powered rack and pinion.


The following sections describe the method of card storage and the pill removal device that attaches to this drawer slide. The goal of the chassis design was to integrate both the card storage and pill removal ideas and give the design a backbone. Now that the chassis is sufficiently designed, these components can be more clearly defined.
3.3 Card Storage

After determining the general size of the chassis for the Automated Medication Dispenser, the next step in the design process was to determine how the pill cards would be arranged and stored in the structure. The arrangement of the cards is based on a few different factors. 

The first priority is speed of delivery. The cards should be stored in a way that they can be quickly accessed. Of course, the actual time that it takes for the robotic arm to access the pill card and remove the pill from the card can only be determined through testing. However, estimates can be made on the relative delivery time for each card storage method.

The next priority is the number of cards stored. If there are more cards stored, then more types of medications can be stored in the machine. Also, the machines will have to be re-stocked less often if they hold a large amount of pill cards. The density should be as high as possible without conflicting with the speed of delivery.

Other factors that will be taken into consideration include the electrical power needed to operate the card storage method and the durability of the design. Some card storage methods involve rotating racks and moving cards. These designs will need a sufficient amount of power to operate the motors that will drive the mechanisms. The durability of these methods will be based on the lifetime of the moving parts and the number of moving parts necessary. 

Several different arrangements and packing methods were possible. One arrangement that was considered was the Vertical Stack Method. In this case the cards would be stacked as shown in Figure 3.3.1.

In order to remove the pill from the card, the robotic arm would have to remove the pill card from the stack somehow. In this case the robotic arm pulls the card from the stack, removes the pill from the card and returns the card to the stack. This process hinders the speed of this method. Since the card is not immediately available for pill removal, extra time is taken to remove the card from the stack. An advantage to this method is that the vertical stacks have high card density. Five columns of 70 cards can be stored which results in a maximum of 350 cards. A significant amount of power would not be needed to remove the card from the stack since the robotic arm would already be performing a similar task. Also, the vertical stacks remain stationary, so no additional power will be needed. The reload ability is fairly simple in this case because the cards are arranged in accessible stacks. After analysis using a decision matrix, the vertical stack method was given a final rating of 7.5.
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Figure 3.3.1-Vertical Stack Method


A similar alternative to the vertical stack method involves storing the cards lengthwise as shown in Figure 3.3.2.
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Figure 3.3.2 Vertical Stack Method #2

The robotic arm would remove the pill card form the stack in the same manner. An advantage to this method over the first Stack Method is that the pill removal device will have easier access to the pills. The arm will have to travel 6" deep into the cards rather than 9" into the cards since the cards are arranged differently. One disadvantage is that less cards can be stored using this second method. The maximum card storage is 210 cards. The power needed, durability and reload ability are nearly the same as before. Due to the significant decrease in cards stored, this method was given a slightly lower final rating in the decision matrix of 7.1.

Another pill card arrangement is the Pizza Method. In this case the pill cards are arranged in four stacks of 70 cards and rotated around a center column. At any given time only one horizontal layer or "pizza" is rotated. In this way, a chosen card can be accessed when it is rotated over the vacant area as seen in Figure 3.3.3.
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Figure 3.3.3 – Pizza Method 

The biggest problem with this method is if the cards are arranged too closely together, the robotic arm cannot reach the pills towards the center of the cards. Since this is a problem, the cards need to be arranged around a large radius. Therefore, extra space for other machine components is limited. This method does have its advantages though. The speed of delivery is increased because the cards can be rotated into position while the robotic arm is moving into position. Two processes can be going on at the same time. The power needed operate these "pizzas" will be significantly higher than the stack methods. More cards will need to be moved at any given time. Also, the durability will be decreased because of so many moving parts. The reload ability of this design is fairly simple because the stacks can be programmed to rotate into a reload position. Considering all these factors the Pizza Method was given a final rating of 7.2.

The Rotating Rack Method is another method of card storage. In this case, the cards are stored in spools. There are two sets of four spools as seen in Figure 3.3.4.
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Figure 3.3.4- Rotating Rack (CD Method) and Number of Cards per Spool

The maximum number of cards per spool is based on the diameter of the spool. The spools are rotated in order to get the chosen pill card into position. Once the card is in position, the robotic arm moves in and removes the pill from the card. The speed of this method is considered the fastest of all the methods because the racks rotate while the robotic arm moves into position. Also, there are fewer positions that the robotic arm needs to access. In the Vertical Stack Method, the arm accesses 350 positions. In the Pizza Method, the arm accesses 70 different “pizzas”. Using the Rotating Rack, the arm will only need to reach five locations. The maximum number of cards stored ranges from 120 to 240 cards. This is considered poor compared to the other designs and their use of card density. However, the Rotating Rack received a final rating 7.7 in the decision matrix because the speed of delivery outweighs the poor use of space in the machine.
After weighing all the pros and cons and building a design matrix, the final concept for the design was selected. The rotating rack was the method chosen for the pill card storage and selection in the machine. The pill cards will be placed in spools of 30-36 cards that will resemble a CD changer or rolodex. As seen in the diagram, the cart can fit 4-8 spools and be arranged in the most convenient manner for our machine.

This design was selected due to several factors. First the time it will take for the robotic arm to access the proper pill card in the spool will be very fast. In our design matrix, it can be seen that the other methods are slightly slower than the rotating rack. All of the other methods involve more movement by the robotic arm or some other type of action that will slow down the process. Since speed was the number one priority in the pill dispenser design, this was the main reason why the spool method was chosen.

Other factors such as the reliability, reload ability, and the amount of power needed for operation were considered. This method seems to be the most reliable because there will be less motors and moving parts than the other methods. For the pizza method, 70 motors will likely be needed and for the pull method, 280 different cards will have to be set on separate tracks. Fewer components mean greater reliability. The reload ability of this method will also be simpler than the other design possibilities. There will only be 4-8 reload points in the spool method as compared to 70 different reload points for the pizza method and 280 different reload points for the pull card methods. An additional factor that led to the concept selection was the power needed to operate the system. The power needed to operate the spool method may be slightly higher that some of the other methods. For example, it would take less power to pull a card on a track than to rotate 30 cards on a spool. However, since the power needed to operate the machine was not the most significant factor for deciding the design, so it did not affect the outcome too greatly. The design matrix confirmed the decisions made regarding the concept selection. It shows that the rotating rack receives the best score after considering and weighing all the design factors.
Upon delivering this decision to Dr. Draper at Avocare, the group was presented with another dilemma. If the spools are operating constantly, the pills will be turning over and over in the cards. There is a possibility that the pills could be reduced to powder after all the movement. Dr. Draper suggested slightly altering the design. Instead of using rotating racks that flip the pills along a horizontal axis, the cards could be stored along columns and rotated along a vertical axis. See Figure 3.3.5 below for a top view and side view of the column set up.
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Figure 3.3.5 Rotating Columns Top View and Side View

There will be two columns, with five spools of cards on each. Each spool holds 24 cards. This results in a total of 240 cards. The robotic arm will move vertically between the two columns and horizontally between the cards. The pill removal device will be able to access the cards at the ten different locations, collect the pills, and deliver the pills to the output location. It was agreed that this method would be sufficient. It receives the same score in the decision matrix of 7.7. Also, it makes sense spatially and mechanically.

Now that the Rotating Column method was chosen for the design, further steps will need to be taken to arrive at the final design. The robotic components will need to be integrated to access the pill cards at their spool locations. From there, the housing and chassis for the spools can be integrated as well.
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Figure 3.3.6 – Card Storage Method Candidates
Now that the Rotating Column method was chosen for the design, the problem of mounting the cards onto the rotating rod was considered.  Two parameters, security and ease of reloading, had to be considered.  The rails must hold the bingo cards in place securely, so that they do not fall out or become misaligned.  On the other hand, they must be able to be easily loaded and unloaded by a worker.  This became an interesting trade off.
The solution was inspired by slots that hold RAM in a computer’s motherboard.  A person is able to easily insert and remove the RAM from the slot, yet the RAM is held securely in place while inserted due to the tight fit of the slot.  
After some searching, an answer was found on McMaster Carr’s website.  Rub rails are protective rails that are usually used to protect another rail from impact.  They are often used on boats at port so they do not knock against each other and cause damage.  The “self-adhesive” geometry of the rails strikes a perfect balance between a snug fit and an easy to remove card.  Pictures of two different rails ordered can be seen in the figure below.
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Figure 3.3.7 – Rub Rails from McMaster Carr (images from McMaster-Carr website)
Unfortunately the rub rails were far too flexible for the purposes of this project.  A stiffer plastic was needed.  The solution was to use sliding bar report cover holders from Staples.  They are plastic members used to clamp papers together tightly in reports.  They had the stiffness that was required, pit a bingo card in the slot snugly, and were cheap.
Also, the design of the rotating rod has to be taken into consideration.  The column that the cards will be stacked on and attached to a six inch diameter pipe, PVC for now since it is very cheap and easy to attach pieces to. 
3.4 Robotic Pill Extraction

The step that arguably required the most innovation and thought was the design of the pill extraction stage.  This phase’s role and location can be seen in the process diagram below, Figure 3.4.1.  While this stage and process may be relatively small and short in comparison to the rest of the design, the determination, design, and the construction of the removal method is really the meat of the machine design; how the machine removes the pill will greatly influence the overall final design.
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Figure 3.4.1 – Process Flow Diagram
When deciding on the methods of removing the medical pills from the ‘bingo cards,’ two possible methods were proposed.  It was determined that the two most logical ways of extracting a pill from the ‘bingo card’ would be by punching the pill through the foil with force or by using suction to remove the pill.  Similar to the way a human being would extract the pill normally, a ‘punching’ method would involve pushing the pill out by applying a force to the bubble-side of the card.  On the other hand, by using suction, the robotic arm would suck the pill from only the foil side, not needing to interact with the bubble-side of the card at all.  It was decided that the easiest and quickest way to remove the pill would be to only access the card from one side, by using the suction method, as opposed to a puncher that clasped the pill-bubble on either side of the card.  

Several factors led to the selection of the suction method as the chosen method.  First, with a ‘punching’ method, the robotic arm would need to fit between stored cards along both the top and bottom sides of the desired card.  This created a problem in that the stored cards were desired to be stored as densely as possible, thereby leaving very little space on either side of the card.  Space would need to be created on both side of the card for the ‘punching’ method while space would only be need on the foil-side of the card for the ‘suction’ method.  Secondly, the complexity of a design rises with the number of moving parts.  A mechanical device that punched the pill out would surely be more complex than a device using air to suck the pill out of the card.  Thirdly, it was determined that the extensive force needed to push the pill out of the card had the potential to damage some of the softer powder pills.  Damaging or morphing the pills was an undesirable effect.  With these factors in mind, it was uniformly decided that the most feasible way of removing the pill from the card was by instigating a ‘suction-method.’ 


To test the feasibility of the suction method, a tester was constructed from parts bought at Home Depot and was attached to multiple vacuums.  A one-inch-diameter tube of PVC pipe was cut down to a length of roughly one-and-a-half feet, with a T-fitting in the middle of it. One end of the PVC pipe was sealed with an end-cap, while the other end was left open, with the open end designed to suck the pill out of the card.  Finally, a nozzle was screwed into the middle of the T-fitting in order to connect a vacuum to the tester.  The final tester can be seen below in Figure 3.4.2, with each of the parts labeled as described.
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Figure 3.4.2 – Suction Method Tester

With a limited idea as to the amount of suction needed, and whether or not the Group needed to achieve a near-complete vacuum in order to remove the pill from the card, the first test utilized a vacuum-pump in service at the National High Magnetic Field Laboratory (NHMFL).  The pump’s natural performance was designed to create a nearly complete vacuum suction upon the opening of the on-off valve.  As seen in Figure 3.4.3, the pump was hooked up to the T-fitting nozzle and was secured tightly using a tightening clamp. 
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Figure 3.4.3 – Tester attached to NHMFL Vacuum Pump
Though the connection was visibly tight between the hose and the tester, there was admittedly some small leakage, therefore not creating a complete vacuum.  Initially, the open-end of the PVC pipe was pressed against the under-side of the ‘bingo card’ holding the gel caplets, covering one complete foil footprint.  With the valve closed, the vacuum pump was turned on and the readout on the interface indicated that the pressure was down to 0.001 psi, thereby creating a difference between the atmospheric pressure in the pill-bubble and the vacuum pump of roughly 14.5 psi.  Once the valve was opened, the foil was immediately bowed towards the inside of the pipe, being sucked into it.  However, the suction was not strong enough to rip a hole into the foil, or to suck the pill through the foil.  This made sense, as the foil’s material properties were designed to remain strong before a puncture occurs, but weak once the foil was initially cut. 

For the next attempt with the NHMFL vacuum pump, the foil was cut on multiple footprints using an X-Acto knife.  The first attempt was performed after slicing the foil along one straight edge, as shown in Figure 3.4.4 below. 
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Figure 3.4.4 – Sliced foil along one straight edge

Multiple slicing patterns were tested to determine which slice pattern was most conducive to extracting the pill through the foil.  Such patterns included slicing along one straight edge (as in the above Figure), slicing along both straight edges, slicing both curved ends, and slicing the entire perimeter except for one curved end.  The suction procedure was repeated with the vacuum-tester for each of the sliced footprints, and mixed results were achieved.  Successfully, each of the gel pills was sucked into the vacuum tester, which was the main goal of the testing.   However, on roughly three-quarters of the sucked pills, the foil either remained attached to the pill after it was sucked out, or the detached foil was also sucked into the PVC pipe.  This is not desired because it would require some method or stage of separating the foil from the pill, a complex process step that is desired to be avoided.  In addition, a significant amount of the gel pills became physically deformed due to the suction pressure.  This also was an undesired effect.  Finally, on almost all suction attempts the plastic pill bubble became completed inverted, bowing out on the other side of the card.  This inverted-pill-bubble effect is not desired, because it reduces the space between the foil-side of one stored card and the bubble-side of the adjacently stored card. 

With the mixed successes of the NHMFL vacuum-pump, the next test involved the use of a home vacuum as the suction device.  Also, in addition to the bingo-card housing the gel pills, another card was tested which housed smaller, solid, compressed-powder pills.  The vacuum’s hand-held attachment, which was connected to the home vacuum by the manufacturer, was duct taped to the nozzle on the vacuum tester.  A rough seal was created through this, although there was admittedly some leakage. Figure 3.4.5 shows the setup. 
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Figure 3.4.5 – Tester connected to home vacuum

Once the vacuum was tested, however, it quickly became clear that there was not enough suction to suck a pill through the uncut foil.  Even when the foil was sliced along one straight-edge, there was no pill removal.  The only success in this test was observed for the solid powder pills, and even then only when the foil was sliced three-quarters around the perimeter.


Additionally, a second home vacuum was used, this one with a more powerful suction than the first; however it too produced inconsistent results, though slightly better than the first home vacuum.  No further conclusions were drawn from the second vacuum than were drawn from the first.


Finally, the last test involved a return trip back to the NHMFL to use the original vacuum pump, but in an alternate set-up.  This time, instead of trying to achieve an absolute vacuum, the suction was decreased.  There was no quantitative value for the strength of the suction, but a rough estimate placed the suction at roughly 0.5 atm pressure. This test was by far the most successful.  The testing was performed only on the solid pills, for it was decided that the gel pills had stuck, or melted, onto the foil due to heated storage in the trunk of a car over the past weeks.  When the foil was sliced three-quarters of the way around the perimeter, as shown in the below Figure 3.4.6, the suction had a quick, one-hundred-percent success rate. 
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Figure 3.4.6 – Three-Quarters Slice of foil
In each of these tests, the foil still remained hanging on the card, and in most cases the plastic bubble did not invert and protrude from the bottom side of the card.  When the foil was sliced along one edge, the success rate dipped to roughly 75%.  Many other slicing patterns were tested, including one in which a perforation was etched along the perimeter.  However, no pattern was as successful as a solid slice around three-quarters of the perimeter. 


With these tests, it became clear that a method of sucking the pill out of the card through the foil is feasible, and can be repeatedly successful.  It affirmed the hypothesis that the most efficient way of extracting a pill is to only access it through one side of the card, and that the vacuum method is the best way to achieve that goal.


With the feasibility affirmed, the next step in the process was the design of the Vacuum Removal Device (VRD).  After roughly two weeks of brainstorming, it was decided to scale down the vacuum-method tester into a small device which would suction out each of the patient’s pills from each distinct location located in the ‘spinning rod’ bingo-cards.  The first CAD design of the VRD can be seen below in Figure 3.4.7. 
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Figure 3.4.7 – First prototype of VRD
For this design, a cross-section equal to the profile of the pill-foil on the back of the bingo-card was swept along a path.  The same cross-section was applied all the way through the VRD.   The bottom would be sealed by a door or slider after construction, so the pills would be sucked through the top face and remain in the VRD until all pills for an individual patient were collected.


The original design of the VRD was changed.  It was determined that there would be a problem in the suction of larger pills. In the case of a gel-pill being sucked through the VRD cross-section, the gel-pill would not have the freedom to rotate within the VRD since the cross-section was constant throughout the entire path.  Also, there would be a possibility that a larger pill could get stuck within the elbow bend, thus blocking the path of other suctioned.  So with this in mind, it was determined that the pill-foil cross-section at the suction-face of the VRD would needed to be blended into a more circular cross-section, one in which larger pills would be free to rotate.  In the new design, ample space was provided immediately after the pill-foil cross-section in the form of a circular cross-section that was blended all of the way to the bottom of the VRD.  The circular diameter is larger than the largest dimension of the pill-foil cross section, which means that any pill would be free to rotate within the VRD and blockage of a pill in the elbow should be prevented.  In addition, a nozzle was added on the upper side of the VRD to attach the vacuum-hose to.  A flange was also added onto the side of the VRD in order to connect the VRD to the drawer slide.  The modified design can be seen in Figure 3.4.8.
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Figure 3.4.8 – Final CAD prototype design of VRD

As seen in the previous Figures, the collection face of the VRD has the same profile as that of the pill foil.  A single curved blade or multiple straight blades would then be attached, either by glue, epoxy, or by insertion into the plastic, three-quarters around the perimeter of the collection face. In addition, a nozzle will be inserted into the top of the VRD to attach to a vacuum hose, which would lead to the vacuum pump.  During the process, the VRD is slid to the location of the pill foil, and then pushed perpendicularly against the foil side of the stored card, against the foil of the desired pill.  During this push, the blades slice the foil, creating an equalization in pressure between the inside air of the plastic bubble and the outside air of the VRD.  This slice also makes it immensely easier for the foil to be cut and folded back, allowing the pill to be sucked into the VRD.  Once contact is made, the pump is turned on for 2-3 seconds, and then off again.  All that is needed is one, strong suction of air to suck the pill into the VRD.  The VRD then remains stationary until the pressure in the sucked volume is equalized to atmospheric pressure, and then the VRD is pulled off of the card. The pills remain in the VRD until after the last pill is collected, and then once the VRD is above the collector cup, a sensor or catching mechanism would release the bottom surface of the VRD, thereby letting the pills fall into the cup.  The cup, along with the pills within, is then transported back to the output position for the prisoner’s retrieval. 


A subsequent brainstorming session occurred to determine how to manifest the CAD model of the VRD into a physical prototype.  It was suggested that a rapid-prototyping machine is to be used to create a physical model of the CAD-designed VRD part.  The group hoped to manifest a physical prototype of the CAD-designed VRD before the end of the academic year, however due to hardware issues with the rapid-prototyping machine, construction of the VRD by the proto-typing machine was never achieved.


With the inability to create the VRD in the prototyping machine, a crude working-model of the VRD was made out of parts purchased at a local hardware store. To achieve the physical shape and dimensions of the VRD, a 1” ninety-degree PVC elbow was used and cut down to size. Neoprene rubber was placed over the face, cut in the shape of the pill foil, to create the needed tight vacuum seal. Finally, an oil can hinge door, purchased through McMaster, was attached at the bottom to act as the hinged door needed to release the pills from the VRD.


In terms of the pump being used to suction the pill out of the card, a couple different options became available.  After the multiple tests performed, described previously, it was determined that a vacuum suction of roughly 780kPA would be needed to suck the pills out, with a volumetric flow rate of at least 0.5 L/min.  The Group’s sponsor, Avocare, provided the pump. The pump turned out to meet the quantitative specifications needed for the project, and once tested proved to be successful. In addition, a sample pump was donated to the group by a pump manufacturer. The donated pump had a lower maximum vacuum suction pressure, however the flow rate was much larger (roughly 30 L/min). In the case of this project, the maximum suction was not achieved in such a short period of time, and the volumetric flow rate of the initial pump proved to be satisfactory, so it was chosen in the end.


Overall, the final design of the pill extraction was decidedly best accomplished by sucking the pill out by, and into, the Vacuum Removal Device.  By accessing the pill from only one side of its card, the space constraints are best maintained, and the storage density is greater than if one were to punch the pill out by utilizing both sides of the card. Also, the speed and simplicity by which the whole pill suction operation takes place is much superior to that of a ‘punching method.’  
3.5 Pill Delivery


The pill delivery step is the final step in the internal process.  Given the emphasis on certain portions of the project over others, the pill delivery sub-system was deemed one of the less important aspects of the project.  Of course while it is a necessary task to deliver the medications from inside the machine to outside the machine, it is a relatively simple addition to the overall design that can just be integrated rather than it being a wide reaching and system altering change like the card storage technique.  So while most of the efforts of the group have gone into the design of the chassis, card storage, and pill extraction, a few ideas for a pill delivery method were proposed and then put aside until the other aspects were completed.

One solution was to move the robot arm back to the home position when all the pills had been extracted and stored in the holding area described above.  Meanwhile a small plastic cup will be positioned such that the cup is under the pill holder.  The release door on the holding container will open and drop the pills inside the cup.  Then the cup with the pills in it will move to an opening on the outer shell of the chassis for use.  


Below is a diagram of the placement of the pill delivery system.  
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Figure 3.5.1 – Internal Pill Drop Exit Method

The other method of dispensing the pills that was discussed was to let the pills be dispensed due to gravity.  Once again, the pills would be sitting in the storage chamber contained in the VRD and positioned over an opening.  The door would open, either on its own or through some sort of interaction with the geometry in the system.  The pills would fall into the opening, connected to a chute or slide allowing the medication to simply fall downwards and ultimately into a cup ready for output.  This is a more simple design that requires no moving parts, just a good way to get the pills out in a consistent manner.  Below is a sketch of the idea.  This is the idea that was chosen for the final product.
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Figure 3.5.2 – Pill Sliding Method for Pill Exiting

A main concern was whether the cup dispenser was going to be external or internal. An internal supply of cups would have to be refilled from a panel of some sort but would not rely on a human grabbing and placing the cup on a conveyor type system for delivery. With an external supply of cups, less robotics would be inside the machine, which in turn means less down time due to extra machinery and less cost since there would not be a need to buy the robotics necessary to make an interior dispenser. However with an interior dispenser there is not a chance that the prisoners will break the dispenser which helps the reliability of the product. The holder for the cups would be the simple dispensers that one sees at convenience stores, fast food restaurants, or on the side of coolers at construction sites. For the robotic application, the commonly used dispenser works well since its dispensing end stays in a constant location which would allow for the extraction of a cup, if internally, to be relatively easy. 
3.6 Summary

From all the possibilities of different designs, through analysis, the selections of specific methods for the final design have been made. 
Starting off, the use of bingo cards as the packaging method will be employed to individually store a specific medication and isolate that medication, physically, from other medications to be able to reach a specific medication at a specific location.

A drawer slider will be used to move in the horizontal direction. This will be placed at the end of the VRD’s vertical motion extended bracket. It will run off of a rack and pinion type device to allow it to move in between the cards and back to its home position. Also by using the drawer slider it is possible to extend it in the opposite direction for a second column of cards. 


Once the exact location of the specified pill is determined, the extraction from the card is the next step. To extract the pills from the bingo card will be done using the VRD. The VRD uses a blade to cut around most of the edge of the foil for the specified pill and pump to create a vacuum like environment for the backside of the pill where the foil was cut. The pill is then sucked out of the packaging into the holding area at the bottom of the VRD. The holding area will house all of the medications for a single prisoner at one time until the medications are extracted and moved to the delivery location. After all of the pills have been extracted the columns of pills will be rotated back into there home position until the next prisoner inputs their information. 


In order to deliver the medication the VRD must reach a delivery location. At this delivery location the latch at the bottom of the VRD that allows the pills to remain inside will release the pills into a chute that will deliver the pills downward into a plastic cup waiting below.
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Figure 3.6.1 – Three Major Design Considerations

In general, the goal of the whole system is to be accurate, fast, and secure.  It must be accurate to guarantee that the correct pill is delivered to the correct prisoner.  It must be fast so that the whole process time is improved for prisons.  The system also must be secure so that nobody can compromise the infrastructure and steal pills.  
4.0 Product Overview
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4.1 Final Chassis System
The final chassis for the prototype consists of several parts that differ from the original design. These changes to the chassis design occurred because of several factors. 

One factor that altered the design was that Avocare provided many of the parts that were used for the chassis. This meant that any parts that they provided would be used first, instead of ordering new parts that were initially designed. This saved a great deal of money. It was also far more convenient to have several different parts readily available.

Another factor that altered the initial design was the construction process. Once parts were assembled to the chassis, there were times when it was necessary to alter to their location or add new parts. This was because there were unforeseen problems or alterations that needed to be made. Things like this happen all the time in the design process. Once construction actually begins, the engineer sees the project in a different light. In order to improve the Automated Medication Dispenser, during construction, some changes were made to the design.

The basic function of all the parts that were initially designed did not change. The only things that changed were the size and weight of the parts. In this way, the final chassis differed from the initial design, but its function remained the same.

All components will be listed and their function will be described in the following sections. Included in the final chassis will be the outer frame, support rails, vertical and horizontal moving rails, vertical and horizontal motors, and timing belts. 

The outer frame for the final prototype consists of Item Profile 8 80x80mm 4N90 rails. The frame includes 12 Item rails connected using T-slot nuts and 8mm screws. The rails have dimensions 72”x 24”x 46”. The outer frame can be seen in Figure 4.1.1 below. [image: image42.png]Vertical Suppport
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Figure 4.1.1 – Outer Frame

There are two 24” support rails that are used to hold the spinning rod, which contains the pill cards. These support rails are Item Profile 8 40x40mm. They connect to the outer frame via T-slot nuts and 8mm screws. Both support rails are assembled 10.5” inward from the outer frame as seen in Figure 4.1.1. Their faces are flush with the inner faces of the outer frame. Originally, the design called for four of these support rails. Only two are necessary for this prototype because there will only be one spinning column with cards instead of two.

On the back wall of the outer frame is a vertical support rail. This can be seen in Figure 4.1.1 above. It is a Profile 8 120x40mm rail. It attaches to the outer frame using T-slot nuts and 8mm screws. Two Shaft-Clamps are inserted into the grooves on the side of this rail. They are Item Shaft-Clamp Profile 8 D10. Inserted into these shaft-clamps are two 10mm shafts. This vertical support rail and its accompanying shafts serves as the spine of the chassis. Along the vertical support rail shafts run the vertical rollers as seen in Figure 4.1.2 below.
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Figure 4.1.2 – Vertical Rollers

The vertical rollers allow for motion in the vertical direction. These rollers are Item Double-Bearing Unit 8 D10 c Roller Guides. They are free to move in the vertical direction and are held together by the vertical plate as seen in Figure 4.1.2 above. This is a 1/4in thick aluminum plate with dimensions 7 ¾ x 5 ½ in. The vertical plate is attached to the rollers by using T-slot nuts in the roller grooves and 8mm screws through the plate.

On the right side of the right vertical roller is the vertical side plate. It is a ¼ in thick aluminum plate with dimensions 3” x 6.5”. It attaches to the vertical roller using T-slot nuts and 8mm screws. This plate is used to hold the timing belts, which pull the vertical rollers up and down. 
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Figure 4.1.3 – Timing Belts

Two timing belt tensioners are attached to the vertical side plate using 6mm screws as seen in Figure 4.1.3 above. The two ends of the timing belt are then inserted into the timing belt tensioners and tightened. The timing belts run from the top of the vertical support rail to the bottom and are reversed using timing belt reverse units. There is one timing belt reverse unit below the vertical rollers and one above the rollers. They are locate 1.75” from the side of the vertical support rail and aligned with both of the timing belt tensioners. The timing belt runs through both of the timing belt reverse units. The timing belt reverse units act as pulleys, so that a motor can transmit power to the timing belts. The timing belt reverse unit can be seen in Figure 4.1.4 below.
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Figure 4.1.4 – Timing Belt Reverse Unit and Motor

The upper timing belt reverse unit has a bore in the center for a motor shaft to be inserted. The shaft for the gear reducer is inserted into this bore. The housing for the gear reducer is also secured to the timing belt reverse units using 6mm screws. Attached to the gear housing is a 24 volt motor which powers the vertical movement and can be seen in Figure 4.1.4.

A 9” Item Profile 8 40x40mm arm is attached to the vertical plate. It extends outward into the Automated Medication Dispenser so that the pill cards will be easily accessed. The arm is secured to the vertical plate by two flanges as seen below in Figure 4.1.5. Both the flanges have two 8mm screws that connect the flange to the arm and two 6mm screws that connect the flange to the vertical plate.

[image: image46.png]



Figure 4.1.5 – Horizontal Arm and Flanges


At the end of the arm is a 2.7” Item Profile 8 40x40mm extender. It runs perpendicular to the arm and it supports several other components. The left side of the extender is flush with the left side of the vertical arm. On top of the arm and extender is a plate. This horizontal plate will hold other components along with the extender. It is 1/8” thick and has dimensions 4.75” x 6.75”. T-slot nuts and 8mm screws secure the horizontal plate to the arm and the extender. 
The 10” Hettich drawer slide is attached to the extender as seen in Figure 4.1.6 below. Using screws, the rack is attached to the drawer slide. With this rack and drawer slide combination, the drawer slide is able to move horizontally in order to access the pill cards.

A spur gear is in contact with the rack and allows for horizontal movement. The spur gear is attached to a 12 volt motor shaft using set screws. The shaft is 1/4” and 3.5” long. The end of the 12 volt motor shaft runs through an encoder, located below the drawer slide. The motor is secured to the horizontal plate using 4mm screws. It is inserted into its appropriate hole on the horizontal plate so that the spur gear and the rack are aligned.
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Figure 4.1.6 – Horizontal Components
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Figure 4.1.7 – Final Construction of Horizontal Components

There are two flanges attached to the horizontal plate and two flanges attached to the extender. The two flanges attached to the horizontal plate hold the motion sensors that are used to calibrate the drawer slide. The two flanges that are attached to the bottom of the extender are used to support the encoder, which controls the 12 volt motor. The motion sensors and encoders are described further in the following sections. 
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Figure 4.1.8 – Overall View

4.2 Spinning Column
There were several different possible methods of card storage during the design process. Some methods included tall horizontal stacks of bingo cards, rolodex style stacking of pills, rotisserie style and spinning column. After careful consideration of the amount of cards that could be stored, amount of moving parts, and unique design; the spinning column was chosen as the best possible way of storing the bingo cards.


The spinning column is composed of 15 components not including nuts and bolts. These components include; one 45.75 in. piece of ¾ in. EMT tubing, two 1.5 in. diameter aluminum stock machined into connectors between the EMT tubing and the bearings, two ½ in I.D. flange mounted bearings (the lower one has an axial load rating of 265 lbs. since it will be the one holding the weight of the column and all it’s components) which connect to the chassis, two wooden disks 5.875 in. in diameter and 1.5 in. thick to act as the spacer between the EMT tubing and the outer housing of PVC, one 36 in. long 6 in. diameter PVC drain pipe, two machined pieces of white Delrin (Delrin is a thermoplastic with high strength, toughness, hardness, abrasion resistance and low wear and friction) used as a sleeved flange which connects the EMT tubing to the wooden spacer disks, one 1/5 in. pitch 60 tooth timing pulley, and four 36 in long 1.5 in. by 2 in. 90 degree aluminum angle stock 1/8 in. thick which are attached to the PVC housing to hold the card rails which hold the bingo cards of pills.


Below shows the entire spinning column, the parts not shown are the machined sleeved flanges of Delrin. (Figure 4.2.1)


The next figure (Figure 4.2.2) shows all the pieces separated from the column before assembly, but do not show the Delrin pieces. You can see the PVC housing, the two wooden spacer disks which connect between the EMT tubing and the housing, the EMT tubing, the machined aluminum connectors so that the EMT pipe can fit into the upper and lower bearings and the bearings.
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Figure 4.2.1 – Completed spinning column with cardholders and cards attached.

[image: image51.jpg]— y

e
u¥

5 =

s





Figure 4.2.2 – Disassembled view of the spinning column 


It was important for the EMT tubing, which was used for the shaft of the spinning column to be attached to the bearings. This was accomplished by machining two 1.5 in. diameter aluminum stocks into connectors that reduced down the 0.992 in. O.D.of the EMT tubing into the 0.5 in. I.D. of the bearings. Machined on a manual lathe, each connector took approximately an hour to make. Figures 4.2.3 and 4.2.4 below show what the connector pieces look like as well as what the upper and lower bearings look like respectively. The upper bearing consisted of a stamped-steel mounted ball bearing-ABEC-1 two-bolt flange mount. It is a less robust version of the lower bearing and as a result cheaper. The lower bearing is a cast iron, housing, flange-mounted steel ball bearing ABEC-1 that has an axial load rating of 265 lbs. since it will be the only bearing with vertical weight component directly acting on it. This bearing is more than twice the cost of the upper bearing because its application requires a higher performance bearing. Both of the bearings use two setscrews to secure the aluminum connectors in place as well as having only 0.001 in. difference in diameter. The connectors attach to the EMT tubing as with a single through bolt with a lock nut to secure its connection.
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Figure 4.2.3 – Aluminum connector and upper bearing
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Figure 4.2.4 – Aluminum connector and lower (high performance) bearing.


The next figure (Figure 4.2.5) illustrates the connection positioning of the wooden disk spacer between the EMT tubing and the PVC housing. The reason wood was chosen for this application was a pure cost reduction. Wood has high enough strength for the application though other materials such as aluminum, polymers, or composites would be preferred. These could be machined for using fasteners other than wood screws to attach the PVC housing and the sleeved flanges made from Delrin to the disks. 
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Figure 4.2.5 – Upper section of the spinning column 


Figure 4.2.6 below shows the Delrin sleeved flange that was machined from 3 in. diameter stock. The thicknesses of the Delrin walls and flange section are ¼ in. for extra strength. The Delrin flanges are inside the PVC housing when assembled. They are connected to the wooden disks by four equally spaced wood screws and connect to the EMT tubing by a single through bolt with a lock nut to secure it. 
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Figure 4.2.6 – Lower section of spinning column

The PVC drainpipe shown in figures 4.2.5 and 4.2.6 has a ¼ in. thick wall and connects to the wooden disk spacers by eight wood screws on each end. Four of the screws are just connecting the PVC to the wood, whereas the other four are used to connect the aluminum angle to the PVC housing and to the wooden disks to secure it. 

The first figure (Figure 4.2.1) clearly shows the four fasteners for the aluminum angle. Wood screws that attach through the PVC housing and into the wood connect the upper and lower end of the aluminum angle. Six mm. bolts make the two middle connections to the PVC with D nuts inside the PVC for curvature and lock nuts on the backside of those to secure the angle in place. In the next figure (Figure 4.2.7) the connection of the cardholder rails to the aluminum angle can be seen clearly. There are slits cut equidistantly from each other at the exact distance of the width of the bingo cards. Since the angle is 1/8 in. thick and the cardholder rails smallest opening is less than 1/16 in. wide, the cardholder rails do not move unless you want them to. It is visible from this figure that since the cardholder rails are not moving and the bingo card actually fits between the cardholder rails and the aluminum angle, creating a very secure position for the bingo cards, the bingo cards will not move unless an above normal force is exerted on them. 
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Figure 4.2.7 – Aluminum angle with slits for the cardholder rails


The driving force for the spinning column is a 24V DC electric motor. This motor has a 15-tooth timing pulley with a 1/5 in. pitch that connects to a 25 in. rubber belt with matching pitch. This connects to the bottom of the spinning column just above the aluminum connector between the EMT tubing and the lower bearing to a 60-tooth timing pulley. Two setscrews that are offset by 90 degrees attach both of the timing pulleys. This configuration allows the column to not spin at an uncontrollable rate since it has a 4:1 ratio, meaning it moves one rotation for every four rotations of the electric motor. This gear ratio also allows for more steps of the motor when programming which will make the positioning of the column more accurate. The motor, timing pulleys, belt and lower section of the spinning column can be seen in the next figures (Figure 4.2.8) and (Figure 4.2.9).
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Figure 4.2.8 – Close up of lower assembled column
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Figure 4.2.9 – Close up of motor and timing pulley
4.3 Vacuum Removal Device


One of the most important parts of the project was the design of the device that would physically remove the pills from the cards. After deciding on using vacuum suction, the design of the Vacuum Removal Device (VRD) that would physically remove the pill from the card had to be made. The final design for the VRD can be seen in Figure 4.3.1 below.
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Figure 4.3.1 – VRD Final Design


A PVC ninety-degree elbow fitting was used as the foundational structure of the VRD.  As seen in the above Figure, the face of the VRD that makes contact with the back of the pill card is shaped to match the exact cross-section shape of the foil on the back of the pill card.  This was done in order to attain the optimal vacuum suction while at the same time minimizing the space requirement for the VRD to slide in between the cards.  To create this shape and to ensure a sealed interface between the VRD and the pill card, neoprene rubber was used to form the shape of the cross section on the face of the PVC elbow.  When the VRD is pressed with light force against the back of one of the cards, the seal is sufficiently tight between the VRD and the card to create vacuum suction. The three pieces of the VRD face construction can be seen below in Figure 4.3.2.
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Figure 4.3.2 – VRD Construction Components


In order to output the pills from the device once all of the pills were collected for an individual customer, a hinged door was built on the bottom face of the VRD. Again, neoprene rubber was placed around the entire interface so that, when closed, the hinged door was still vacuum sealed. The hinged door used was the hinge for an oil can, which was ordered from McMaster.  The door was attached to the PVC elbow with neoprene rubber and duct tape. The closed hinged door can be seen in Figure 4.3.3.

There is also a flange sticking off of the back side of the hinged door to create a lever arm which catches on the edge of the output cup to open the hinged door. When the flange is pushed down upon the output cup, it opens and allows the pills to fall down into the cup. This opening process can be seen in action in Figure 4.3.4.
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Figure 4.3.3 – Closed Hinged Door
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Figure 4.3.4 – Open Hinged Door

There is a small threaded nozzle screwed into the top of the VRD device.  Connected to this nozzle is a vacuum hose which leads to the vacuum pump, which is mounted on the electronics board. The vacuum used by the group met the suction specifications. The pump is made by Thomas and is a Diaphragm Pump with model number 7006 DC. The vacuum pump can be seen in Figure 4.3.5 below. 

[image: image63.emf]
Figure 4.3.5 – Vacuum Pump 7006 DC (www.rtpumps.com)

The pump has a maximum vacuum suction of 850 mbar, which is roughly 85 kPA.  The volumetric flow rate of the pump is 7.2 L/min which is sufficient for this project.  With the small volume of air including only the volume inside the hose and the pill bubble, the vacuum suction occurs in a matter of mere seconds.

Finally, the VRD device was attached to a flange on the horizontal drawer slide by a single set screw, which was threaded and sealed with tape. While minor vacuum losses assuredly occur through the set-screw hole, the losses don’t affect the overall suction of the pill into the VRD.

Unfortunately, the blades that were attached to the VRD that actually pierce the foil did not function as well as we had hoped.  The success of the blades was heavily dependant upon the placement of them within the VRD and how far they stuck out.  If the blades stuck out too far, they would often pierce the foil and then the plastic bubble on the other side.  This small hole would cause the pressure to equalize and therefore the suction would not be strong enough to pull the pill out of its hole.  Several different modifications to the locations and orientations of the blades were tested, and all seemed to only have moderate success at best.  This is not to say that the blade / suction method was not effective; in fact it showed great potential.  It was just a matter of fine tuning that could be achieved in future models of the system.

4.4 Pill Exit

The final step in the entire process is the exit of the pills. The pills, after being individually collected by the VRD from each of their locations, are then transported via the VRD to a location right above the output cup. Once there, the VRD lowers, allowing the cup to push against the flange on the VRD to open the hinged door.   This action releases the pills to fall into the output cup. This is seen in Figure 4.4.1.
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Figure 4.4.1 – Pill Release


The output cup is simply a PVC 2” nominal diameter coupling.  In order to connect the output cup to the chassis of the robot, two pieces of scrap metal, forming a ninety degree elbow, were attached to create a solid foundation that could withstand the torque of the VRD pressing down on the cup.  This can be seen in Figure 4.4.2 below.

[image: image65.jpg]



Figure 4.4.2 – Output Cup Connection
On the other end of the output cup, a tube is connected to transport the pills from the cup to the output location. The output tube was smoothly taped down to the inner walls of the coupling, creating a funneling effect which allows the pills to simply slide down through the larger-diameter output cup into the smaller-diameter tube. The pills then slide down the tube to an output location by gravitational force. The tube connected to the output cup can be seen in Figure 4.4.3.
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Figure 4.4.3 – Output Tube

Due to space constraints within the robot, the pill output cup had to be placed near the bottom of the robot as opposed to the top.  This is not the ideal location, as the low vertical position of the cup yields a small gravitational potential energy for the pills sliding down the tube.  However, the chosen location of the cup was the best choice under the given space constraints. 
4.5 Electronic Components

Any robotic device is really a fusion of mechanical and electrical aspects, working together in unison.  Consequently, in addition to designing and assembling the mechanical apparatus, electrical sensors had to be mounted in the system to bring the machine to “life”.


The first important electrical component needed in this project is the encoder.  An encoder is an electromechanical sensor that measures angular velocity consisting of a housing, a code wheel, and a connector module.  The code wheel is a thin transparent disc attached to a hub that is attached to a motor shaft.  When the shaft rotates, the wheel turns.  On the wheel is a series of opaque markings.  Part of the wheel passes between two sections of the connector module which emits light from one side and receives the light at the other end.  The pattern of on/off pulses received tells the module how fast the code wheel is spinning and therefore how fast the motor shaft is spinning.  The assembly of encoders is a very delicate process and a special spacer tool is used to ensure that the wheel is aligned correctly.
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Figure 4.5.1 – A Disassembled Encoder


Three encoders were used in this project, one for each motor (vertical, horizontal, and rotational).  The goal of these encoders is to provide a quantification of movement from one point to another in the process flow.  For example, to move the vertical motor from point A to point B, the motor must spin resulting in N encoder counts.  The programmer can use this information to tell the motor exactly how much to turn to reach an exact location within the system.  The encoders used in the final product are capable of reading up to 5000 pulses per revolution (PPR).  That means that the encoder can read 13.8 pulses per degree of rotation, or taking the inverse, 0.072 degrees per encoder pulse.  This high resolution can provide for very accurate motion.
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Figure 4.5.2 – Encoder Mounted Onto Vertical Motor


The next kind of electrical sensor was the photomicrosensor (photo sensor).  The principal behind the photo sensor is similar to that of the encoder because it involves the interruption of a beam of emitted light.  The sensor emits a light from a source to a receiver.  When some object breaks that beam of light, the sensor sends a message to the main computer board that the state has changed, and the computer reacts accordingly.
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Figure 4.5.3 – Photo Sensor Schematic


These photo sensors can be used in different ways.  There are two sets of two photo sensors mounted in the pill dispensing system along the vertical motion rail and the horizontal drawer slide.  They are located at the extremes of the vertical and horizontal motion such that when a thin piece of metal passes through them, the light becomes interrupted and the sensor sends a message to the computer board to stop the motor.  This effectively serves as an emergency stop, preventing the slider carriages from coming off the tracks or from motors burning out.  Below is a picture of the horizontal movement portion of the machine.  Circled in red are the positions of the photo sensors.
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Figure 4.5.4 – Horizontal Movement Photo Sensors


There is one more photo sensor installed in the system, bringing the count to 5, on top of the rotating rod.  This photo sensor serves as a position reference for the encoder.  Since the encoders do not “remember” their location, they must have a reference point to be able to recognize the home position.  So when the extended metallic piece travels through the opening of the sensor, breaking the light beam, the main computer board knows that the rotating rod is at its home position.  This is shown below.
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Figure 4.5.5 – Rotational Rod Photo Sensor

All of these sensors, as well as the motors, need to communicate with something in order to accomplish the desired tasks.  That communication device is a wide variety of circuit boards mounted onto an aluminum sheet.  This electronics board contains all of the necessary components for an operational system.  For this project, Avocare provided a pre-built test board that they use to test out the functionality of other mechanisms they have.  It contains more features than is needed for this particular project, but was fine for our testing.  A picture of the board is located on the next page.


There are many components mounted onto this board.  The most important piece is the main board, located at the top center in the photo.  The main board is the “brain” of the system, and communicates with the other boards, sending commands and information out to the rest of the system.  One of the parts connected to the main board is the sensor board (left of the main board) which communicates with the photo sensors (or other sensors that may be included).  On the top, right of the main board is the encoder board, which sends and receives information exclusively from the sensors.  Below that and also connected to the main board are two (we only need one) motor driver connectors.  They serve as an interface between the main board and the motor drivers installed below.  The six circuit boards located in the middle are the motor drivers, which power the motors.  We only need three motor drivers, one for each motor.  Power supplies are located in the bottom portion of the electronics board.  Although there is a 12 volt, 24 volt, and 48 volt power supply, we only need the 12 and 24 volt supplies.  The 24 volt supply powers the vertical and rotational motors, and the 12 volt supply powers the horizontal motor and the pump.  There is also an auxiliary 5 volt supply which powers the main board.  Also installed on the board is the pump, to conserve space.  Fuses are located under the motor drivers for precautionary measures, as well as a kill switch in case of an emergency.  
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Figure 4.5.6 – Avocare’s Electronics Board


Most of the wiring was provided to us and hooked up by an Avocare employee; however it was necessary that we hook up an E-chain to the vertical arm.  For components that were stationary, it was sufficient to hook the cables to the board directly.  For anything mounted onto the vertical arm, however, it was important to reduce the movement of the cables as much as possible.  The cables we used were not flexible, so repeated bending can damage them.  To solve this, the cables were run through an E-chain, which is a series of interconnected pieces with limited mobility.  As a result, the cables encounter only minimum amounts of flexure and therefore longer life.  The cables for the horizontal photo sensors, horizontal encoder, horizontal motor, and the pump tubing were all run through the E-chain.
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4.5.7 – E-chain
4.6 Programming


The other component needed besides the mechanical and electrical aspects is the computer aspect.  A computer program with a sequence of instructions on how the system will operate needed to be written.  


The easiest way to think about the steps of the program, or the process flow, is to think about how a human would perform the same task, without leaving any steps out.  For example, to put on shoes, the first step is to pick up one sock, put it on one foot, pick up the second sock, put it on the other foot, pick up a shoe and put it on the right foot, tie that shoe’s laces, and the same for the other shoe.  That process could be optimized by using a sock – shoe –sock – shoe design.  Similarly, the steps in selecting, extracting, and delivering several pills had to be thought out before the program could be written.  An electrical engineer at Avocare actually wrote the final code but we had to provide a detailed flow chart to him outlining every step the system would take to reach the final goal of an outputted pill. Below is the flow chart that was used in programming the pill dispensing machine.
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Figure 4.6.1 – Flow Chart Used for Programming
5.0 Calibration and Testing
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With the physical components installed and the program written, all that was left was to test the system.  The first phase was to manually test the pump on some of the mounted bingo cards.  Since the blades were not attached to the VRD in the final version due to inconsistent performance, the backs of the bingo cards were cut with a knife to simulate the puncture of the blades.  The initial testing resulted in the pills sometimes becoming stuck against a lip in the PVC elbow of the VRD.  This obstruction was removed with a sharp knife and testing was resumed, with the pills coming out of the pill bubble every time.

From there, when all of the final tweaks were finished, it was time to test the program, and the overall functionality of the system.  The program was run 6 times all the way through.  Overall, the functionality was successful.

A successful run displayed the following behaviors.  First, the system would calibrate itself and find all of the home positions based on the encoder and photo sensor readings.  Then the vertical motor would move to a predetermined location, followed by the rotational motor moving the column to a position.  The horizontal motor moved the VRD out to a pill location, the rotational motor would move slightly closer, and the pump would turn on, removing the pill from the card.  The pump would turn off, wait, and the rotational motor would move back slightly.  From there the horizontal motor would retract the VRD and repeat the steps for retrieving 2 more different pills.  After all 3 pills were sitting in the bottom of the VRD, the vertical motor would lower the arm and release the pills into a tube which would drop the pills into the cup waiting below.  


Some of the runs showed partial successes.  An unintended result was that sometimes a pill would miss the cup at the bottom once it fell out of the tube, or it would fall in the tube and bounce out again.  This is just because the pills were bouncing around inside of the tube as they were falling downward, and this can be easily remedied by changing the geometry of the tube so that it does not fall at quite a sharp angle.  If the pills would slide more than fall then they would have a more predictable output.  


Another problem that was encountered was that sometimes the pills would be flung out of the VRD in the stage between the pump turning off and the rotational motor moving the card away from the VRD.  This however was due to varying wait times after turning the pump off.  In one instance where a short wait time was tested, not all of the pressure was dissipated, and when the card was rotated away from the face of the VRD, the pill was actually flung out of the VRD.  In general, successful pill retrieval was directly proportional to longer wait times after turning the pump off.

One final interesting result was that a run had to be manually stopped.  The electronics had become “confused” because a sensor had accidentally been tripped by some component internally.  This sent the whole system into a state of erratic behavior.  When the power was turned back on, the calibration procedure was repeated and the internal flow worked fine.

Overall the system retrieved the pills from the bingo cards successfully when the pump dissipation wait time was set to a proper length.  The pill exit worked generally well, but could be easily optimized for better pill behavior when falling into the pill cup.

6.0 Conclusion
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The goal of the project was to come up with a system that will effectively and quickly dispense medications to prisoners.  The design team began with a scope statement provided to us and brainstormed to determine the steps needed to realize this goal.  Then the steps were refined into physical mechanisms for performing each step, and these mechanisms were debated and decided on using decision matrices or just a common consensus.  

Keeping in mind that “the easiest way to eat an elephant is one piece at a time”, the design was broken up into different tasks and delegated to different members of the group.  From there, testing and actual construction began, all the while making sure that each section of the system integrated well with the others.

Time was the most important resource during the course of this project.  Using mainly in-house parts and scrap metal, the need for ordering parts was minimized, reducing the time needed to wait for important parts to arrive in the mail.  Also, having access to Avocare’s machine shop eliminated having to go to the machine shop on campus.


Unfortunately, the blades on the VRD were not placed inside the system due to time constraints, although much time and testing was invested into that portion of the project.  Testing showed that the blades can work, but results were mixed and generally inconclusive.  The attachment of the blades to pierce the foil on the VRD was determined to still be a viable method for pill extraction that requires fine tuning and adjustments.  

As a prototype that serves as a proof of concept, the pill dispensing system was successful in that it showed how it is possible that pills can be stored in bingo cards mounted on a radial column, the foil backing can be punched with a blade, and the pill can be retrieved by sucking it out of the pill card.

Many things were learned by the group about robotics, but perhaps more importantly, lessons were learned about the process and nature of designing, about time management and about working effectively in a professional, team environment.
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Appendix B – Decision Matrix for Card Storage

	Decision Matrix for   

Card Storage
	
	
	
	
	

	
	
	
	
	
	
	
	

	Method
	Speed
	# of Cards 
	Power
	Durability/
Reliability
	Reload
	Final Rating
	Priority

	Weight
	0.4
	0.2
	0.1
	0.2
	0.1
	 
	 

	Pizza
	8
	7
	6
	6
	8
	7.2
	3

	Rotating Rack
	9
	6
	7
	7
	8
	7.7
	1

	Vertical Stack #1
	7
	7
	8
	9
	7
	7.5
	2

	Vertical Stack #2
	7
	5
	8
	9
	7
	7.1
	4


Appendix C – Determination of Vacuum Nozzle Size
	Determination of Vacuum Nozzle Size
	
	

	
	
	
	
	

	Column Diameter (in.)
	Angle between cards
	ang. Radians
	# cards
	Max vacuum width

	4
	10
	0.1745329
	36
	0.411652802

	4
	15
	0.26179935
	24
	0.858799795

	4
	20
	0.3490658
	18
	1.295605504

	4
	30
	0.5235987
	12
	2.124999656

	6
	10
	0.1745329
	36
	0.585300955

	6
	15
	0.26179935
	24
	1.117618804

	6
	20
	0.3490658
	18
	1.6376256

	6
	30
	0.5235987
	12
	2.624999591


Appendix D – Component Specifications
Links to product specifications can be found below for each of the critical components.

Vacuum Pump:  Thomas Diaphragm Pump 7006 DC

http://www.gd-thomas.com/WorkAreashowcontent.aspx?id=9846
Encoders:  US Digital E5D Optical Kit Encoder

http://www.usdigital.com/data-sheets/E5%20Data%20Sheet.pdf
Photo Sensors: Omron Photomicrosensor (Transmissive) EE-SX4009-P1

http://www.components.omron.com/components/web/PDFLIB.nsf/0/A127DFE4461E64B585257201007DD5F5/$file/D21EESX3009P1SX4009P10305.pdf
12 Volt Motor: #82800050 - 3000 RPM 12 VDC

http://www.herbach.com/Merchant2/merchant.mv?Screen=PROD&Store_Code=HAR&Product_Code=TM00MTR4415&Category_Code=DCPMFIELD
Pinion: Martin Steel Stock Spur Gears #S2415 
http://www.martinsprocket.com/2001/SecGa.pdf#G2 (page G-24 of catalogue)
Upper Bearing: FYH Stamped Steel Plate SBPFL Bearing – SBPFL201
http://www.fyhbearings.com/catalog/FYHcat3300.pdf  (page 120 of catalogue)

Lower Bearing:  SKF Set-screw 2-bolt Flange Ball Bearing – F2B-VSC-008
http://www.dodge-pt.com/pdf/catalog/setscrew/ss-sel_dim.pdf (page B3-58 of catalogue)
E-Chain: Igus Series E2 045 “micro”
http://www.igus.com/pdf/s045.pdf
Structural Rail Members and Fittings:  Item America
http://www.itemamerica.com/outside_catalog.asp
Appendix E – Materials List
Fasteners – 

Bolts – 


M8 – 70


M6 – 20


M5 – 10


M4 – 10


M3 – 20

Wood screws – 


1.25” – 16

D-nuts – 


M8 – 66


M6 – 16


M5 – 8


M4 – 6


M3 – 10

Lock nuts – 


M8 – 4


M4 – 4


M3 – 4

Butt connectors – 


M8 – 6

Washers – 


M8 – 10


M4 – 4


M3 – 4

Structural members – 

Profile 8 – 


40x40 – 6’


80x80 – 50’


120x80 – 4’

Dynamic components – 

Guide shafts – 


Shaft D14 – 8’

Roller Guides – 


Roller profile 8 D – 14
Timing Belt – 


Belt R25 T10 – 8’

Reverse Unit 8 80 R25 VK32 – 2


Tensioning Block 8 R25 – 2


Fixing Block 8 R25 – 1

Horizontal movement – 


Drawer Slide – 1


Rack – 1


Pinion – 1

Spinning Column – 


6” PVC drain pipe – 36”


3” Delrin stock – 8”


1.5” Aluminum stock – 6”


¾” EMT tubing – 4’

Bearings – 

Steel-flange mounted ABEC-1 
½” I.D. - 1
Cast Iron housing flange 
mounted ABEC-1 ½” I.D. 265lb. axial load rating -1
Vacuum Removal Device –

Housing –


90 Degree PVC Elbow – 1


Oil Can Cover – 1

Nozzle – 


Threaded tubing nozzle – 1

Sealant –

Black Neoprene Rubber – 1 roll

Electrical Components – 

E-Chain – 


Series 045E2 Micro by Igus - 1
Motors – 


Allied Motion 24VDC – 2


Crouzet 12VDC - 1
Encoders – 


US Digital E5D Optical
Sensors – 


Omron EE-SX4009-P1 - 5
Vacuum Pump – 


Thomas Diaphragm Pump 7006 

DC – 1

Scrap Metal – 

Aluminum – 


Flat – 10 sq. ft.


Square 3”x3” – 1’


Angle 1/8th” thick 1.5”x2” – 12ft



1/4th” 3”x3” – 6”

Appendix F – CAD Drawings
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Special Thanks 
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Team 4 would like to make a special thank you to everyone who helped out during the course of the project.  A big thank you goes out to Dr. Draper and all the employees at Avocare who assisted us in answering questions, furnishing materials and a work space, machining parts, hooking up the electronics, and writing the test program.

Also thank you to our faculty advisor, Dr. Moore, and instructor, Dr. Luongo, who gave us a lot of advice and guidance along the way.
. 

Figure 3.1.1 – Work Breakdown Structure
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