A. Specific Aims
Ocular perfusion pumps have been implemented in patients outside of the ICU who are suffering from severe Dry Eye in which self-lubrication of the eye is not available, and manual lubrication of the eye is inconvenient due to the amount of time spent daily on lubrication.  This concept of an automated perfusion pump can be translated into the ICU setting to decrease the time nursing personnel would spend lubricating eyes of patients who cannot perform the function themselves and to minimize the indirect costs of the techniques currently used.  

The specific aims of the proposed Phase I program are:

1. Design an ocular perfusion pump that will provide constant uniform lubrication of an artificial tear solution containing an adequate amount and 
composition that will lubricate a patient’s eyes when the function is not available 
to them and which will eliminate the need for manual lubrication by another.  


This device will mimic the self-lubrication of the eye in that it will input an artificial tear solution that is synonymous with the natural tear and allow for the 
distribution of the artificial fluid to mimic the normal distribution caused by 
blinking.     

2. Fabricate a sufficient number of devices to support Phase I test

3.  Test the Phase I device in a mechanical setting, in test groups, and with human factors evaluations to determine if the user will be able to correctly and efficiently use the designed device and to determine if the device will perform all of its intended functions without hazards to the patient.  Analysis will be done to determine if the functions this device performs effectively improves upon already implemented techniques for the targeted problem

B. Background and Significance
In the United States alone, each year, 4.4 million patients are admitted to intensive care units [1].  Most patients in the ICU will not be able to adequately lubricate their eyes because they are sedated and/or paralyzed.  Less than half of these patients in the ICU setting will not be able to adequately lubricate their eyes because they are sedated, paralyzed (chemically), or non-responsive.  Many of them will be able to close and protect their eyes, but, as the length of the ICU stay increases, the risk of their eyes becoming open rises exponentially. Even a small amount of opening can potentially cause significant damage to the eye.  A lack of self-lubrication means that manual lubrication by another is needed.  A critical problem in accomplishing this is the time and availability of nursing personnel to perform this task.  The need for ICU care, nurses and other ICU staff, is ever increasing because of factors relating to increases in population, life expectancy, which translates into a larger proportion of elderly patients, and technological advances.   In fact, the staffing of ICUs accounts for approximately 50% of the total ICU cost [1].  This along with the increasing need of ICU care leads to problems with efficiency and time-management of the staff and of the ICU in general.  Techniques for lubrication employed now include; frequent administration of tear drops and ointment, eyelid taping, or surgically suturing the eyelid closed.  The main problem with administration of tear drops is the inefficient utility of nursing personnel. The patients are generally very sick and nurses are already overloaded from having to doing so many other things. Eyelid taping will only work if the patient does not have underlying dry eye problems.  Many patients also develop skin problems associated with long term taping.  Furthermore, improperly applied tape can cause significant damage to the eye. Surgical suturing of the eyelid is very invasive and cosmetically unappealing to most patients and their families.  It also hinders frequent neurological checks (pupillary reaction) that the nurses need to perform.  These inefficient techniques may lead to poor eye lubrication.  If the eye is not lubricated, many problems can arise including Dry Eye.
In addition to the patients in ICU environments, Dry Eye affects a significant percentage of people in the United States, particularly those over the age of 40.  These estimates exceed 10-14 million.  Internationally, the percentage of people afflicted closely reflects that of those in the United States.   Dry eye is shown to be slightly higher in women than in men [2].  Many think this condition will continue to expand as the computer age sets in as more people will spend larger amounts of time in front of a computer.  Because this is a big problem for many people in the United States and around the world, a device design is needed to correct this problem.
Dry eye is a common disorder of the tear film which results from decreased tear production, excessive tear evaporation, or abnormality in mucin or lipid components of the tear film.  Dry eye is caused by qualitative and/or quantitative abnormalities in the tear film layer.  The tear film is composed of three different layers.  The first layer, a thin lipid layer, is produced by the meibomian glands and functions to retard tear evaporation and assist in uniform tear distribution.  The middle layer of the tear film, a thick aqueous layer, is produced by the main lacrimal gland, as well as some accessory lacrimal glands.  The third is an innermost hydrophilic mucin layer that is produced by both the conjunctiva goblet cells and the ocular surface epithelium.  It associates itself with the ocular surface via its loose attachments to the glycocalyx of the microplicae of the epithelium.  The reason that this layer is able to spread over the corneal epithelium is the hydrophilic quality that is possesses [2].  
Tears are distributed across the ocular surface by blinking.  Tears produced by the major and minor lacrimal glands are distributed over the ocular surface and drained through the lacrimal punctum by blinking.  Blinking proceeds from the temporal to nasal, pushing the tears into the punctum.  Blinking abnormalities can cause ocular problems by causing incorrect distribution of the tears over the eye.  Human’s blink about 15-20 times per minute in a relaxed state.  When abnormal blinking or no blinking at all occurs, many problems can arise on the ocular surface.  Ocular reflexes and environmental circumstances can also affect the blinking rate.  Reading, use of video display terminals, and other visual tasks and functions can have a similar effect.  Incomplete blinking may occur in circumstances such as lagophthalmos with a facial palsy.  During this type of condition, part of the cornea is always dry [3].  Patients in the ICU or in surgical setting with mobility problems or paralysis need help to keep their ocular surface lubricated further eye problems do not arise.  Problems can also be caused by tear evaporation, but in this case, it is not a pressing issue.
There have been few attempts at creating external ocular perfusion systems, most are internal.    One study used an external irrigation system that consisted of a piezo jet pump irrigator designed specifically for use on patients with Dry Eye to supplement or replace insufficient or absent tears.  In this device, fluid volumes are projected onto the ocular surface using micro droplet jet pumps.  The prototypes created were to be tested on normal patients and those with Dry Eye.  The methods included use of a single electric fully glass lined battery powered pump with a 3 ml reservoir mounted on eyeglass frames.  The droplets emitted were small and moved 5-10 mm from the sprayer to the eye surface.  The droplets were cool as they landed on the ocular surface.  These artificial tears mixed with the tears already on the eye to bathe the cornea.  The final conclusions on this study had shown that this may be a safe and effective way for adding tears to the eye without the use of droppers [4].  There were no follow up studies found that continued the research of this study.  A future application of the device we are proposing could be a modification for everyday use.  
Other research in this area has focused on internal perfusion of the eye.  One study focused on a device that was implanted in the abdomen and perfuses tears to the eye from a reservoir unit in the abdomen.  The reservoir is operated by a gas pump, which pumps artificial tear from the reservoir through a silicone tube lead subcutaneously via the chest, neck and lateral part of the head, and entering the conjunctival sac of the eye.  A catheter at the end of the silicone tube is anchored to the aponeurosis of the temporal muscle at the lateral rim of the orbit with a butterfly sleeve.  The catheter needs to be anchored to prevent retraction due to rotations and flexions of the neck.  The terminal portion of the tube runs freely along the upper conjunctival fornix and is fixed to the temporal muscle fascia near the lateral orbital rim with a butterfly anchor sleeve.  It dispenses 1.5 ml of artificial tears per day into the ocular lacrimal basin with a constant flow rate.  The results of the study found that this may be promising for someone with severe aquodeficient dry eye [5]. The internal perfusion pump is a viable solution for a severe eye problem; however, the invasiveness of the device is a large issue that deters those with minor problems.  Similarly, our proposed device functions to lessen the time for use and added stressors in an already stressful situation.  Therefore, an internal device is not the best solution to the illustrated problem.  
Currently, the most established solution for those afflicted with Dry Eye is simple administration of artificial fluid by the patient themselves.  This is acceptable for those with mild or moderate dry eyes, yet the frequency of occurrence is too high for this to be a permanent viable solution, especially for those with sever Dry Eye.  The previously developed mechanical devices that have addressed this issue have problems associated with them such as ocular surface scratching, side effects, and untimely delivery of the tears.  We intend to pursue a viable solution that includes the use of an automated device which will allow for timely delivery of the artificial tear fluid.  Other devices have also been developed to help patients who choose manual tear lubrication with ocular tear placement.  One such device is the autodrop eye dropper.  This clips into place and positions the bottle at the correct angle over the eye.  A special cup prevents blinking by keeping the lower eyelid open while a small pinhole directs eyesight upward and away from the descending drops.  The patient then squeezes the drops into their own eye [6].  For patients in an ICU setting who have lost the ability to blink, none of these are viable options since patients in these settings also lack the motor skills to manually lubricate their own eyes.   We intend our proposed device to be anchored to the patient near the eye, like the autodrop eye dropper, but that also has an automated timer and a mechanism to administer the tear fluid into the eye for the patient.  This solution is noninvasive, in contrast with the internal perfusion pumps used for those with severe dry eye, and will limit the time needed for nursing personnel to perform manual lubrication along with minimizing the indirect costs associated with current techniques which include such as: reducing personnel time, reducing invasiveness and problems associated with invasive techniques, and reducing stress caused by non-aesthetic techniques.    

C. Relevant Experience
The principle investigators on this project are Kelly Clause, Senthil Premraj and Bradley Lomago.  Currently, a member of the Eye and Ear Institute, Puwat Charukamnoetkanok, will act as a mentor to guide them through the process.  The qualifications of the investigators are listed below.
Kelly Clause is currently a student in the bioengineering department at the University of Pittsburgh with a concentration in biotechnology.  She has over a year of research experience in tissue engineering with the University of Pittsburgh bioengineering department which has given her experience in animal testing in an experimental setting along with experience in the use of mechanical devices such as force transducers and length controllers.
Senthil Premraj is a student in bioengineering. His concentration is biosystems and signals. He has had research experience in the field of timer circuits and amplifiers. He would be an ideal candidate for designing the control circuit and connecting with the electromechanical system. 
Bradley Lomago is currently a student in the bioengineering department at the University of Pittsburgh.  He has a concentration in biotechnology and artificial organs.  He has research experience at the McGowan Institute for Regenerative Medicine, where he worked on the development of a biohybrid membrane oxygenator.
Puwat Charukamnoetkanok is currently an Assistant Professor of Ophthalmology at the University of Pittsburgh.  His specialties are in Cornea, Ocular Surface Diseases, Refractive Surgery, and Uveitis.  He attended the University of Rochester School of Medicine and Dentistry from 1992-1998 and received his M.D., honor with distinction in research.  He then studied at Columbia University at Mary Imogene Bassett Hospital where he completed his internship.  He then did his residency at the University of Iowa Department of Opthalmology from 1999-2002.  He was then an associate staff member at the Massachusetts Eye and Ear Infirmary from 2002-2004.  He is currently at the University of Pittsburgh.
Experimental methods:

1. Design an ocular perfusion pump that will provide constant uniform lubrication of an artificial tear solution containing the adequate amount and 
composition that will lubricate a patient’s eyes when the function is not available 
to them and which will eliminate the need for manual lubrication by another.

This device will mimic the self-lubrication of the eye in that it will input an artificial tear solution that is synonymous with the natural tear and allow for the 
distribution of the artificial fluid to mimic the normal distribution caused by 
blinking.     
Initially the device hypothesized needed multiple components including: a power source, which consists of a battery that has power to drive the control mechanism, a delivery mechanism which functions to transport the artificial tear fluid between components from the fluid reservoir to the spray mechanism, a fluid reservoir, to hold a larger amount of fluid so the time for maintenance and refilling is less a delivery mechanism, a control mechanism, which controls the frequency and volume of the fluid released, a spray mechanism, which will transfer the fluid from the device to the eye and uniformly distribute the artificial tear fluid over the eye, a fluid pump, which will maintain a constant flow rate, a placement component, which functions to hold the sprayer in place, to input the fluid in eye, and to enable the tear fluid input to reach the desired part of the eye, and an artificial tear fluid, which will need to be synonymous with natural tear fluid
The spray mechanism was acquired and tested first because the fluid pump specifications, and consequently the rest of the components, are dependent on sprayer specifications.  The spray mechanism acquired was a Pediatric Atomizer from Blue Ridge Medical Inc.  The dimensions of the sprayer are: tip diameter equal to 0.17 inches, overall length of 4.5 inches, and an inner diameter of 0.06 inches.  The major specification of the sprayer needed to decide on the correct fluid pump was the flow rate needed for the sprayer to atomize the tear fluid.  To obtain this specification an experiment was done using a syringe pump.  Four trials were done and a total of seven flow rates were tested.  The sprayer was attached to the syringe pump which also had a pressure transducer.  The height of all the components involved in the experiment was maintained to ensure consistent and pure results.  The temperature was also maintained throughout each trial for similar reasons.  For each trial, a constant flow rate was input through the spray mechanism and the resulting pressure drop was recorded from the pressure transducer.  Each of the four trials were carried out using all the varying flow rates.  From the resulting pressure drop a graph of the P vs. Q relationship was produced and shown in Figure 1.  Another experimental result was the minimal flow rate needed for atomization.  It was determined to be 8 mL/min.      
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Figure 1: A graph of the P vs. Q relationship of the spray 




mechanism
These results allowed us to determine the specifications needed for the fluid pump and the control mechanism.  For the control mechanism, a circuit that would provide inputs of an artificial tear solution of an adequate amount of 50 mL/input at varying time intervals from 1 min – 1 hr was needed.  A LM555 timer, shown in Figure 2, and circuitry in astable operation mode was used to allow for the varying time intervals needed for the input.  For this timer, the on time is used for fluid dispensing, and the off time will be used to stop the fluid flow.   On time is to be used for fluid flow and off time to stop flow.  Potentiometers used to provide varying resistance which in turn varies the time interval of the off time.  
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Figure 2: LM555 Timer diagram
For the fluid pump, the initial pump was the Sigmamotor Inc., Model MLG.  It had dimensions of  8.3 x 11.5 x 5 cm and weighed 700 gms.  It was powered by a rechargeable battery pack that drives a motor and cam assembly.  The fluid reservoir component was also included in this initial pump because the Model MLG contained a sterile 50 mL vinyl bag, which could easily be detached and discarded after use.   
The initial placement component had specifications that were not dependent on the fluid pump or the spray mechanism.  This component would be anchored above the eye.  The initial placement would be over the center of the eye to allow for uniform distribution of the fluid and to enable the input to be delivered to the desired part of the eye.  The material used for the placement component will be plastic.  This will allow is to be conformable to any surface which will make the device universal and able to be used for all patients.  
There were problems with the initial iteration of the device.  The spray mechanism needed a minimum flow rate of 8 mL/min for atomization of the artificial tear fluid.  The spray input size needed for an interval of 1 min at a minimum is only 50 L/input.  Since the Model MLG used a constant flow rate, a pressure build up is seen at the spray tip when the flow in to the spray tip is 8 ml/min and the flow out is only 50 L.  This pressure build up is not acceptable and could cause further problems to the flow.  To combat this problem, a constant pressure model will be used.  From the P vs. Flow relationship gathered from the initial experiments we know that the pressure needed to maintain a 8 ml/min flow rate is 60 mmHg.  If we have a mechanism that will provide the constant pressure, no pressure build up will be seen at the spray tip and the atomization of the fluid will still be maintainable.  The control mechanism circuit was not suitable for off time periods extending from 1min to 1 hour.  The circuitry needs to be modified to be able to handle that wide a range of time intervals for inputs.  For the placement component, many problems were seen.  There was too much contact with the patients skin.  This could lead to increased irritation, one of the indirect costs due to eyelid taping that we are trying to minimize.  There was also a problem with the component covering the entire eye.  This limited the Doctors accessibility to the eye to make frequent neurological checks that the patients need in the ICU setting.  It also was too bulky and put excess weight on the patient.  To combat this, less contact with the patient is needed while still maintaining the ability to correctly place the device to allow for the input to reach all parts of the eye and to hold the device in place to eliminate the maintenance time.  A nosepiece with XYZ rotational capacity will accomplish this.   

These corrections were taken into account and second design iteration tests were conducted.  Experiments were done to determine if gravity was able to be used to maintain the constant pressure model.  To determine this, the spray mechanism was attached to a fluid reservoir of a IV bag via 3/8 inch silicone tubing.  The fluid reservoir was maintained at a certain height.  The artificial tear fluid was input through the system.  The system was primed, the input artificial tear fluid was allowed to permeate whole system before being allowed to exit spray tip.  The height of the reservoir was then adjusted and the resulting atomization or no atomization was measured.  It was determined that a minimal height of 1 meter was needed to provide the necessary pressure, from gravity, to cause atomization.  

To make the control mechanism suitable for off time periods extending from 1min to 1 hour modifications shown in Figure 3 were implemented.  
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Figure 3:  Second design iteration circuit

A diode was used to increase the off time by making RB equal to 0 for off time only .  The potentiometer range was determined to be 450kΩ to 25MΩ which allows for the time range of 1min – 1 hour.  
The second design iteration of the placement component was a nosepiece, specifically a TYR swim clip, shown in Figure 4.  This is an adjustable metal clip which fits all sizes.  The nosepiece allows for minimal skin contact and eliminates a lot of the bulk and weight that is on the patient.  The covering is latex and, along with the decreased area of contact, will also cut down on the possible irritation caused by the device.   
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Figure 4: TYR swim clip
Even though the second design iteration solved many of the problems seen with the first iteration, more problems arose with the second iterations.  The constant pressure mechanism for fluid delivery proved to be unreliable because it would be hard to ensure that the users will maintain the needed height.  If the height is not maintained, atomization will not occur and there will not be a uniform distribution of the artificial tear fluid across the eye.  To solve this problem, a fluid pump with discrete flow will be used.  This will eliminate the constant pressure model and the user’s responsibility to maintain a height to maintain flow.  It will be automated within the device.  While the changes to the control mechanism solved the time interval problem, the complications associated with attaching the component to the device need to be overcome.  The nosepiece, while minimizing the bulk of the device, the weight put on the patient, and the overall skin contact did so at the cost of the initial specification of it functioning to enable the tear fluid input to reach the desired part of the eye.  To combat this problem we need a component with XYZ rotational ability.  It is not feasible for the nosepiece to have XYZ rotational ability without adding another part which will increase the bulk and weight which we want minimized.  To solve this problem we found a spray component that can attach to the nosepiece and which will have XYZ rotational ability.  
The fluid pump with discrete flow found that will meet the flow rate specifications is the Series 150 SP micropump from Bio-Chem Valves Inc. shown in Figure 5. This pump is a self-priming, micro-dispensing, solenoid actuated micro pump.  Because the pump is self-priming it dispenses in volumes from 8 µL to 250 µL per solenoid actuation.  The needed 50 µL/input for our design specifications falls well within this range.  It is also very reliable and will dispense each input to ± 2% of set volume. The discrete dispensing output will allow for the correct flow rate to create atomization of the tear fluid but also not have fluid build up in the spray tip which will cause a pressure build up.  The diaphragm of the pump is held closed with an internal spring mechanism. When voltage is applied, the solenoid coil becomes energized and pulls the diaphragm open. This opening action causes fluid to be drawn into the pump chamber. The fluid is dispensed from the pump when the voltage is dropped enough to de-energize the coil and allow the internal spring to force the diaphragm back to the closed position.  It requires a controller input signal of a 12 Volt square wave with minimum time period of 150 msec.  It also requires a 600 mAmp current input.  
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Figure 5: Series 150 SP micropump from Bio-Chem Valves Inc
The modified spray mechanism is also a Pediatric atomizer, but from Wolfe Tory Medical.  This spray mechanism has the same dimensions as the Blue Ridge Medical Inc. Pediatric Atomizer but it also contains wire that allows for rigidity and the XYZ rotational ability needed for the correct placement of the input to adequately cover the entire eye. 
The final design specifications include all of the initially hypothesized components, with a few modifications.  The power source consists of a 12 V battery which provides the needed voltage to the control mechanism.  The delivery mechanism is 1/16 inch silicone tubing throughout device.  Small tubing is needed because the size of the input is very small.  The flow properties needed can be maintained at such a small tube size.  This is also the size of the inner diameter of the spray mechanism which allowed us ease in determining the flow mechanics throughout the system.  The fluid reservoir is no longer included in the fluid pump so a 100 mL PVC IV bag was used.  This can hold more than the hypothesized amount of needed fluid which will minimize the time of nursing personnel needed to change the bag and the maintenance associated with the fluid reservoir.  The control mechanism is the LM555 timer circuit with diodes.  A 600 milli amp current input with transistor is also implemented.  The spray mechanism is the Pediatric atomizer from Wolfe Tory Medical Inc.  and the fluid pump is the Bio-Chem Valves Inc. Series 150 SP micropump.  The nosepiece is the TYR swim clip and the artificial tear fluid used is Bion Tears Lubricant Eye Drops.  There are many artificial tear fluids on the market and one is not better than the other, therefore, the artificial tear fluid used can be different and will still perform the function needed and the device will still work properly. A picture of the final device prototype can be seen in Figure 6. 
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Figure 6: device prototype
3.  Test the Phase I device in a mechanical setting, in test groups, and with human factors evaluations to determine if the user will be able to correctly and efficiently use the designed device and to determine if the device will perform all of its intended functions without hazards to the patient.  Analysis will be done to determine if the functions this device performs effectively improves upon already implemented techniques for the targeted problem

The initial specified criteria for success of the device was: (1) for the device to provide varying time intervals from 1 min – 1 hr, (2) to provide a 50 mL/ output  repeatable discharge, (3) to provide uniform distribution across eye surface, and (4) to be noninvasive so that the time is minimized.  These criteria were evaluated with prototype built to the final design specifications.  To determine if the device would actually provide varying time intervals an oscilloscope was used.  Using the oscilloscope and manual perturbation, the pump was controlled at the varying time intervals.  The control mechanism was not used to test the ability to provide varying time intervals because we still have not determined how to attach it to the device.  However, the pump was able to incorporate the varying time interval input from the signal generator correctly.  To determine if the output had a volume of 50 L/output and was repeatable ten outputs from both spray mechanisms were collected and measured.  The output from the pump is supposed to be 125 L which would indicate a 62.5 L output through each spray mechanism to the eyes.  The ten outputs collected and measured contained 1.1 mL, an average of 110 mL/output for both spray mechanisms.  This is acceptable even though it is less than the specified output of the pump, the specified amount is more than the needed output so some error is accounted for.  To test if the device provided uniform distribution of the tear fluid across eye surface, anthropometric eye data was used determine the correct area the spray would need to cover.  Visual confirmation showed that the spray did distribute across entire area but we were not able to collect quantitative data to determine if the distribution across the area was in fact uniform.  The criteria of noninvasiveness was not determined using any mechanical tests.  Only the nosepiece of our device touches the patient.  We considered this to be less invasive than the techniques employed now, especially the surgical suturing and spreading ointment on the eye.   
The biocompatibility of our device was considered mainly with the nosepiece and the artificial tear fluid because those are the only parts of the device that will be in direct contact with the patient.  The issues looked at with biocompatibility testing included toxicity, irritation, and degradation.  Not much biocompatibility was tested by us because each of the components used in our device are already approved and marketed components in which biocompatibility issues have been addressed.   All the components are previously manufactured and the device is easy to assemble.  
There is also no special training needed for the user to operate the device correctly. The device is designed such that it can be easily placed comfortably around the patient’s nose within a time period of two minutes and the direction of the spray can be adjusted depending on the need of the patient.  Also, the machine can be turned on by the flip of a switch at only one place. The time interval for output can be changed easily by turning a single knob which will be connected to our potentiometer.  This is a benefit because one of the major motivators for the device is the minimizing of the time nursing personnel spend on this task.  If special training was needed, the time of the personnel would not be minimized at all, at least not initially and we hypothesize that any added time is a failure of the main goal.  Also to minimize the possible hazard of shock, the electrical circuit and connection to the pump will be insulated and separate from the rest of the device, especially the artificial tear fluid.
D. Research Methods
1. Design an ocular perfusion pump that will provide constant uniform lubrication of an artificial tear solution containing the adequate amount and 
composition that will lubricate a patient’s eyes when the function is not available 
to them and which will eliminate the need for manual lubrication by another.  

To design a device that will perform these hypothesized functions, the following components are needed: a power source, a delivery mechanism, a fluid reservoir, a control mechanism, a spray mechanism, a placement component, and an artificial tear fluid.  In previous devices the patient’s blinking mechanism effectively remains functioning which allows the lid to distribute the artificial tear fluid across the ocular surface.  In our proposed setting, blinking does not remain functioning so a mechanism to uniformly distribute the artificial tear fluid is needed.  A spray mechanism will be used to accomplish this function.  The control mechanism controls the frequency and volume of the fluid released.  This will include a timer and console in which the user can input desired specifications about the frequency and volume of the tear fluid in each spray. The power source, most likely a battery will provide the power needed for the control mechanism to work properly.  The fluid reservoir must also be larger for our purposes so the time for maintenance and refilling is less than similar existing devices need.   Because our proposed device will be external, the need to hold a larger amount of fluid is easy to accommodate.  This must also last longer for the same reasons the increased amount of fluid is needed in the reservoir and to accommodate for the increased amount of fluid.  The delivery mechanism will transport the artificial tear fluid between components from the fluid reservoir to the spray mechanism.  This will function by using gravity and the flow from the fluid reservoir itself.  The placement component will attach the device to the patient in the correct position to allow for the specified input of the artificial tear fluid.  Now that the device components needed to perform the hypothesized functions were determined, they will be modeled using software.   

Previous existing devices and our project specifications will be used to either find manufacturers with components that comply with the specifications, or to send our component specifications to a manufacturer to be made.  Each component has a specific function and the geometry must comply with and reflect that function.  

The fluid reservoir functions to store the excess fluid.  Therefore, the component design must be able to hold a specified amount of fluid. We propose a fluid reservoir that will hold 50 mL.  This will allow the fluid to be dispensed at a rate of 2 mL per day for 25 days. A rate of 2 mL per day is a slightly higher estimate than the average 1.5 mL per day.  Therefore, the device will be able to function longer without needing a refill.  A fluid pump manufactured by Sigmamotor Inc., Model MLG, complies with our needs and can be used as a model.  It is 8.3 x 11.5 x 5 cm in size and weighs approximately 700 gm.  It is powered by a rechargeable battery pack that drives a motor and cam assembly.  The cam compresses a length of small-bore plastic tubing within the pump, resulting in a forced flow of fluid through the tubing.  A sterile 50 mL vinyl bag, which can easily be detached and discarded after use, acts as the fluid reservoir [7].

The delivery mechanism functions to transfer the fluid from the reservoir to the spray mechanism. This will consist of a silicone rubber tube with an outer diameter of 1.5 mm.  The tubing will carry the fluid from the reservoir to the spray mechanism using gravity and the force from the cam assembly of the fluid pump.  This design must work for a specified distance traveled and must be able to remain sterile.  Because the patient is immobile in a bed or table that is at waist height, the fluid reservoir is able to be placed at eye level.  This allows the delivery mechanism to make use of gravitational force for the delivery.  Therefore, the distance traveled averages two to three feet.  The silicone tubing will be attached to the plastic tubing within the sterile fluid reservoir and the spray mechanism.  This will allow the fluid in the tubing to remain sterile also.  The tubing size must also be based on the fluid’s velocity and viscosity to ensure that no clogging will occur.  There are many acceptable artificial tear fluids available, Bion Tears is one.  Bion Tears is unique because it's enriched with an electrolyte composition similar to human tears, has a high potassium concentration, and contains Duasorb®*, a unique water soluable polmeric system that protects and lubricates the mucous membrane of the eye to relieve dryness and to protect against further irritation [8].  It is also sealed in a protective foil pouch to preserve its integrity until used.  The velocity through the delivery mechanism can be controlled with the power supplied to the fluid reservoir.  

The spray mechanism will transfer the fluid from the device to the ocular surface.  This must effectively and uniformly distribute the fluid across the eye.  This mechanism will be similar to pulmonary drug delivery devices.  It will allow the fluid to flow over an electric field which will be generated with small batteries.  An electric charge builds up on the fluid surface so that when the fluid exits the nozzle, the repelling force of the surface charge overcomes the surface tension of the fluid, forming a fine aerosol.  The particle size distribution of the aerosol can be controlled by adjusting a number of variables, such as physical and chemical properties of artificial tear fluid, operating conditions, and electric field.  The physical and chemical properties can be adjusted because there are many available artificial fluids that are accepted, Bion Tears is just only one.  Also, the adjusting the operating conditions combine with adjustments made to the control mechanism to determine the frequency and volume of delivery based on the patient needs.   
The control mechanism functions to keep the versatility of the design so it can be used to distribute any amount of fluid at differing frequencies as per each patient.  A console and timer will be used to take user inputted determinants and relay them to the spray mechanism.  The electric field that forms the aerosol spray will be adjusted accordingly.  By adjusting the particle size distribution in the spray, the volume of the spray will be changed.  To adjust the frequency of the spray the user frequency inputs will cause the timer to release the fluid so it exits the nozzle and effectively sprays at the specified rate.  

Once all the components of the device are modeled based on their respective functions an assembly will be constructed to model an ocular perfusion pump that will mimic the self-lubrication of the eye in that it will input an artificial tear solution that is synonymous with the natural tear and allow for the uniform distribution of the artificial fluid which mimics the normal distribution caused by blinking.  

2. Fabricate a sufficient number of devices to support Phase I test

The components will be chosen based on the comparison of cost, weight, and availability. The top components available will be compared to determine the best component based on weight along with the comparison of cost and availability of the materials from various manufacturers.  Along with the components, connectors are also needed to assemble the device.  The connectors will be chosen based on the sizes needed and will be fitted to the main components of the device.

Once the components and connectors are chosen, the parts will be ordered from the companies selected by the previous determinants, cost, availability, and weight.  The time frame of delivery must also be considered when choosing who to buy from.  However, this is not that important because many of the components of this device will not be so involved that special shipping will be required.  When the components and connectors arrive, a prototype will be assembled.  

A power source, which consists of a battery that has power to drive the control mechanism, a delivery mechanism which functions to transport the artificial tear fluid between components from the fluid reservoir to the spray mechanism, a fluid reservoir, to hold a larger amount of fluid so the time for maintenance and refilling is less a delivery mechanism, a control mechanism, which controls the frequency and volume of the fluid released, a spray mechanism, which will transfer the fluid from the device to the eye and uniformly distribute the artificial tear fluid over the eye, a fluid pump, which will maintain a constant flow rate, a placement component, which functions to hold the sprayer in place, to input the fluid in eye, and to enable the tear fluid input to reach the desired part of the eye, and an artificial tear fluid, which will need to be synonymous with natural tear fluid.  
The components modeled to complete specific aim 1 will be fabricated and assembled to complete a prototype of the device.  A sufficient number of devices will be able to be assembled because of the availability of the components and relatively simple assembly. There are various fluid pumps, tubing for the delivery system and power sources available that will comply with the specifications of our proposed components.  This will allow for easy acquisition.  The connectors are also readily available which will lead to the feasibility of fabricating a sufficient number of devices.  The parts and assembly files of components that are not readily available for ordering will be fabricated in SolidWorks will be sent to a manufacturer.   Since cost is a deciding factor in choosing the materials, the cost incurred to produce enough prototypes for phase 1 testing will also be low.  

3.  Test the Phase I device in a mechanical setting, in test groups, and with human factors testing to determine if the user will be able to correctly and efficiently use the designed device and to determine if the device will perform all of its intended functions without hazards to the patient.  Analysis will be done to determine if the functions this device performs effectively improves upon already implemented techniques for the targeted problem.
 After the prototype has been built, mechanical testing similar to the testing done with COSMOSworks will be done. This will include, stress, strain, and failure analysis. The importance of these values will be increased in this physical setting because they will be done on the internal properties of the functioning device and not just the component materials.   The failure analysis done on the prototype will be done on each component and the whole device and will determine the amount of external force it can take before failure.  This will determine if the component or device performs its functions correctly under force.   The amount of external stress and strain the prototype can withstand will be determined by testing wear and tear of the device.  More importantly, though, is the stress and strain incurred within the delivery system.  These values will be determined using fluid mechanics by modeling the fluid through a cylindrical rigid tube.  Using the properties inherent to the artificial tear fluid, and pressures determined from pressure transducers at the inlet, the fluid reservoir, which can be determined from the cam and motor assembly, and the outlet, the delivery tubing itself, the volume flow rate and the wall stress of flow through the tubing can be determined.  Pressure measured at the spray mechanism exit can also be used to determine the velocity of the flow to the spray mechanism.  These values should comply with the inputted values.  Failure to transport the fluid correctly can be corrected at this stage.   The sites at which components are attached will be under specific scrutiny because these will be the points at which failure or leakages are most apt to occur.

Test groups will also be used to determine if the design can be implemented in a clinical setting efficiently.  Volunteers of the specified user group will be gathered and assembled together.  They will then be given a background of the problem being addressed, a small introduction of the functions the device is proposed to do, and given the device.  They will be asked to use the device in the specified setting and observation and feedback will be used to determine if the specified user will be able to effectively use the device.  The volunteers will also be asked to give feedback on all aspects of the device or components that they find problems with.  These practical tests and feedback will be used to redesign the device. 
In lieu of clinical testing, the analysis done to determine the effectiveness of the device compared to the techniques employed now will include input from the user.  The user feedback will come from the test group evaluations.  Test groups will be essential in determining the overall effectiveness of our device. 

The test group evaluations will be used along with other analysis to do other human factors evaluations.  The aesthetics of the prototype, the design of the controls and displays will be determined using human factors evaluations.  The main issue addressed will be the control and display of the user inputs for the volume and frequency of fluid delivery.  The display must be easily readable, and unambiguous.  This will be illustrated by using consistent and practical units which minimize errors associated with the inputted dosage values differing from the expected dosages given.  This will have the greatest effect when the inputted frequency or volume is less than the given frequency or volume.  If this occurs, the eye will not be sufficiently lubricated and problems could arise.  Feedback in terms of audio and/or visual cues will be used to illustrate that the input is received by the device and will be implemented.  Because time is a large issue, the need for and time to accomplish maintenance and refilling must also be minimized.  Easy readable displays indicating the amount of fluid in the reservoir will minimize the amount of time needed to assess if refilling is needed.  This is important because the frequency and volume of each dosage differs between all patients so the fluid in the reservoir will last varying times for each patient. Also, the time taken to physically refilling the reservoir needs to be minimized.  This will be taken into account in the design of fluid reservoir itself.  Audio and visual indicators will be used to illustrate function errors in the device.  This will keep the user informed of the devices working status. The user manual will indicate the proper assembly for the correct use of the device.  This will also minimize user error.  The design corrections needed to accommodate this will be minimal in themselves because of the small amount of user inputs and the easy assembly of the device. 

 The reliability of the device will also be tested.  The lifetime of the device will be determined by testing how long it works correctly under continuous use.  The amount of wear and tear associated with everyday use and the amount the device can take before failure will also be a factor.  These will be accomplished by implementing the prototype in a setting similar to the proposed setting and allowing it to function for a period of time, most likely, the time it takes for the fluid reservoir to empty.  Within this time frame, the limits of the frequency and volume will be set to determine if the device can function correctly and have the endurance to function at its limits.  The efficiency of the fluid delivery will be tested and compared to expected values that are based on the normal amount of fluid covering the eye surface.  To accomplish this, the prototype will be set to a specific frequency and dosage.  The fluid emitted will be collected and quantified to determine if the values are equivalent.  

Redesign of the device will be an ongoing process and will start at the earliest level that problems are noticed.  An overall procedure for redesign will correct problems found in the materials used, the geometry and assembly of components, and the aesthetics of the device based on the test group feedback.  After a problem or failure is noticed, the first step in the redesign procedure will determine the failure mode i.e. the exact failure that occurred.  The failed component will then be determined.  Alternatives for fixing the failure will be assessed, the best alternative chosen, and redesign implemented.  If a redesign of a component is needed, the component will be modified and retested.  The redesigned component will be subjected to the same tests as the original component.  Any necessary components can also be reordered and a new prototype assembled.  This redesigned prototype will then undergo testing.  If failure occurs again, the process will start over.  After all redesigns have been completed and no more failures occur in the device design; a fully functional device will be completed.  Finally, a user manual will be written to help with any problems in using the device.  This will include instructions for assembly and use that will be indicative of the human factors evaluations and considerations.  
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