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Abstract
Our objective was to design an infusion pump that will be used to deliver contrast agents during a MRI (magnetic resonance imaging) exam.  Currently used is a syringe pump injector system that delivers fluids at the rates our client desires.  However, it is limited in its sequence capability and in the amount of saline/gadolinium it can hold.  Our client would like a new pump that is more programmable and large enough to hold gadolinium and saline needed for the entirety of one study.  A new pump would reduce the total time needed to complete imaging and consequently, produce more accurate results.  We propose a design where the movement of a ratchet and pawl due to an air-driven solenoid valve/linear actuator rotates a peristaltic pump to deliver fluids to the patient. 
Problem Statement/Motivation
Our client, Dr. George Newman, a stroke specialist at UW Hospital, is unsatisfied with the performance of the infusion pump currently used for dynamic contrast and saline injections.  This pump, which is syringe-driven, has several limitations and does not work well with the injection protocol he would like to have.  The solution compartments, each with a capacity of 60 mL, are too small for Dr. Newman’s studies.  

In addition, the pump is not in any way programmable for the client’s exact injection specifications, consequently requiring multiple manual changes of the desired solution and adjustments of the flow rates during the scan.  These reoccurring breaks to make necessary adjustments during the scan not only create discomfort to the motionless patient under the scanner, but can produce inconsistencies in the images produced.  For example, if the saline flush is not injected at the exact required time in the injection sequence, the delay could potentially interfere with the k-space data acquisition, resulting in ringing artifacts in the solution.  Changes in the circulatory pattern of the patients are also possible during scanning.  If there are frequent pauses during the scan, these changes could also produce inconsistencies in the images.  If a pump can be developed where these limitations do not play a factor, his studies will be greatly benefited.  

Literature search/Design Timeline 
Most of the information we obtained on fluid pumps came from internet searches, patents, and interviews with professors and technicians.


Professor Frank Fronczak, from the Department of Mechanical Engineering, helped us develop two possible pump designs that would meet our design requirements.  He gave us information on a class of pumps called positive displacement pumps.  Positive displacement pumps function such that a fixed volume of a fluid can be delivered per revolution.  Professor Fronczak advised us that pumps from this class would most effectively meet our requirements.  After consideration of possible advantages and disadvantages associated with each pump of this category, we were able to select two pumps that would be the most practical for our design – the spur gear pump and the vane pump.  Both have rotors that can be driven by a motor.


Frank Hospod, who is the technician involved with Dr. Newman’s studies, recommended a third pump design that could potentially be used in our design – the peristaltic pump.  Mr. Hospod informed us that peristaltic pumps are usually ideal for medical applications.  Like the pumps Prof. Fronczak had suggested, the peristaltic pump falls under the category of positive displacement pumps as well.


Now that three possible pump designs had been established, we needed to obtain information on a motor that is capable of driving these pumps.  We determined that a stepping motor would be the most ideal choice to drive the three chosen pump designs.  As the name implies, a stepping motor steps by a certain angle as it receives electrical impulses.  The angle at which the motor rotates or steps can be decreased to improve the accuracy of the pump.  An advantage of using a stepping motor to drive the system is that it can be easily programmable.  Stepping motors can be controlled via a computer using LabVIEW or a C++ program.  The only drawback with using this motor is that it is made of ferrous materials.  


However, our research indicated that it is possible to use ferrous metals in our design as long as they are properly shielded from magnetic fields emitted by the MR magnet.  Shielding would prevent any induced contact between the motor and the MR magnet, as well as image artifacts.  One company that can shield ferrous materials is Mu-Shield.  Unfortunately, they informed us that it was not possible to properly shield the stepping motor.  A ferrous object can be shielded only if it has a low magnetic permeability and/or if it is a certain distance away from the magnetic source.  Since the stepping motor will have to be within 2-5 meters of the magnetic source, it was not possible to effectively shield the motor.


As a result, we needed to look for another mechanism to drive our pump.  Prof. Fronczak proposed a design where the movement of a ratchet and pawl due to an air-driven solenoid valve/linear actuator rotates a peristaltic pump to deliver fluids to the patient.  This would eliminate the need for a stepping motor and the associated issues regarding shielding.  The linear actuator is driven as air from an air source (found in the MR suite) moves from a 5-way solenoid valve into it.  The solenoid has a solenoid within it, and while there are issues regarding the presence of electromagnetic induction, it can potentially be kept outside the MR suite without causing problems related to transport delay.  
Design Constraints    
The most significant design constraint is that any component of the design that is made of ferrous materials must be properly shielded or kept away from the MRI magnet.  Another noteworthy constraint is the size of the solution compartments.  The saline compartment must be large enough to hold a capacity of at least 180 mL and the gadolinium compartment must have a capacity of at least 60 mL.  As mentioned earlier, the pump system has to be able to deliver fluids at the rates specified by the client (0.2 – 5.0 mL/s), and it has to maintain a certain level of sterility.  More specifically, cleaning of the apparatus has to be done quickly and easily.  The programmable aspect of the pump should be very user-friendly so that the operating technician can change configurations in a short amount of time.  Finally, the pump has to be very durable and reliable since it will be used for approximately 18 hours per week (detailed specifications outlined in PDS-Appendix).
Peristaltic Pumps
Note: All designs established in this report will consist of two peristaltic pumps (one for each solution)  
Compared to other positive displacement pumps, the peristaltic pump can most effectively deliver the contrast agent and saline to the patient.  Essentially, the flow rate of the fluid being transported is controlled by a rotating roller clamp.  As the roller clamp moves along the tube, the tube walls are squeezed together to form a tight seal.  The roller clamp can be adjusted such that the flow lumen of the tubing used can be restricted until the desired flow rates are achieved.  Using additional roller clamps will increase the accuracy of the flow rate.  The fluid follows the roller until the tube compression comes back to normal.  However, additional rollers would have already started their compressions to push the initial amount of fluid out of the pump, thus eliminating the possibility of flow back.
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Figure 1 – Outer view of a peristaltic pump
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Figure 2 – “Toothpaste mechanism” in peristaltic pumps
The peristaltic pump’s ability to maintain sterility is a reason why it is commonly used in medical applications.  The fluid being pumped is kept inside the tubing at all times.  This means that the fluid can never contaminate the pump and the pump can never contaminate the fluid.  Since the fluid never touches any gears, seals, or other moving parts, finding a pump compatible with a certain solution is as simple as only choosing the tubing compatible with the fluids involved.  The tubing will be replaced following the scanning protocol of each patient, thus eliminating the need to sterilize individual tubing.  This also takes out of consideration the fact that the accuracy of the pump decreases as the tubing wears out. 
Initial Design
After considering all of the relevant issues associated with the different kinds of positive displacement pumps, we determined that using a peristaltic pump would best meet our design requirements.  Initially, we pursued a design that our clients suggested to us, which was to find and purchase a pump and a motor, and configure one to another.  However, this was not as easy as it seemed.  Regardless of our intention to minimize cost, there just weren’t many peristaltic pumps that had the capability to deliver fluids at 4 mL/s, which is the maximum flow rate in the range our client desires for his research.  As mentioned earlier, there were also many issues regarding the necessary shielding of the motor that would be used to drive the pump.  While custom shielding by Mu-Shield may protect the outer casing of the motor, the inner components of the motor (which are assumed to also be made of non ferrous materials) would still not be protected.  Professor Walter Block informed us that there really is no way of knowing what would happen if a motor was placed in the MR suite unless we actually tried it.  Although there are “safety zones” in the suite, where metal objects can be safely placed, it was questionable whether or not placing the motor in these areas was feasible.  Regardless of the safety hazards the motor may or may not have posed, purchasing a motor appropriate for our design requirements was not very economical in the first place.  


In our mid-semester report, we had made a preliminary schematic of what we proposed the setup would look like, as shown in Figure 3.  However, it should be stated that this schematic was developed prior to our understanding of the magnetic interactions the motor would have with the MR magnet.   In our initial schematic, we proposed a setup where the peristaltic pumps and the associated motor would be inside a protective casing.  The casing would be attached to an I.V. stand, with the saline and gadolinium drips on each side connecting to the enclosed peristaltic pump.  A Y-injection port would be used for the simultaneous infusion stage of the injection sequence.  While our proposal ideally would be feasible with our client’s requirements, there was just no way to consider all of the associated complexities regarding protection from the MR magnet.  
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Modified Design Proposal
After consultation with Professor Fronczak, we decided upon a mechanism where the peristaltic pump will be rotated by a ratchet and pawl.  The pawl will be driven by a pneumatic linear actuator, whose movement will be controlled by how a solenoid valve distributes the air it receives to it.  The entire system would be essentially driven by a constant air source (~50 psi) that is located within the MRI suite.  The solenoid valve would require an electrical input for operation, and it may have to be placed outside of the MRI suite since there would be no way to customize it with non ferrous materials.     

As shown in Figure 4, the 5-way/2 position single solenoid valve would be connected to the air valve via rubber or plastic tubing.  After the air enters the solenoid, it is diverted to one of two exit tubes.  These two tubes are attached to the opposite ends of the double action linear actuator.  Which exit tube the air is diverted to is dependent upon the state of the solenoid – either charged or discharged.  When the solenoid is fully charged and is no longer powered by the electrical input, air will flow out of the solenoid valve and into one of the tubes.  The air flowing in this tube will push the piston on the actuator “in.”  The other tube will have air from the linear actuator flowing back into the solenoid valve and out a vent (also located on solenoid valve).  When the solenoid is discharged and reenergizes, the tube that previously led air from the solenoid valve to the actuator now vents air from the actuator back into the solenoid valve and out the corresponding vent.  The tube that had air venting out from the actuator will now be leading air back into it, causing the attached piston to push “out.”  The cycle of the solenoid changing from the charged state to the discharged state continues and causes a back-and-forth translational movement of the actuator’s piston, due to air switching from one tube to the other within the valve.  


The actuator’s piston will be connected to a pawl.  As the actuator continues to slide back and forth, the pawl directs the circular motion of the ratchet.  A shaft connects the center of the ratchet to the peristaltic pump, so that the movements of both are in sync.  As a result, the rotation of the peristaltic pump due to the ratchet causes fluid to be taken up and delivered to the patient (Figure 5). 
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Since our design has to be compatible in MRI suite, any components within close proximity of the scanner must be non ferrous.  With our proposal specifically, all of the components except for the solenoid valve can be potentially made of non ferrous materials.  As a result, the solenoid valve would have to be placed outside of the MR suite.  This would mean that we would have one tube leading air out of the suite and two leading back inside.  All of the components that will be placed inside the suite will be enclosed a plastic casing that is attached to a I.V stand (similar to setup of initial proposal – Figure 3) so that optimal positioning with respect to the patient can be achieved.
5-Way/2 Position Single Solenoid Valve Specifications
	Company/Model Number
	SMC Corporation/VQZ21505L

	Body width
	15 mm

	Configuration (Figure 6)
	2 position single

	Seal
	Metal

	Solenoid Coil Voltage
	24 V DC or 110 V AC

	Electrical Entry (Figure 7)
	L plug connector with lead wire

	Operating Pressure
	0.1 – 0.7 MPa

	Max. Operating Frequency
	20 Hz

	Effective Area
	10.8 mm2
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Double Acting Linear Actuator (Cylinder Tube) Specifications
	Company/Model Number
	SMC Corporation/NCMB1500200t

	Mounting
	Front Nose Mount

	Bore Size
	1.5’’

	Actuation
	Double Acting

	Operating Pressure
	8-250 PSI

	Piston Speed
	2-20 inches/sec

	Cylinder Force
	IN – 80.9 PSI 
        effective area = 1.617 in2
OUT – 88.4 PSI
        effective area = 1.767 in2
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Alternative Solution
An alternative to the design we have proposed is shown in Figure 12.  This alternative consists of a programmable stepping motor, which steps at a certain angle as it receives electrical impulses.  Attached to the motor is a shaft, which is connected to a spur gear pump.  As the stepping motor rotates (‘steps”), the two gears located inside the pump rotate in opposite directions, withdrawing water from a source.  As the water rushes towards the two gears, it gets trapped between the teeth of two gears that push the water towards a pipe that is connected to a hydraulic motor.  Water enters the hydraulic motor causing rotation of the attached shaft, followed by the water returning to the source.  Since the shaft is also connected to a peristaltic pump, its rotation also simultaneously rotates the pump, causing it to force fluids out from an I.V. bag.    
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In terms of relative positioning of the associated components, only the spur gear pump and the stepping motor would have to be placed outside of the MRI suite since their composition includes parts made of iron.  While this would still accomplish our objective, it is very likely that there might be issues related to the transport delay of the water.  Regardless, using a stepping motor would be quite beneficial considering that the chances of errors occurring would be significantly minimized.  


Despite the programmability of the entire system, the large number of components involved would mean greater maintenance and a significantly higher cost than the ratchet and pawl mechanism.  

Modifications of proposal/Design Analysis
Though our proposal has many positive aspects to it, there are some drawbacks.  One concern is that by having the actuator so far away from the solenoid valve, we may have some problem with transport delay of air.  In addition, there is no way of regulating and controlling the flow of the fluid being injected.  This can be fixed by attaching sensors to the peristaltic pump and a gas regulator to the tube from the air source to the solenoid valve.  Finally, our design can only handle delivering one fluid at one flow rate.  In order to accommodate two fluids, we would need two of the ratchet & pawl mechanisms running at the same time.  

With the two possible designs at hand, we decided to compare the two before choosing a final design to pursue.  The two designs were compared in the following categories: cost, ease of manufacturing, efficiency and accessibility.  Each design was ranked from 1-3, 1 being the least favorable and 3 being the most favorable.  The design that received the most points overall was chosen.  Cost is an important aspect of the design process.  As engineers, we tried to find a design that was most economical.  Since time was of the essence, we wanted to choose a design that was sufficient, yet not time-consuming.  As every design should be, we wanted a design that was efficient in terms of function and durability, since it is to be used on a regular basis.  Therefore, it must function properly despite any stress it may endure with daily usage.  The chosen design must also be accessible and not cause any hindrance or cover up a large area of space.  It must be motile, so it can easily accommodate various patients and can be used for various studies.     
Design 1 (ratchet and pawl mechanism) is cost efficient, because unlike Design 2 (hydraulic motor mechanism), it consists of one motor and one pump.  Moreover, the lesser the parts a design has, the easier it is to make.  This is certainly true for Design 1, which consists of half as many parts as Design 2, yet both perform the same function.  Design 1 is far more efficient compared to design 2.  Design 2 consists of many components; therefore, it is more likely to malfunction than design 1.  Similarly, the complicated structure of design 2 makes it less motile, and it covers a large area of space.  Based on our analysis of the two designs (Table 1), we chose to pursue Design 1.      

TABLE 1: Decision Matrix

	
	Design 1
	Design 2

	Cost
	3
	2

	Ease of manufacturing
	3
	1

	Efficiency
	3
	2

	Accessibility
	3
	2

	Total
	12
	7
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B. Product Design Specification

Function: Current MRI compatible infusion pumps are syringe-driven but limited in their sequence capability and in the amount of saline and gadolinium each can hold. Currently, a technician must manually change the gadolinium and saline reservoirs before each infusion.  As a result, this wastes valuable time and the gadolinium and saline solutions.  In addition, due to changes in the circulatory patterns of the patients, inaccurate results are produced.  To overcome these problems, our clients would like two new large pumps to be made that are programmable and can effectively control the infusion rates of both gadolinium and saline independently without having to refill the syringes.  
Client Requirements:

The pumps:
1. Must be made of a non ferrous material

2. Must be designed in a way that no gadolinium or saline is wasted

3. Must deliver accurate flow rates (0.2 mL/s to 4.0 mL/s ± 0.02 mL/s) of gadolinium and saline 

4. Must be easily sterilized

5. Must be compatible with a computer program that controls the flow rates

6. Must hold up to 60 mL contrast and 180 mL saline solution separate at one time

Design requirements: 

1. Physical and Operational Characteristics 

a. Performance requirements: The pumps will be used on a regular basis.  As a result, they must be durable and flexible.  The pumps must be user-friendly; they must be easily sterilized.  They must deliver accurate amounts of gadolinium and saline solutions depending on the weight of the patient.  The pumps must be able to provide flow rates of gadolinium and saline solutions ranging from 0.2 mL/s to 4 mL/s with an error of no more than 0.02 mL/s.  The flow rates will be controlled via a computer program, which means that the pumps must also be compatible with the current MRI computer.  The pumps must be able to hold up to 60 mL contrast and 180 mL of solution at any given time.  They should be easily movable to a position that patient feels most comfortable with.  We will also need to include a stepping motor for each pump.  The motor should have steps of at most 30º to make for smooth flow rates.

b. Safety:  The pumps must not interfere with strong magnetic field created by the MRI of about 1.5 T.  This means, the pumps must be made from a non ferrous material.  More importantly, the pumps must not pose any health risks to the patient undergoing the MRI or the technician handling the pumps.  They must not interfere with other tubing, wires, etc. in the room. 

c. Accuracy and Reliability: The pumps must deliver accurate amounts of gadolinium and saline solutions in increments desired by the client.  Accuracy can be improved if there is no leakage in the pumps or in the tubing.  Another way of improving accuracy would be to have the pumps deliver constant flow of liquids while minimizing bubbles.  Another alternative would be to get a stepping motor with more steps to make for a smoother deliverance.

d. Life in Service: On average, the pumps will be used five times a day.  As a result, the pump must endure daily usage.  

e. Shelf Life: Since a lot of time and money will be spent on these pumps, they must have a long shelf life.  We expect our system to last at least 3 years.

f. Operating Environment:  The pumps, for the most part, will stay in the MRI room where the temperature will be around 25°C.  The pumps must be free of any magnetic field forces in order to work effectively. 

g. Ergonomics:  The pumps must be mobile.  The technician must be able to move them easily to accommodate various patients or for different studies.  

h. Size: The smaller the pumps, the better.  However, there are no size restrictions.  

i. Weight: The pumps must be light enough so that a technician can move them easily.

j. Materials:  The pumps can be made of any substance, as long as they are non-ferrous and don’t interfere with magnets of the MRI.

k. Appearance, Color:  The overall product should not be too bulky.  However, there is no limit on its appearance or color.  

2. Production Characteristics 

a. Quantity: The single apparatus will consist of two motors and two pumps, one for each solution to be pumped.

b. Target Product Cost:  The more efficient the design, the more money will be saved.  The design must cost below the current programmable pumps that exist in the market which average about $25,000.  

See appendix C for detailed costs
3. Miscellaneous 

a. Standards and specifications:  Before the device can be tested on human subjects, it needs to be approved by the FDA and tested on animal models.  

b. Competition:  There are no devices in the market that fulfill our client’s requirements.  
c. There are, however, a few companies such as Medrad that make similar products.
C.  Costs

	Ratchet
	$12.90

	Pawl
	$3.40

	Shipping and Handling
	$10.00

	Solenoid Valve
	$30.00

	Actuator
	$35.00

	Plate
	$24.00

	Screws, nuts, etc.
	$2.50

	TOTAL
	$117.80


�





Figure 6 – Valve Configuration





Figure 5 – Schematic of ratchet and pawl mechanism.  Driven by double action linear actuator (cylinder tube) and 5-way solenoid valve





Figure 4: Y-injection port combines saline and contrast





Figure 3 – Schematic of initial proposal (includes two peristaltic pumps)





Figure 7 – Dimensions of L-plug connector





Figure 8 – Components of solenoid valve.  (1) Body.  (2) Spool/Sleeve.  (3) Piston.  (4) Pilot valve





Figure 9 – 3D and bottom views of solenoid valve





Figure 10 – Components of Cylinder Tube.  (1) Rod cover.  (2) Head cover.  (3) Cylinder tube.  (4) Piston.  (5) Piston rod.  (6) Busing.  (7) Wear ring.  (8) Retaining ring.  (9) Bumper.  (10) Retaining ring.  (11) Rod seal.  (12) Piston seal.  (13) Piston gasket.





     Figure 11 – Overall 3D view (a) and side view (b) of Cylinder Tube (double actuator)
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Figure 12 – Schematic of our design alternative
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