Problem Statement:  
The goal is to design a biopsy needle firing mechanism that will fire quick enough to take advantage of the inertia of the body’s internal organs.  Theoretically, by rapidly firing the needle, the tumor will not move to a differently location when inserting the needle.  Additionally, it must be extracted quickly to reduce the chance for injury while in the patient.  The needle must be able to be inserted subcutaneous before firing, and the whole mechanism must be composed of radiolucent material.

Background Information:
When a person has an unknown growth that is cultivating, such as a tumor, a test needs to be done to determine if the tumor is malignant or benign.  In order to obtain a sample of the tumor, first a Computed Axial Tomography (CAT) scan is performed is order to locate the position of the tumor.  After analyzing the results, a physician uses a biopsy needle to obtain a sample of the tumor.  The correct insertion point and trajectory are decided upon by the physician’s anatomical knowledge.  The physician has the patient hold his breath to keep his internal organs steady, and the insertion begins manually.  Once he feels that the needle has been injected an adequate distance, the patient is inserted into the CAT scan to affirm the position of the needle, and the needle mechanism is engaged to acquire a sample of the tumor.  As one will notice, this manual operation is prone to human error.  

An effort by the company ImageGuide Inc. has made strides to ameliorate this problem through robotic technology.  A robotic arm has been developed that can precisely insert a needle in the correct trajectory to reach the tumor.  The CAT scan feeds information to a computer system that sequentially drives the robotic arm.  The robotic arm has motion in all six degrees of freedom, and is connected to a semicircular appendage that is connected to the operation table as shown in figure 1.
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Figure 1 – Image of ImageGuide Inc. technology.  The robotic arm is pictured aimed towards the CAT scan.  The semicircular appendage is shown attached to the operating table.

The robotic arm is made of 3 separate links to give its flexibility.  Unfortunately, much of the information about this technology is confidential.  The arm is pictured below in figure 2.  
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Figure 2 – Robotic arm developed by ImageGuide Inc.  The three links are shown in there condensed position connected to the dual linked suspending arm.  

Currently, ImageGuide advances the needle into the patient at a rate of 2 cm/s.  It has been stressed by client, Myron Pozniak, this velocity is much too slow.  As the needle is inserted slowly, it will move the internal tissue which would alter the location of the tumor as mapped by the CAT scan image.  Therefore, when the needle reaches the destination of the tumor, there is a possibility that it will not be there.  This is a significant problem, because this invasive operation will have to be performed a second time.  In addition, while the biopsy is under way the patient is ordered to remain still as possible.  This includes holding his breath.  If the needle is inserted and extracted at 2 cm/s it is very likely that the patient could move while the needle is inside and this would result in laceration.  

The remedy for this solution is to inject the needle at a fast enough speed to take advantage of the inertial properties of the internal tissue.  This way, the movement of tissue will theoretically be reduced, and the tumor will not shift location.  Unfortunately, a speed that needs to be reached and the force needed to advance the needle have not been specified by the client and will probably have to be experimentally determined.  Also, with a fast injection and extraction, the time the needle is in the patient will be reduced, which is beneficial to the patient.  Another noteworthy design requirement is that the needle must be able to be inserted subcutaneous before the actual firing because the skin barrier will cause significant resistance to the needle.  The mechanism must be made of radiolucent materials so as not to interfere with the image that the CAT scan will produce.  It will also need to be safe to use.  Since this mechanism will be fired at a fast rate, there must be safety checks to prevent the needle from doing damage to the patient.  In addition, it would be beneficial to design a device that could be controlled outside the CAT scan room because this would decrease the amount of radiation that the physician receives.  Finally, this mechanism must be able to be interfaced with ImageGuide’s robotic arm and needs to be controlled by the computer system that operates the robotic arm.

Design Options:
The method of propulsion is the main choice to be made.  The three types of propulsion that have been concentrated on are mechanical, hydraulic, and pneumatic.  The mechanical design is depicted below in figure 3.

                                            [image: image3.png]



                                      Figure 3 – Mechanical design depicted in two dimensions
The bottom of this design would be mounted onto the robotic arm.  Because this is a mechanically driven system, the physician would have to be next to the CAT scan to operate it.  The lever on the left hand side would be pulled straight up to spin the gears and the rotary belt.  A gear ratio is implemented so that the physician can pull on the lever a small distance to advance the needle a large distance.  The advantage of this is that the physician would not have to make a lengthy movement.  The disadvantage is that this gear ratio would require a larger force to move the system.  This may be detrimental because the needle wont be able to immediately driven rapidly, and this may not take advantage of the inertial properties of the tissue.  The sensor on the right hand side of the mechanism can move vertically to gauge the distance that the needle will be advanced.  A stopper would also be incorporated on this sensor.  When the needle reaches the sensor, the rotary belt will disengage from the needle by the force that the spring is providing.  This way, the belt is not providing anymore force on the needle.  The doctor can just pull whatever distance he feels on the lever, and the needle will stop at the position of the sensor.  Unfortunately, this design has a few disadvantages.  First of all, since the robotic arm will be aiming the mechanism in many different trajectories, there is a possibility that it could be in a position that would make it difficult for the physician to operate (i.e. reaching over the patient, using his weak hand).  Also, when the physician pulls on the lever, it may shift the position of the robotic arm, changing the trajectory of the needle.  Finally, the stopping mechanism isn’t fully developed.  It is unknown how quickly the response of the spring will act, so this could cause damage to the mechanism after repeated uses.  The next two designs will deal with systems that can be operated without the direct manipulation of the physician.
The hydraulic design option in consideration has positive and negative attributes that closely parallel those for the pneumatic design idea yet to be described.  The theory for the operation of this mechanism is that if more pressure is directly applied to an incompressible fluid from the power unit above, the fluid will be transmitted to the piston, moving the needle forward.  The needle can be moved backward by sufficiently decreasing the pressure at the same point against the piston, or pressurizing the piston in the opposite direction.
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One of the key features for this design option is the ability to house the unit generating power for the mechanism out of the way.  It can be attached to the large arm that hangs over the CT patient table.  Space will be conserved in the actual operating area 
Figure 4 - Block diagram of hydraulic design option in position on the CT system.
because there will only be the firing mechanism connected by tubing to the fluid compressor unit.  This unit would drive fluid through the rigid tube connected to a piston that would be directly attached to the needle.
Although the forces needed to penetrate the patient have not yet been defined, a hydraulic system should be able to accomplish the insertion.  This assertion has been made due to technology that incorporates hydraulics such as cranes and jackhammers which produce substantial force.    


The main drawback to this design is that it is unknown if and how hydraulics can be used with precision.  Additionally, this may be costly, and may be very difficult for us to complete to a manufactured state.

[image: image4]
Figure : Is an internal view of the pneumatic firing device.  
We have come up with quite a few ideas for driving the needle.  In choosing our design, we took issues into consideration regarding cost, simplicity, the necessity for radiolucent components, ease of manufacture, reliability, and effective needle delivery.  We have embraced the pneumatic firing mechanism as having the most potential for success at meeting these requirements.  Again, we need to drive and retract the needle quickly and accurately.  The underlying idea to our pneumatic needle design is to use a single air source to both push the needle down and push the needle back up, depending on the position of a valve.  We think the best way to do this is to have a piston contained within a cylinder as seen in the figure above. 
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Figure : Is a schematic diagram of  the pneumatic firing device.  Air from a single source can be diverged to either drive the piston down or drive the piston up, depending on the orientation of a valve.  The needle is attached to the piston via a long rod.  The advantage of this rod is that it allows the needle to remain outside the cylinder for easy access.  Precise placement of the needle is controlled by the stopper bracket.
Forcing air above or below the piston will determine the direction of piston advancement.  Our method of utilizing the advancement of the piston to drive the needle is to connect a shaft that fastens to the piston and passes through an air tight hole in the cylinder.  The needle can then be fastened to this shaft, external to the cylinder.  Having the needle external to the cylinder provides easier access after the biopsy is complete.  Because air is compressible, we feel that it will be more accurate to physically stop the needle or the piston when the correct depth is reached in the body.  Currently our design consists of a stationary bracket that can be adjusted to the appropriate depth, and will stop the needle exactly upon collision.  

Because the requirement for this design is to get the needle in and out as quickly as possible, we would like to design a unique needle that is compatible with our device and can take the biopsy automatically.  We have come up with a few designs that do that, all of witch utilizes the impulse of collision with the stationary stopper to trigger the biopsy mechanism.  The biopsy could be triggered many other ways, but designing a compatible needle is of secondary importance to our group, and time has not yet been devoted to its further development.  
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Figure : Shows schematic diagrams of our three needle designs thus far.  The left and center needles utilize the vacuum created within the stylet after the canella is pulled down to take their biopsy.  The needle on the right severs off a sample of biopsy with the ejection of the sharp stylet over the canella.
When designing the needles, we adhered to the canella and stylet design, standard in medicine today.  Our first two designs (left and center in the figure above) utilized the impulse with the stationary stopper to drive back a block within the needle system.  The canella would be fastened to this block, and pulled down and away from the stylet, creating a vacuum in the newly unoccupied space.  During firing, the block is held in place by flexor pegs, which will give way under large enough shear forces.  After the block is pushed back in its new position, the flexor pegs will again hold it in place during the retraction of the needle.  The final needle design (rightmost in the figure above) that we had was to eject the canella into the tumor.  The tip of the canella would have a depression into which the tumor would expand.  A sharpened stylet would then be fired over the canella, severing off a biopsy of tumor.  With this design, we still triggered the mechanism as a result of collision with the stopper bracket.  There would be a piece of material (we will call it part A) pressed up against two flexing pegs by a compressed spring.  In order to first eject the canella and then moments later eject the stylet, we attached the canella directly to part A so it fires with the release of the spring.  There would be a depression in part A that separates it from the stylet be a certain distance ‘h’.  Following the release of the spring, part A (and the attached canella) will fire forward.  As soon as part A has moved a distance ‘h’, the stylet will make contact with the base of the depression and will be driven forward, over the canella and completing the biopsy.  We must mention that a moveable block is what actually strikes the stopper bracket and pushes aside the flexor pegs, engaging this mechanism.  

Design matrix
We used a design matrix to compare the advantages associated with each of our proposed firing mechanisms.  We felt that using a pneumatic method of needle delivery was our best possible design option.  The design matrix upheld this decision of ours by quite a large margin.

	Criteria
	 
	 
	 
	Designs
	 

	 
	Weight
	Datum
	Mechanical Driver
	Hydraulic Driver
	Pnuematic Driver

	Size
	2
	S
	-
	S
	+

	Cost
	2
	S
	S
	S
	S

	Ease of Assembly
	1
	S
	-
	-
	-

	Redundancy
	3
	S
	-
	+
	+

	Mechanical Advantage
	3
	S
	+
	+
	+

	Useful in CT Environment
	5
	S
	+
	S
	+

	Stopping/Depth Mechanism
	5
	S
	-
	+
	+

	Withdrawl Mechanism
	4
	S
	-
	S
	S


	Design
	Total
	Weighted Total

	Mechanical
	-3
	-7

	Hydraulic
	2
	7

	Pneumatic
	4
	17


Potential Dilemmas:
General Precautions
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Due to the nature of the CT system, it is imperative that the driver mechanism be small.  On-axis driving of the needle will occur; thus the mechanism will be contained within the circumference of the CT scanner, and must be very small for the case of obese patients (Fig ???).  It may be reasonably inferred that the driver mechanism be only slightly larger than the needle itself.  Although a pneumatic driver should incorporate fewer components than a mechanical driver, it still may be difficult to reduce the size of the driver to less than 15 cm.  


Although the robotic arm has been specially created to remain firm against large forces, rigorous testing will be necessary to ensure that the robotic arm does not deviate from its position when the driver is fired.  Before actual prototype construction begins, it would be advantageous to test the robotic arm’s ability to withstand impulse.  


The Remote Center of Motion (ROM) that the arm-needle complex possesses poses yet another problem for our team.  However the needle is driven, the needle point must always be located the same distance from the mechanical arm attachment prior to needle advancement.  This means that we must develop a driving mechanism that encompasses all aspects of the present system, but is able to drive the needle quickly; or we must design a driver mechanism so effective, it is reasonable to re-work the robotic arm.  For our purposes, it would be most useful for us to work with the former of the two ideologies; we do not have the background to create a theoretical robotic arm that would correlate with our ‘ultimate driver mechanism’.  

Pneumatic Driver Specific Problems


Driving a large amount of air may prove to be difficult given the limitation of space.  We will need to supply a large pressure difference to the driver, which means that multiple hoses may be necessary.  This could become troublesome to work with, and will itself need resolution. 


Furthermore, because the air is compressible, it will be impossible to accurately deliver a ‘perfect’ amount of air.  Therefore it can be assumed that it we will not be able to drive the needle sub-cutaneously via slow leakage of air.  A way of alleviating these problems would be to first, drive the needle with a motor until the tip is sub-cutaneous and then deliver a set amount of air, which is in excess.  The needle itself will be physically stopped, and blow-off valves on the device could provide exit for the excess air.  This addresses another issue: the speed of delivery and withdrawal—an area that will require pilot studies.

Needle Precautions


Some of our needle ideas are very complex—involving many pieces that will be impossible for us to make—and consequently will be very difficult to actually create.  Because of this, we may need to do further research on the mechanisms currently used by needle companies to withdraw the cannula from the stylet.  Our best chances of creating a successful needle lie in our ability to use pre-existing parts for one of our new designs.  


We currently do not know how needles will respond to being forcefully driven into a mass.  Pilot studies will be our next step in deciding what gauge of needle will be best, and consequently which needle design will be best.
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Fluid Compressor Unit





Linear Drive Mechanism





Figure ??? shows the relative size of the mechanical arm to the CT scanner.  A patient will result in even less room for the device.
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