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Abstract

Despite its ability to withstand extreme loads, connective collagenous tissue naturally degenerates due to age and pathology. The popularity of medical procedures such as Laser-Assisted in Situ Keratomileusis (LASIK) surgery has caused a decline in the availability of usable corneal tissue. Worldwide there is a shortage of donor corneal material. Tissue engineering offers a potential solution, but current attempts have not produced a viable corneal replacement. By applying a tensile load to engineered tissue while it is saturated in an organic environment, it is hypothesized that fibroblast cells will remodel the tissue in reaction to these stresses. It is projected that resulting engineered construct will be superior to those grown without load. A device has been designed which will, provide accurate control of the load (or strain) and temperature applied to connective tissue specimen in a small volume, sealed environmental chamber. A linear guide system designed with off-the-shelf components proved to be the simplest and most effective means of accomplishing the task at hand. By incorporating readily-available components into a design appropriately sized for the Nikon TE2000E optical microscope, this will provide a means to view the matrix remodeling and cell response while closely monitoring tensile loads throughout the process. It is believed that the final design will accommodate all of the necessary requirements for corneal tissue analysis. Once the testing of the design with the preexisting interface is completed, this device will be available for many biomedical applications.
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Figure 1 - Final Design Iteration
The Need for Project 

	Increasingly collagenous tissue is being grown in the laboratory environment due to the reduction in the usable tissue donor population.
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Figure 2 - Side view of human eye, outlining the cornea
	Collagen is the most abundant protein on Earth and the structural molecule of choice for vertebrates. The collagenous tissue bears and transmits tensile loads applied to the body. Connective collagenous tissue naturally degenerates over time due to age, injury, and disease. There is a decline of usable corneal tissue, due to the effects of surgical procedures such as LASIK. The laboratory equipment available requires large tabletop/laboratory space, is intended for larger tissue samples, or is very expensive. Devices that are capable of mounting on a microscope for observation (imaging collagens requires the use of high-power objectives) do not allow the application of loads to the tissue sample. It is hypothesized that collagenous tissue remodel while under a mechanical loading. In order to test this hypothesis, a device that can apply tensile loads to a tissue sample in vitro while allowing direct, high-powered microscopic observation is needed.




The Design Project Objectives and Requirements 

	Create a tensile loading, flow-through micro-chamber testing device for collagenous tissues for microscopic observation utilizing high powered objectives.
.
	Design Objectives
Design and create a fully functional microchamber that will apply a known uniaxial load and a known strain to the collagenous tissue sample. It shall simulate in vivo conditions and control the sample temperature to 37oC ± 0.5oC (98.6oF ± 0.9oF).  Viewing collagen fibrils requires the use of high-power objectives and thus the device must be mountable on an inverted microscope. The system must record the strain on the specimen and operate in either load or displacement control modes.
Design Requirements

The microchamber must remain a sterile environment over the course of the entire test period. A mechanism to allow media/reacting flow to traverse and bath the specimen in order to support the collagen tissue sample over a test period of 2 weeks must be included in the microchamber device. The volume of the microchamber must not exceed 200 microliters (0.007 fluid ounces). Any surface in contact with tissue and saline bath must be anticorrosive. The sample loading mechanism should be capable of gripping a 1 cm x 1cm tissue sample 10 – 1000 microns thick without slippage or harm to the sample. Small uniaxial loads up to 0.01 N (~0.002 lb) or less shall be applied to the sample and recorded. The strain on the sample must be recorded to an accuracy of 1.0 microns. The microchamber must be mountable on a Nikon’s Eclipse TE2000-E inverted microscope will be used to view the growing collagen with a 60x objective. The distance from the objective to the lowest point of the sample shall not exceed 200 microns (0.008”). Additionally, the microchamber must provide for direct observation of the tissue with maximum through-chamber optical transparency. 



Design Concepts considered

	There were many iterations of the design, yet three solutions were seen as the best fit for this project.
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Figure 3 - Gear System
	A number of ways to provide uni-axial load within a small confined space were considered for the project, of which three solutions were able to meet the critical requirements of this problem.

A pulley system allowed for the most compact design. It allowed for the use of fine gage wire as the force transmitter rather than steel rod, which eliminated any bending moment and also resulted in a smaller heat sink out of the chamber. The disadvantage to using wire and pulleys is that you can only put tensile load on the specimen, making unloading the sample very difficult. This design also made it difficult to provide a sterile seal at the point of chamber penetration.

Following the pulley system, a gear system (Figure 3) was considered. There are no significant advantages to the gear system other than the fact that it would allow for the load axis to be placed below the microscope stage. It was found that the transmission required would have been much too large to fit on the microscope and extremely complex to machine. There would also be potential backlash in the system. Due to time constraints and complexity, this idea was disregarded rather quickly.

The linear guide system provided the best options. The simplicity of the design allows off-the-shelf components to be used, which drastically reduces manufacturing time. While this did not provide the most compact design, it was much smaller than the gear system idea and allowed for easier assembly and sealing.

	
	


Recommended Design Concept

	The final design concept provides an adequately-sized chamber, reliable grips, and constant monitoring of strain, load, and displacement of the sample.
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Figure 4 - Grip Design
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Figure 5 - Adjustable Viewport


	Our final design consists of six main systems. While each of these systems satisfies specific design requirements, all of the components form a homogenous apparatus.
The base of the frame assembly mimics a standard microscope stage adapter to provide the device with a secure fit as well as a solid foundation for the rest of the system’s components. The linear guide portion of the frame is designed to offset the load axis below the microscope stage while minimizing any bending moment as a side effect.

The manifold assembly was designed to provide a thermally insulated, water tight  shell for the micro chamber as well as a solid foundation for the load cell. It was decided to machine the main manifold and the load cell manifold out of poly carobonate for its machinability  and  superior thermal resistance. The chamber will be sterilized with alcohol; therfore high temperature polymers are not required for this application. Thermal resistance and machinability were the dominant factors in material selection.

The grip assembly in Figure 4 securely grips the corneal tissue. The advantage to this grip design is that there are no sharp edges, allowing for relatively even clamping pressure across the entire contact surface. The corneal sample is further secured by applying a small amount of silicone adhesive prior to tightening the grip.

The thermal system assembly ensures constant fluid temperature throughout the micro-chamber. The chosen thermal design was proven effective from past capstone groups. Copper is used to transmit the heat produced by the cartridge heaters into a silicone tube moving the saline solution into the chamber. The cartridge heater should be held at a temperature so that the liquid enters the chamber at body temperature and the bordering of the chamber walls with the copper will ensure the inside of the chamber volume should remain at a constant temperature with little temperature gradient.

The adjustable viewport mechanism in Figure 5 allows for the viewing of samples varying from 0.01 to 1 mm thick. This adjustment is made possible by a sterile seal built into the top of the adjustment piston. Sterile fluid is injected between the two o-rings prior to raising the viewport glass up to the sample.

Altogether, the final assembly brings all of the separate systems together to form the micro chamber. Each of the sub-systems makes up a fluid boundary within the chamber.
Analytical Investigations
Mechanical Design

Because the maximum applied load is so low, the mechanical design was approached in a unique way. Initially there was little concern about the stiffness of the frame. Instead, the components that would meet the space and thermal conductivity requirements were designed first. Both finite element and envelope calculations were then performed on each component to ensure that the total deflection of the system under maximum load would be negligible. To further ensure safety, all calculations have been performed using ten times the maximum load.

Sterilization and Bio-Compatible Materials Selection

Biocompatibility was the primary factor when choosing materials. Initially the need for sterility was a key factor with this selection; however the preferred sterilization method in the laboratory involved washing with a sterile soap solution and wiping with alcohol. Due to this simpler means of sterilization the need for autoclavable materials was deemed unnecessary. 
A secondary feature looked into was the thermal conductivity of materials. The selection of materials was performed in order to insulate the working interior while keeping the heart of the reactor at a constant temperature.  For certain components, the need for high conductivity was present (for instance, the heating elements and chamber walls) while others required little or no conductivity.  Some components however were not analyzed for thermal conductance such as the linear actuator, exterior bearings, etc. as they were isolated from the heating system.

The third and final aspect was mechanical performance. Our forces are on such a small scale that the mechanical features of the materials are of the least importance. Mechanical analysis was performed but not for material selection due to the insignificance of this factor on the overall design.

Sterile Seals

A very important element of the micro-chamber is preventing the growth or entry of bacteria to the device interior. Presently in the industry, the common methodology is to simply seal the container by soldering, welding, or otherwise close the possible gaps by fusing the pieces together. In the case of the micro-chamber, this is not possible as the actuating shafts must penetrate the chamber and must remain free to move.

After much research and analysis of the available options, it was shown that the gasket seal is the ideal method for sealing for this project. The seals and gaskets have a dual role: preventing bacteria from entering the chamber and liquid from leaking out. Through the use of an appropriate clamping force, small imperfections between components can be sealed.
Key Advantages of Recommended Concept 

Each of the three strongest iterations of the design provided unique advantages and disadvantages; however the aforementioned solution was able to hold to the key specifications of this project. One design constraint became the dominant factor in choosing a final concept to work with: the need to bring the sample within 200 microns of the microscope objective, meaning that not only uni-axial loads would be provided in a confined space, but the load axis would have to be offset below the microscope stage where there is a lack of space for any kind of motor or drive system. Not only does the final design satisfy this requirement, but it also has readily available off-the-shelf components and other parts that are somewhat simple to machine.



Financial Issues
	The cost of the prototype is approximately $5000, which is roughly what the mass-produced product would cost on the market.
	This micro-chamber is the first of its kind. There are no other existing systems that are capable of both applying loads to tissue samples and simultaneously mountable on a microscope and on the market. Existing machines are extremely precise and have a variety of different mechanical analyses, however they cost upwards of $50,000. Since the micro-chamber developed in this project is only measuring force and displacement, a less expensive design can be used. The majorities of the costs associated with the microchamber are the cost of the control system components, linear actuator, and load cell. When considered with the cost of the materials for components of the microchamber, the relative cost falls around $5,000. This number is well shy of the actual true cost if machining were done outside of Northeastern University (which could potentially double the cost). 




Recommended Improvements
	In the future, a reduction in chamber size and improvements in the grip design could improve the overall experimentation of tissue engineering with this device.
	Future design iterations could potentially create possibly a more effective means of mechanically gripping a small tissue sample. Through research, there are no existing products or proven working designs to grip small 1 cm sample and, more importantly, simultaneously operate in a load/displacing environment. Because tissue-gripping is somewhat uncharted territory, this is a study among itself.

The originally given specification of the chamber volume being less than 200 microliters was not achieved with this design. Although originally stated to be somewhat important to this device, it would have required much more iterations of the design before being able to fit that very difficult requirement. In the future, if more time is allocated, design teams can have the chance to decrease the chamber size to meet this requirement, or at least come within a close range of it. By doing so, the design will be more ideal and can benefit the laboratory experiments that future researchers will perform.
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