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Abstract

The following report will examine the problem of transporting live human cell cultures and the current solution to this issue.  Human cells such as mammalian fibroblasts are created and cultivated in laboratories throughout the country and around the world.  A problem arises when these samples are required to be tested in a different facility than where they were grown.  There are several products intended for the incubation of cell cultures in the laboratory, but few have considered the task of transportation.

The design team has developed a relatively lightweight mechanical device capable of transporting human cell cultures for multiple hours in a secure, stable environment.  The incubator has the capability to constantly monitor and maintain the temperature of the cell culture environment.  The system will regulate the proper gas mixture of the environment by adding a calculated amount of air or carbon dioxide, depending on whether the carbon dioxide reading is too high or low.  In addition, the humidity of the chamber is kept at around 95 percent, and although this parameter will not be controlled, the user has the capability to monitor the percentage.  When completed, the incubator will be able to transport one 24-well multi-well dish.  Thus far, the project is in its final design stages and is at a point where the assembly phase will begin shortly.

The report will discuss the specifications and beginning stages of the transportable incubator project.  Such topics as existing products and patents will be discussed as well as the major challenges which were considered for the design.  The final design of the incubator will be discussed in detail, assessing why certain choices were made during the planning stage.
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1. BACKGROUND
The current method of transporting cells in a frozen state is counterproductive and time-consuming.  For current applications this style of transport may be acceptable, but as further inroads are made in the field,  the quality of the specimens will .  Simple clusters of cells may not need to remain in a comparable steady humanlike environment, but new fields are emerging that have stricter requirements.

The field of tissue engineering is quickly becoming an important and innovative area of interest.  Cells are no longer simply grown for study, but processes have been created to regenerate natural tissue and create new tissues through bioengineering [1].  The possibilities for this innovation include growing replacement cellular structures and parts, creating realistic specimen for research purposes, and creating hosts to better transport other biological entities.  Currently, work must be done locally, since there is no optimum method to transport these cellular structures.  As are grown for weeks at a time, the tissue constructs are significantly more fragile.  Tissue transport, using the current freezing method, is inherently detrimental to tissue structure.

As tissue engineering continues to emerge as a more prevalent and widely studied discipline, there will be increased demand for an incubator with the capabilities offered with the purposed design.  Though several portable incubators exist, none offer the range of controlled parameters required in the cutting edge field.  This device would be very successful if entered into the bioengineering market.  The next stage of this project is extensive testing on the current prototype and streamlining adjustments to the design.  A more efficient, manufacturable model could then be patented then presented to universities and laboratories nationwide.

2. SPECIFICATIONS

2.1 Cell Culture Characteristics 
In further developing the initial requirements, the hard specifications of cell cultures must be investigated.  These specifications include the precise needs in terms of temperature, gas/air breakdown, humidity, and pH.  Also included are cell specific dangers and concerns.

    2.1.1 Temperature

In most cases in the cell biology field, the accepted temperature at which cultures are kept is 37 ºC, the core body temperature [2].  It is difficult to choose one temperature for the system to run however, due to the fact that different cells grow and are sustained most effectively at different temperature zones.  The proposed unit will have a set point at 36.5 ºC in order to remain just under the core temperature for the purpose of safety.  Cells can survive at temperatures 10 to 20 ºC below the core temperature, but will rapidly break down if they reach a temperature of 40 ºC [2].  The cutoff temperature at which the system will shut down will be 39 ºC in order to prevent extreme damage to the sample.  These are the ranges that must be considered in developing the heat mechanism and controls.  In order to obtain a stable temperature, both a heating and cooling instrument will be installed. 

    2.1.2 Gaseous Environment

The unit’s gas mixture is also inherent to the survival of the cell culture.  The cells require a mix of 90-95% air and approximately 5% CO2.  The resultant pO2 in the majority of incubators stands at 18%.  If a lower O2 pressure is required, special incubators must be employed to mix CO2, nitrogen, and air to implement the desired change.  The CO2 produced by the cells will have an impact on the normal pH (between 7.0-7.4) of the cell medium.  However, with an outlet for gases there should not be a significant enough build up of CO2 to require a bicarbonate buffer system [2].  For the proposed design, CO2 will be mixed with air from outside the system to create the desired ratio.  Due to the fact that there are many impurities and pollutants in the air that may damage the cell cultures, a filtration device will have to be installed to purify the intake.  For this task, a high-efficiency particulate air (HEPA) filter will be used.

    2.1.3 Humidification

Humidity will be an important property to control within the incubator.  It is generally controlled by using a water tray at the bottom of the system [3].  The water tray shown in Figure 1 intakes water through the ports in the top and then evenly saturates a pad.  
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Figure 1 - Water Tray for Humidification Unit [4]

The pad is then in contact with the flow of the gaseous mixture which will then draw moisture from the pad.  The water tray which is shown is large because it is intended for air conditioning purposes, but it still resembles the technology which would been needed for humidifying the incubator.  

The compressed air that will be used in this system has a very low moisture content, which can cause evaporation of the cell medium as well, in effect raising osmolality.   Osmolality, which refers to the process of osmosis, involves the movement of a solvent through a semi permeable membrane (as of a living cell) into a solution of higher solute concentration that tends to equalize the concentrations of solute on the two sides of the membrane [5].   As the cell becomes dehydrated, osmolality increases, and when the cell becomes oversaturated, the osmolality decreases.            

[image: image58.emf]
              Figure 2 - Effects of Osmolality [6]

As seen in Figure 2, a cell which experiences a rise in osmolality will lose water and shrivel while a cell that gains too much water becomes lysed.  This means that the amount of humidity added will have to be regulated because too much and too little moisture can negatively affect the cell.  The major concern with regards to the humidifier itself has been spillage due to normal or abnormal motion or placement of the transport system.  There have been several ideas put forward to address the issue of spillage; however they will have to be considered in more detail.  Humidity will have to be applied to the inner copper chamber without losing water due to the movement of the device.  In addition, the items used for the humidifier must not leach any harmful gases into the chamber. 
  

    2.1.4 Specimen Safety

The major secondary concerns for the system are both internal and external in nature.  Cells must be protected from rapid changes in pH and temperature, as well as osmolality.  These factors can shock the cells and possibly lead to apoptotic death, in which the cells will kill themselves off [2].  It has been determined that there are no necessary precautions needed to relieve what little mechanical stress may be involved [3].  Finally, precautions must be in place when dealing with human cells. 

2.2 System Operating Conditions
Currently the group has developed an initial list of specifications critical to the development and success of the tissue transport system.  Undoubtedly there will be more additions and refinements made as the project takes shape and the project moves towards a final design.  The ultimate goal of the project is to provide a portable device which can transport tissue and/or cells for the duration of at least a two hour journey while maintaining conditions that would preserve the delicate biological material.  In breaking down the problem statement’s many needs, the group summarized the specifications which were required as follows:

The preliminary specification is satisfying a minimal two-hour running period for the entire cell culture transport system.  Optimally the system will be able to sustain a significantly longer period of functionality and exceed this standard.  The foremost concern in accomplishing this is battery power, as it is the primary time dependent feature of the device.  As with all of the specifications, this will have to be developed further to assess the maximal longevity of the system in transport. 

Automatic environmental control is crucial to the survival of the cell cultures in transit.  This topic covers regulation of gases, temperature, and humidity.  More research will be done to develop the particulars of each individual environmental factor as well as tailor them to the specific cells earmarked for transport.  Once this specification has been thoroughly analyzed, mass flow controllers, thermocouples, and monitors will be the next step in satisfying the cell requirements.

Ergonomics play an important role in product development.  A weight specification of 20 pounds has been created to prevent fatigue of the user as well as discomfort.  This will define the style implemented for carrying the transport device (i.e. briefcase handle, cushioned grip, shoulder strap).  A secondary concern may be pull force to assess the forces felt by the user when loading and unloading the specimens.  This specification will also serve to assist in developing the mechanism for cell loading.

A set of alarms is an important requirement to the success of the system.  One specification that needed to be developed under the alarm umbrella consists of the maximum and minimum temperature ranges before imminent cell death.  The temperature alarms will be set such that alarms will sound if the chamber reaches 38 °C and will automatically shutdown if the temperature reaches 40 °C.  This failsafe will ensure that the environment will still maintain its steady state with minimal loss of cells.  Also a minimum amperage level will need to be determined so the system can warn the user of low battery power and steps could then be taken to transport the cell cultures to a different incubation environment.

Sterility is one of the primary concerns in safe cell culture transport.  The components which will require some method of sterilization as well as the level of that sterility needed to be examined as a major design consideration.  In addition a specification was developed for what level of interaction the contents of the system have with their external environment (i.e. air-tightness, filters if inlet/outlet exist, etc).       

A durability specification needed to be developed in order to define the normal wear and tear that the system will experience in everyday use.  Durability testing will be conducted in order to develop this specification and determine where additional insulation and possibly shock absorption may need to be placed.

Ease of use needed to be defined to ensure that the transport system offers comprehensible feedback, easy input, and simple loading/unloading of specimens.  Research was conducted to assess where difficulties and ambiguities may occur for the average user.  The concern and ability to perform maintenance operations was also considered as repairs can often become a hidden cost for consumers.  This specification will define the difficulty level allowed for sterilization, battery recharge, gas/water recharge, as well as repair.

3. PATENTS AND EXISTING TECHNOLOGY

The initial design was centered on a briefcase or cooler-like container which combined multiple control items into a complete cell culture transport system.  The unit would contain two sections, an inner core housing the cells, and an outer shell where controllers and equipment would be located.  Tubes containing sensors to monitor temperature, humidity, and necessary gases would connect the two sections.  When the monitored conditions became unstable, the sensors would trip and necessary action could be taken.  The group considered several possibilities for subsystems within the overall design.  One idea was to use a system involving constant cooling, with a fan that could blow air over a heating coil when the temperature becomes too low.  Another was to use UV radiation as a means of neutralizing contaminants that enter the controlled environment.  As the patent literature was examined concerning these ideas, the search proved to be more difficult than previously anticipated.

3.1 Patent Research 


It is important to understand the limitations of the industry, and thus know what improvements and innovations can be made to the available technology.  To narrow the focus and determine exactly where the need for improvement was, a search was performed of the United States Patent and Trademark database.  This substantially alleviated any prior concerns regarding the group’s design solution and provided parallel ideas to the project’s preliminary concept.  Not only was a patent search performed, but research was done regarding existing cell culture incubators.  Both larger tabletop and transportable models were examined.  It was thought that some of the technologies within the larger devices could be implemented into a transportable version.

    3.1.1 Cell Culture Incubators

It quickly became apparent that the field of cell culture incubation was very limited.  A search was conducted both for incubators and for various transport systems, as a combination of the two could not be found.  The patent closest to the current design is patent number 5,958,763, named the Cell Culture Incubator, and was invented by Randal A. Goffe in 1995.  He had made an improvement to his design and the new patent was filed August 4, 1998.  His design involved a chamber divided into two sections by a wall.  As with the proposed design, there are necessary components for storing cell cultures; those components being temperature controllers (heaters) and gas control devices.

Goffe’s patent is not, however designed to be used as a portable device.  His design is intended for local storage of cell cultures.  As specified in the patent, “the invention provides a small footprint benchtop incubator instrument designed to accommodate perfusion mixed and static cell culture processes [7].”  Although Goffe’s incubator would involve a two-part chamber as was discussed with the proposed design, the setup and components used would have to be radically different to satisfy the transportation problem.  In addition, the specifications of the proposed transportable incubator require a method of controlling humidity, a factor not taken into account in Goffe’s design.  

One more design considered was a portable incubator for testing water, which consisted of a housing, temperature sensor, heating element, controller, and a bottle to hold samples.  This design covered the heating/temperature control portion of the group’s system very well, as well as the means for transporting samples, the major element that was lacking in other designs.  This last design was patented by Aastrom Biosciences, Inc. on November 16, 1999, registered as patent 5,985,653, Incubator Apparatus for Use in a System for Maintaining and Growing Biological Cells.

On the topic of specimen containment, a system with a completely different methodology than had been considered previously was encountered.  The patent, named the Portable Incubator, consisted of a cassette, which would provide a sterile environment as well as interface for the regulation of gas media and other growth/preservation factors.  The difference with this design is that it is intended to test water samples outside of the laboratory setting [8].  It was patented by Aquasure Technologies Inc. on June 22, 2000, under patent number 6,465,242. 

    3.1.2 Ultraviolet Sterility

A solution to the incubator’s sterility needs was found in the form of an ultraviolet (UV) light system to maintain an anti-viral/bacterial environment inside of the incubator as previously discussed. This design was patented by Charles G. Butts on August 25, 1999 under the number 6,297,047.  His patent called for the placement of UV lamps in the “airflow passageways” to sterilize the circulating gases in the chamber.  

[image: image49.emf][image: image50.emf][image: image51.emf][image: image52.emf]                                 [image: image2.png]U.S. Patent Oct. 2, 2001 Sheet 2 of 4 US 6,297,047 B1

32
B 3‘9 N B ,f26 10
SN \fcrpT) NN
Y=l =
N = U= mm — 750N
N 1 — ¢ \
NN 40 5 /\ {54 14
%“ l T mfy — ra h ..... i L\’
N[ i
1| 56 / BTN
\\\ \ N
\\\\ f T T T T YT YT y \\
\\ | ¢ _48_ \ \ji:—46
44 \\ 4 §;th2
AN i === T
< | / \ X“/"‘zz
\ 66 68 | \;\Jf52
e N
200 V"o
U FNLN  FIC.2
N 70 ~—60 [
26~ 42 |





             


            Figure 3 - UV Lamp in Gas Flow [9]

Figure 3 shows a schematic consisting of a vertical sectional view of the patented incubator.  The ultraviolet sterilizing lamp, labeled in the diagram as “42,” of the incubator is located inside the circulating airflow path [9].  The arrows on the diagram represent the path of the airflow.  This allowed for both the full-time and partial sterilization of the gas mixture as it flowed through the system.  This is something the group felt might possibly make a contribution to our proposed design.  

3.2 Existing Transport Concepts


Through the research that the group performed, there was very little found concerning the usage or development of transportable incubator systems.  All of the patents that were found involved larger table mounted units.  There were two designs which were discovered that discussed the creation of a portable cell culture container.  The first was designed by Hitachi Transport System and the second by Tritech Research.

    3.2.1 Hitachi Container

Hitachi Transport System is a division of Hitachi which deals with issues in shipping cargo and the logistics associated with it.  As part of its Third Party Logistics (3PL) Services, the company has attempted to find a solution to the problem of transporting cell cultures.  According to Hitachi Transportation System, they have developed a portable shipment container which provides a stable temperature environment, and has also been successful in long distance transportation experiments during which the system maintained a relatively stable temperature [10].  The difference with this product is that it contains a material which generates heat at roughly the same temperature as the human body.  Besides the “heat storage material” which is not discussed in detail, the company claims that the container doesn’t need a temperature controller or any sort of power source [10].  
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                Figure 4 - Hitachi Cell Culture Container [10]

As it can be seen in Figure 4, the system is quite small and it has been claimed to be lightweight.  Regardless, this system does not seem to be practical and without control systems there seems to be too much room for error.  Through documentation research it was not clear whether this device has been assigned a patent at this moment.
    3.2.2 DigiTherm Incubator

The DigiTherm 38-Liter incubator system, which was developed by Tritech Research, contains the ability to control temperature and run experiments.  Similar to the style of the group’s proposed design, this product has an operational computer and a power source. The incubator is not necessarily designed for transport, but the company claims that it is lightweight enough to be portable [11].  Even with this claim the system, which resembles a small refrigerator, does not seem to be ergonomic.  A picture of the unit can be seen in Figure 5.

  


                    [image: image4.jpg]



                   Figure 5 - DigiTherm 38-Liter Incubator Unit [11]

Concerning the shape of the unit and the fact that it weighs “less than 30 pounds,” it does not seem like a viable device to easily transport cell cultures.  A claim such as this certainly means that the device weighs a considerable amount.  The design group feels as though portable cell culture incubators can effectively regulate environmental conditions with much tighter weight restrictions than this device.

4. MAJOR CHALLENGES

4.1 Cell Environment

The first major concern which must be considered is related to the cell environment that will be created.  Providing a sterile environment for the cells and keeping this environment at steady state with respect to temperature, humidity, and gas content are two key issues within this category.  In order to keep the environment sterile, all the parts that both the gas mixture and the multi-well dishes themselves come in contact with must be able to be cleaned in an autoclave or through other accepted processes. The envelope, containing the cells, will have to be delivered into the system in such a way as to not allow the entry of contaminants. The system will have to run for a few minutes prior to cell culture input in order for the environment to achieve steady state.  Once this occurs the samples will need to be inserted into the case without compromising the controlled factors, or allowing foreign contaminants to enter.  Due to this fact, the cell culture chamber must be opened for as little time as possible.  As for the creation and monitoring of the environment, the design team faces the challenges of ensuring specified parameters remain within their tolerance.  For example, temperature will have to be maintained within +/- 0.1 degrees Celsius.  This will require accurate sensors, and a sophisticated control program to interpret information given by sensors, and take appropriate action when necessary.  

4.2 Transportability

The second major challenge is transportability.  In order for this design to accomplish its goals, it must be light enough for a person to carry it comfortably.  A typical distance of transport must at least consider the trip from a laboratory to a vehicle parked outside.  The “shell” of the unit must be durable in case of accidents, and stability of the samples inside must be ensured as well, so that there are no disruptions during transportation.   The durability of the case, along with the need for gas tanks, temperature/humidity units, motors for air discharge/flow, exhaust system, power supply, etc. are in direct competition with the need for a lightweight design.  The optimization of these factors is one of the most difficult aspects of the design.  

4.3 Power Source

Another factor that could cause problems in creating a lightweight design is the power source.  Depending on the amount of power required, the source could potentially be large enough to cause a weight issue.  As with many portable devices such as laptop computers, battery life will be of concern.  Most laptop batteries last between one and a half and three hours while in use.  A more efficient form of power supply will have to be considered.  Such batteries as lithium ion or nickel metal hydride offer greater amounts of power over longer periods of time.  In addition, these batteries are rechargeable so the cost of power supply will decrease.  Besides the issue with weight, the main concern in regards to the power source is that it is dependant upon the rest of the components that are installed.  Only once an accurate draw of energy is determined can a correct battery be selected.

4.4 Usability

Another significant challenge is usability.  The system has to be easily operated and maintained in order to ensure user satisfaction.  A simple user interface will need to be programmed to monitor the specimen environment, make changes to specifications (if necessary), and warn users if temperature, humidity, or gas supply volumes are approaching levels which could potentially be dangerous to the samples.  It might be necessary to allow users to take action if the case malfunctions by overriding the program, allowing them to alter various inputs if the case is not maintaining the appropriate levels under the automatic settings.

5. BRAINSTORMING SUMMARY

Through the many brainstorming sessions the design team held over the past few months, many concepts were created and then discussed.   The major task which had to be undertaken was the design of the incubator itself.  There were many items to investigate such as the size and shape of the device as well as how the cell cultures would be inserted.  Other tasks such as how to maintain a stable and sterile environment were also discussed.

5.1 Incubator Design

The initial thought for the incubator began with simply modifying an existing cooler so that a new case would not have to be developed.  It was first considered that the internal cavity of the cooler would be sufficient enough to house the cell specimen while the empty space in the hinged lid could contain the system components.  This idea came to a close when the group felt that there would not be enough room in the lid as well as the fact that it would be difficult to make the unit airtight.  Thus it was inferred that an original structure would have to be designed.

The basic concept which would be used on all the designs to follow incorporated a vessel that was separated into two compartments.  The thought was to isolate the cell culture from the mechanical system as much as possible.  Using a technique which Goffe used in his incubator, it was decided to include a chamber that was divided into an incubation compartment and a control compartment [7].  Just as Goffe had designed, the group thought of having the two chambers side by side.  A hinged top was still considered for the loading and unloading of cell cultures.  Eventually the incubator concept evolved into a much slimmer and ergonomic “top and bottom” design.  It was felt that the side-by-side incubator would be much heavier on the control side and therefore would be awkward to carry.  Having the control portion below the incubation portion would improve the balance of the unit as well as make it possible to make a product that more closely resembled a brief case.  

5.2 Pelican External Case

The Pelican Travel Case (Exterior Dimensions: 18.50" x 14.06" x 6.93", Interior Dimensions: 16.75" x 11.18" x 6.12") was considered at first as the main transport container for the portable incubator system. The Pelican case is watertight, crushproof, and dust proof. The solid wall design is strong and light weight. There is an o-ring seal preventing contaminants from entering the inner case environment. The pelican case also includes a comfortable rubber over-molded handle and stainless steel hardware and padlocks. A picture of a Pelican 1500 case can be seen in Figure 6.  
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Figure 6 - Pelican 1500 Case [12]

Custom modifications to the case would have been required for the venting of the Peltier fan ducts. The vent holes would have been cut out on the back side of the Pelican case and a louver will be inserted to keep water from entering the case.  The pelican case door included a custom window cutout. This cutout allows an operator to view the Unitronics POC screen from the exterior environment. The cutout contains a plexi-glass cover which provides protection for the Unitronics POC screen.

An issue with space arose because the custom aluminum frame was initially designed to fit inside the Pelican Case.  When the assembly phase began, it was discovered that it would have been a tight fit within the aluminum frame.  The components could have fit, but there would not have been efficiently packed.  It was decided to discontinue the use of the Pelican case and create a custom case around a slightly larger aluminum frame.  

5.3 Other Considerations

Once a design was decided upon, there were still more issues which had to be considered.  One of those issues was the problem of sterility.  The thought of using ultraviolet (UV) light to sterilize the incubation chamber was considered.  Several models were contemplated including UV lamps in the chamber itself and in the gas inlet.  This method had already been proved by inventor Charles G. Butts [9].  The idea is not yet incorporated into the group’s transportable incubator, but is still being considered.  Other sterilization techniques such as installing HEPA filters have been considered as well.

Another minor item which arose during the brainstorming sessions was how to insert the cell cultures into the incubator.  The first thought was to implement a door at the top which would be hinged.  The group was concerned with the fact that a very sturdy locking mechanism would be needed due to the fact that the latches would experience a lot of force.  It was then thought that if the top of the incubator was directly connected to the rest of the unit, then it would be much stronger and there would be less fear of a failure.  Instead a side door was considered.  The side door concept was taken even one step further and the idea of a cartridge was considered as well.  This method of insertion would resemble a tray which could be ejected.  The technology would operate in the same fashion as a personal computer’s CD-ROM drive.

6. DESIGN IMPLIMENTATION

Once the system’s specifications were fully defined, the process of finalizing a design began.   The incubator was separated into subsystems including: temperature control, humidity control, CO2 concentration, gas flow, and system management.  A schematic containing all of these subsystems can be seen in figure 7.
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      Figure 7 - Parts Schematic for Incubator

In addition to the controlled parameters, the potential sterility solutions were addressed.  The following chapter discusses the chosen resolution to each subsystem and the justification for each choice.  A model of the incubation system can be seen in figure 8.
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Figure 8 - Inner Frame of Incubator with Components Installed

The main assembly structure of the incubator system is the custom aluminum frame.  The frame will be discussed in detail in section 6.1.1.  The inner copper chamber, discussed in section 6.1.2, is the environment in which the cell cultures will be placed.  Another major component of the incubator is the control device.  A Unitronics Vision 120 was ultimately chosen as the component to manage all of the various subsystems.  The Vision 120 is discussed in section 6.6.6.

6.1 Complete Incubation System

    6.1.1 Custom Aluminum Frame
The incubator system consists of a custom made aluminum frame with dimensions (16.75”L x 11.18” W x 8.25” D) called the inner frame. The aluminum frame is designed as the primary structure for the portable incubator system.  Figure 9 shows the custom aluminum frame before the components have been installed.
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Figure 9 – Custom Aluminum Frame

The frame, consisting of aluminum L-shaped rods, facilitates component placement, accessibility for ease of maintenance, limits the system’s overall size, as well as providing a rigid and reliable support for the system’s weight. The structure’s versatile shape also allows for strategic placement of components within a set volume of space.  An additional feature is the inclusion of a custom removable front panel. The front panel will have a cutout made for the inner copper chamber door and the front screen of the Unitronics PLC V120.  Quick release hinges will be used to allow the removal of the front panel for access to all components. 

    6.1.2 Inner Copper Chamber

The inner copper chamber is designed with 1/16” thick copper sheet shaped into a five sided box with the sixth side used as an opening. The chamber acts as the vehicle for the placement and transportation of the multi-well dish containing growing tissue constructs.   The chamber can be seen in Figure 10.

.   
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            Figure 10 - Inner Copper Chamber

The placement of this chamber will be on the center- left section of the inner frame (as seen in figure 8) placement is critical due to the necessary attachments for components responsible for stabilizing and maintaining tissue growth. 

A door is also designed for ease of access for the placement of the multi-well dish into the chamber. The door covering the opening on the sixth side of the inner copper chamber is designed using stainless steel with hinges mounted on the left side.  The hinges are quick-release so that it can easily be removed and placed in the autoclave.  The door, when opened, will display a tray where the operator will insert and lock in place the multi-well dish. As the door closes, the multi-well dish will follow the door’s path and stop at its ideal location located at the central spot of the inner copper chamber. 

    6.1.3 Chamber Connections

The inner copper chamber is also the location where the operating subsystems of the portable incubator meet. The Peltier heating/cooling system, magnetic turbulence fan, pressure relief valve, CO2 injection, humidity sponge and the temperature/CO2 sensor system require connections to the inner copper chamber walls. These connections are made from copper tubing and are welded on the inner chamber’s walls. Two connections are required for the temperature/CO2 sensor system. One connection is required for each of the systems: CO2 injection, pressure relief valve and the humidity sponge. The Peltier heating/cooling system and the turbulence fan require direct contact with the wall to operate functionally.  The Peltiers will be attached to the outside of the inner copper chamber.

    6.1.4 Insulation

The inner copper chamber wall is covered with insulation on five out of the six sides. The insulation is used to keep heat from transferring between the chamber and the outer environment. The material which was chosen is a rigid PVC insulating sheet.  This material has an R-value of 43.33 m2*K/W.  The sheet is 0.0127 meters or 0.5” thick.  The insulation also contains cutouts which allow the connecting copper tubing and surface area to contact required sub systems. This feature is mounted to the custom aluminum frame.

    6.1.5 Magnetic Turbulence Fan

The magnetic turbulence fan is a device designed to keep gas, air, and humidity in constant motion within the copper inner chamber. The fan is designed using a motor which is placed on the left outer wall of the inner copper chamber and a fan that is mounted on the left inner wall. The motor’s shaft contains a custom magnet mount with the magnet’s south end poles facing the left outer wall. The fan contains a shaft that includes a custom magnet mount with opposing magnetic poles. These poles will interact with each other through the 1/16” thick copper wall causing the fan to spin. The fan’s motor will be mounted onto the custom aluminum frame with a bracket. A magnetic design was chosen for the fan so that the chamber will have no permanent mounts on the custom aluminum frame. 

    6.1.6 Quick Disconnect of the Inner Copper Chamber

A key feature to the design of the inner copper chamber and the portable incubator system is the quick disconnect feature. The inner copper chamber is designed for quick release in order to meet sterility regulations. The copper tubing connections will have silicone tubing attached to the HEPA filter.  Then a quick disconnect twist junction will be attached to easily hook up the lines which remain in the incubator at all times.  The insulation touching the copper surface will remain intact. Twelve push pins will be located on the walls around the copper inner chamber and will apply force to hold the chamber in place.  Then when desired, the chamber will easily slide out.

    6.1.7 Peltier Heating/Cooling System

The heating and cooling system relies on two Ferrotec Peltier systems. The method of operation of Peltier thermoelectric devices is described in further detail in section 6.2.2.  These are placed on the top and bottom surfaces of the inner copper chamber. The Peltier devices require heat sinks and fans. The Peltier device, hear sink and fan are combined in a manner which allows for better product performance and space reduction.  To do this, the unit will be mounted one on top of the other.  A cutout will be made in the aluminum frame so that the heat sink and fan will be in an optimal setting for airflow.  The fans have ducts which are designed to transport the heat from the fan to the outer environment. The fan ducts for the top and bottom Peltier device will direct the heat and release it on the back side of the custom aluminum frame.  The vents for the ducts will be placed in a location that will not be directly next to the user.  In other words, the heat will be directed out of the shorter ends of the case.

    6.1.8 CO2 Injection and Gas Cartridges

The portable incubator system contains a cartridge for CO2 and a tank for compressed air.  The CO2 cartridge will be mounted on the rear access door while the air tank is mounted along the base in the rear of the incubator.  The placement provides the operator with a quick reach and replacement feature. Two Leland regulators are required for the flow control of the cartridges. Space reduction is critical, but the cartridges attach directly to the Leland regulators reducing mounting needs and space. The regulators will be mounted to the aluminum frame while the cartridges are free and secured by the regulators.  The regulators will connect two Parker VSO solenoid valves with silicon tubing to the CO2 and compressed air cartridges. Placement is not an issue since the valves have 0.5”x 1.75” overall dimensions. The silicone tubing will then connect the Parker VSO Solenoid Valves to the inner copper chamber connections.  Both the regulators and Parker VSO solenoid valves are explained in further detail in section 6.5.2.

    6.1.9 Management System

The Unitronics PLC V120 is the main operating device in the portable incubator system. All the subsystem components receive and send signals to and from the Unitronics PLC V120. This device is located on the front right side of the custom aluminum frame in relation to the inner copper chamber. The overall dimensions are 3.78” x 3.78” x 2.52” which is easily placed in the volume specification for the chamber. The front screen will be mounted on the top panel of the custom aluminum frame so that the user can easily monitor the environmental conditions while in transit.  The Unitronics V120 will be discussed in further detail in section 6.6.

    6.1.10 Power Source

A power supply is required to continuously run the portable incubator system for a minimum of 2 hours.  Before a battery could be selected, the power consumption was determined.   This was performed by both using the provided amperage values for components such as the solenoid valves or controller, and by calculating the draw from components such as the Peltier devices.  Table 2 shows the breakdown of which components in the incubator require a power supply.

	Item
	Voltage (DC)
	Amps
	Milliamps
	Watts

	Ferrotec Single-Stage Peltier Cooler
	12
	0.595
	595
	7.14

	Ferrotec Single-Stage Peltier Cooler
	12
	0.595
	595
	7.14

	Parker Series 2 Value (Inert Isolation PTFE)
	12
	0.211
	211
	2.532

	Parker Series 2 Value (Inert Isolation PTFE)
	12
	0.211
	211
	2.532

	Airsense Model 400 CO2 Sensor
	12
	0.17
	170
	2.04

	Unitronics Vision V120-22-UN2
	12
	0.28
	280
	3.36

	Unitronics IO-AI4-AO2 Expander
	5
	0.04
	40
	0.2

	Unitronics EX-A1 Expansion Adapter
	12
	0.65
	650
	7.8

	Johnson Controls PT-100
	0
	0
	0
	0

	Johnson Controls HT-670x (Humidity Sensor)
	12
	0.006
	6
	0.072

	Clark Model 13300 Rotary Vane Pump
	6
	0.53
	530
	3.18

	Mixing Fan
	12
	0.00212
	2.12
	0.02544

	Peltier Cooler Fan
	12
	0.51
	510
	6.12

	Peltier Cooler Fan
	12
	0.51
	510
	6.12


Table 1 – Calculated Power Consumption

The total milliamps was calculated as 4310.12 milliamps (mA) or 4.31 amps (A).  The total power in watts is 48.26 W.  With an amp draw of 4.31 A, the system could theoretically run on an 8.62 Amp-hour (Ah) battery.  In order to extend the time of allowable transit, a battery with more amp-hours is was selected.  Another stipulation is the ability to recharge the power source, in order  to save on cost and increase the ease of use.  A Lithium-Ion (Li-Ion) battery was selected to fulfill the stated requirements.  Li-Ion batteries have a large power capacity while maintaining a relatively small weight.  An 11.1V battery with a capacity of 15.6 Ah was chosen.  The selected battery can be seen in figure 11.


[image: image10.png]



Figure 11 - Li-Ion 11.1 V Battery Rated at 15.6 Ah

Taking the calculated power draw into consideration, the battery could operate the incubator for 3.62 hours.  This means that the system can operate above its initial specifications.  Although most of the components in the incubator are 12 V, there are no adverse affects associated with operating at 11.1 V.  

The battery is mounted on a bracket at the base of the incubator.  In addition to the battery, there is a Universal Smart Charger which is rated to reenergize an 11.1 V battery.  The charger automatically shuts off when full power is reached.  The system is also able to operate on the AC power while plugged in.  There is a jack mounted on the front panel of the custom aluminum frame which accepts the charger connection.  This feature makes recharging the system very easy for the user.

    6.1.11 Carrying Case

 The transportable incubator will be inserted into a carrying case.  The case is a custom build made with high density polyethylene.  The front of the carrying case consists of a refrigerator style door with a hinge on the right side of the front surface, as depicted in figure 12.
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             Figure 12 - Incubator Inside of Carrying Case

With the front door open, the transportable incubator can be easily inserted and removed.  The case also contains a rubber handle for an easy comfortable grip.  The corners contain rubber mounts that protect the carrying case and its internal components from simple bumps while transportation.

6.2 Temperature Control

Three components are involved in this system.  They are the sensor, the controller (section 6.6), and the heating / cooling elements.  Three types of heating / cooling elements were investigated: Peltier coolers/heaters, heat wraps and heating wires.  Ultimately the Peltier coolers were chosen as the optimal temperature control component.  The Peltier devices will be further explained in section 6.2.2.  Many sensors were considered, including Humirel, Johnson Controls, and Kele.  

There were several different options when it came to regulating the temperature inside of the chamber.  Research was performed in regards to heat release agents (a technology used in the Hitachi Transport Container), but no information was available to the general public.  In addition, it was felt that this was an unreliable method to control the environment.  The other options included electrically operated heating devices.  The concern which arose with this method was the power usage associated with the various devices.  The battery source of the incubator must supply power to many components and therefore each individual part should have a limited power draw.  The three types of devices investigated were Peltier coolers/heaters, heat wraps and heating wires.  Ultimately the Peltier coolers were chosen as the optimal temperature control component.

A second decision which had to be made was whether to incorporate an inline heater or directly heat the chamber itself.  The inline option would have passed the gas mixture inside the chamber through a loop which would contain Peltier devices.  This means that the gases would be injected at an already elevated temperature.  The downfall of this solution is that more components, in the form of mixing and circulation fans, and therefore more weight would be the result.  The decision to directly heat the cell culture chamber was reached.  Placing Peltier units in contact with the chamber would heat all of the surfaces of the chamber and in turn heat the gases.  It was felt that this would create a better distributed heat load throughout the chamber.

    6.2.1 Temperature Regulation Options

Several options for heaters exist which could have been implemented into the incubator’s design.  There are many types of flexible heating elements which could be wrapped around the inner chamber.  In addition, there was the possibility of using a heating wire around the chamber.  These options all have the benefit of using less power during operation, but they are ineffective in that they do not cool the chamber.  Most of the time, the system will be heating the chamber, but there will be times in which the outside environment is too great for the system and the inner chamber must be cooled.  An example of this circumstance would be if the incubator was sitting in a car that was 50 °C.  It seems as though a device which could both heat and cool the chamber would be more beneficial.  Even though Peltier devices use more power than other heating elements, this is a small sacrifice for the weight and amount of components that will be saved.

    6.2.2 Peltier Cooler/Heater 

Peltier devices were deemed to be the best item for temperature regulation.  The way a Peltier cooler/heater works is through the Seeback effect.  It in fact works in the opposite way that a thermocouple does.  It was discovered that if a voltage was applied to a thermocouple, a difference in temperature occurred between the junctions of the two different metals [13].  This creates a heat sink which draws energy out of a warmer environment.  If the polarity of the device is reversed, the chamber will be heated.

The devices are very small and lightweight.  Most units are less than 40 x 40 mm and many are less than 5 mm thick.  An example of a Peltier device can be seen in Figure 13.
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         Figure 13 – 40 x 40 mm Peltier Element [13]

This makes them ideal for a transportable system such as the one being designed.  With the small size, the units can be placed just about anywhere.  A common field which Peltier devices are used is in computer CPU cooling.   The difference between this application and the incubator’s requirements is that the CPU only needs to be cooled.  Therefore only one unit is needed in CPU applications for cooling and no polarity reverser needs to be included.  One issue with Peltier units is that they consume a lot of energy.  They can often consume twice the amount of energy as they remove.  One unit will require between 2 to 3 amps and 24 watts.  On average all of the other components require 0.2 amps and 3 watts.  The Peltier devices will create the largest draw of power in the incubator.  This is not a concern however, because once the chamber reaches a steady state, the devices should not be on constantly.

In order to deal with the great amount of heat which is created during cooling, a heat sink system will have to be installed.   In order to determine which size heat sink is needed, it is important to determine the heat load of the system.  Then using the heat load, the correct heat sink can be selected.  The equations involved are:
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Using the equations above, an effective heat sink can be inferred from the heat sink temperature (Th) [14].

The heat sink will not be critical during the heating phase; it is only during the cooling that it will be needed.   An example of a Peltier cooling system can be seen in Figure 14.
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     Figure 14 - Peltier Unit with Heat Sink [15]

There are several different companies which sell Peltier units.  In addition, it was found that the prices of the coolers/heaters were relatively the same throughout the market.  The group decided to work with Ferrotec due to the fact that they have a wide selection of Peltier options.  These units are readily available and can be obtained without incurring a lead time.  Due to their size and ability to both heat and cool, the group felt these would fulfill the temperature requirements.

    6.2.3 Thermal Analysis
After deciding on Ferrotec as the Peltier supplier, an analysis of the incubator was performed in order to select the optimum device for the system.  Once the total heat load was calculated, a load for the Peltier devices was determined.  The heat load was evaluated by taking into account the thermal resistances of the convection through the chamber air, the conduction through the copper chamber and insulation, and the convection to the ambient air.   In order to model this system, several assumptions were made.  The first assumption was that the chamber air was welled mixed.  This can be assumed because the mixing fan inside the chamber will constantly be operating.  The second condition was that the system was completed using a spherical model.  A diagram of this model can be seen in Figure 15.


  


Figure 15 - Spherical Model of Thermal System

Four separate analyses were performed in Microsoft Excel once the general equations were established.  These analyses can be seen in Appendix B.  The first process to be examined was a transient response of the system when the ambient and chamber air are both at 25 °C.  The excel model calculates the time necessary to warm the chamber air from 25 °C to 37 °C.  This test occurred after the heat load was calculated. 

The other three tests designed pertain to calculating the load the Peltier devices would have to work under: if the chamber were at 37 °C and the ambient air was at 25 °C, -20 °C and 50 °C respectively.  These calculations can be seen on the next page.  
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The variable, Qcool,, represents the energy in Watts required by the Peltier device.  TI represents the chamber air temperature and T∞ corresponds to the ambient temperature.  The sum of the resistances, Σ R, is the total resistance of the four resistances mentioned above.  To further break down the resistance calculation, the equations for each resistance are:
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In equation 6, hi is the heat transfer coefficient of the air in the chamber and A1 is the total area of all of the walls within the chamber.  The differences in the radii of equation 7 correspond to locating the middle of the copper chamber between the inner radius of the chamber (r1) and the middle of the copper chamber (r2).  This is derived from the spherical conduction equation:
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In equation 10, ra is a smaller radius than rb.  The variable, k1 is the thermal conductivity coefficient for copper.  Equation 8 is similar to equation 7, however, the analysis takes place in the center of the insulation and k2 is the thermal conductivity of the insulation.  In the ambient resistance (equation 9), A3 is the area of all of the outer sides of the insulation.  The heat transfer coefficient for the ambient air (h∞) was derived using the correct Nusselt and Rayleigh numbers.  The h∞ is found using:
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In these equations, D represents the diameter of the outside of the insulation in the spherical model.  The variable k∞ is the thermal conductivity of the ambient air.  The Rayleigh number (RaD) consists of gravity (g), β which is the inverse of the average between the surface temperature (Ts) and ambient temperature (T∞).  Variable Pr is the Prandtl number and is 0.7075 for air at 25 °C.  

By altering the insulation properties under the above three parameters, the most ideal Qcool value was obtained.  The values for Qcool can be seen in table 2.  

	Ambient Air Temperature (°C)
	Qcool (W)

	25
	1.1941

	-20
	7.134

	50
	-1.423


Table 2 – Peltier Energy Requirements at Various Ambient Temperatures

This information assisted in locating the optimal Single-Stage Peltier device from Ferrotec’s inventory.  The decision was further clarified when it was discovered that the lower the thermal conductivity coefficient, the less energy would be required by the Peltier device.  The model number of the device is 9501/127/030B.  This unit has a Qmax value of 29 Watts.  This is sufficient, particularly due to the fact that 2 Peltiers will be used.  The heat sink, which can handle the Peltier’s maximum heat load, is the FH8040MU.  This setup comes with a fan already installed.

    6.2.4 Temperature Sensor
In choosing a temperature sensor, the most important factors to be considered are measurement range, output signal, cost, response time, and size.  The desired measurement range is covered by most temperature sensors as it is not extremely high or low.  Therefore, measurement range was not a deciding factor.  Output signal was a more important factor which became the difference between potential sensors.  Originally the group was considering a Humirel combination temperature/humidity sensor.  This sensor would be beneficial because it is really small and inexpensive.  The problem with this sensor is the temperature output signal.  The controller requires an analog input (0-10 Volts or 4-20mA).  The HTM1735 is a voltage output sensor for humidity only, while the temperature component used an NTC output which was not desirable.  The group also considered a Precon (Kele Company) sensor.  The HS-2000V has the same benefits as the Humirel model (small, inexpensive).  In addition, both humidity and temperature use analog voltage for their output signal.  The problem with this sensor is its large response time.  The response times for humidity and temperature are 10 seconds and 50 seconds respectively.  The application requires a quick response time in order to keep parameters within their specified ranges.  Therefore this sensor is unacceptable.  Once the group found faults with the combined sensors, the decision was made to use separate sensors for temperature and humidity (see section 6.3 for humidity control).  Johnson Controls manufactures laboratory grade sensors (The JCI TE-632GV-2 sensor is shown below in Fig. 16), which have a fast response time.  
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Figure 16 – The Johnson Controls TE-632GV-2 Temperature Sensor

Johnson Controls sensors use analog voltage outputs, making it a better option that the previously considered sensors.  The type of sensor used for discharge air temperature in variable air volume (VAV) boxes are small enough for the incubator, and are cost effective, making it the optimum choice.  The group decided on the Johnson Controls TE-632GV-2 model sensor.

6.3 Humidity Control

Addressing the issue of humidification poses some challenges.  The humidification system will have to be either removed from the inner copper chamber before the autoclaving process can occur or be in a location where it is separated from the chamber by HEPA filters.  Another issue which had to be addressed is the concern of spillage.  The humidifier must not release excess water into the system by over saturation or vibrations from the actions of the carrier during transport.  It has been decided that a sponge-like material shall be placed inside of the inner copper chamber to work as a humidifier.

There are not many humidifiers on the market that currently address the concerns of humidity in a portable device.  One type which was discovered was meant to be placed into a musical instrument case to maintain a proper environment.  The small instrument humidifier, created by Planet Waves, is a perfect model to study due to the fact that the usage is similar to a transportable incubator.   The small humidifier can be seen in Figure 17.
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      Figure 17 - Small Instrument Humidifier [16]

There is the concern of spilling water on the instrument, and this must be taken into account no matter what orientation the case is carried.  The technology that is used in this humidifier is open-cell phenolic foam.  It is also called floral form because of its use of holding flowers without a vase.  A major benefit of using this foam is that it retains its shape whether is it saturated or dry.  The foam slowly releases moisture as the environment requires it.  Unfortunately the foam is made with formaldehyde as a resin.  Another benefit is that the material will not leak if moved violently.  Even though the foam exhibits these qualities, it cannot be used in the incubator.  These foams contain 0.5 to 1 percent of free formaldehyde, but even this could have negative effects on the cell cultures.  New developments in phenolic foam are making it possible to purchase near formaldehyde free foams, but it is still not perfect.  This would be an optimal solution once the technology is perfected.

It has been decided that a medical sponge would suffice as the source for moisture.  The sponge will be placed in from of the magnetic turbulence fan and constantly add moisture to the inner copper chamber.  A feed line from a reservoir containing deionized water to the sponge would then be installed.  The sponge will not dry out because it would constantly draw more water.  A sponge intended for medical use should be sterile enough to be used in the incubator.

The humidity of the inner copper chamber will not be controlled by the system, but monitored.  To perform this operation, a Humirel HTS2030MD humidity sensor will be used.  It is able to measure between 0 and 100 percent humidity.  In addition it takes measurements of slow moving air every 10 seconds as opposed to the more common 25 seconds with other models of sensors.  A greater response time will assure more real-time readings.  In addition the Humirel sensor is small enough to be practical for a transportable incubator.  Other types of humidity sensors have probes that can be 8 inches long.

6.4 CO2 Concentration

In order to achieve a consistent level of the desired amount of CO2, a sensor will be used to determine the concentration.  It will then send a signal to the control system.  The control logic will decide if the concentration is within the acceptable range.  If the concentration is below the specified range, the controller will send voltage to the solenoid associated with the CO2 storage tank.  This will allow CO2 to be released into the environment.  The CO2 will always come out at the same rate, but the amount of time that the gas is added will be determined by the concentration.  Once the set amount of gas has been added, the controller will close the valve by opening the circuit with the solenoid.  If the concentration of CO2​ ​becomes too high, the controller will follow a similar process, only adding air instead of gas.  If the pressure in the chamber ever becomes too high, the pressure relief valve will allow some of the air/gas mix to flow out of the chamber, lowering the pressure.

In choosing a sensor for this system, it is important to consider the following factors: measurement range, output signal, cost, and size.  Many different manufacturers of sensors were considered, but the optimum selection became easier once the range of measurement was taken into account.  Many of the sensors looked like they would work for the project, but only gave measurements from 0-5000ppm.  The incubator requires a sensor which could take measurements as high as 20000ppm.  This eliminated most of the choices, and left the group with 2 main choices.  A third sensor made by Clark Solutions fit the criteria as well, but it is only compatible with their company’s line of data loggers.  The first sensor which was considered was the GM221 made by Vaisala.  This sensor has many different measurement ranges, including 0-20%, which would be perfect for this system.  It has the appropriate output of 0-10V which is compatible with the controller (see section 5.5.2).  This sensor however, costs $780 which the group considered a high amount.  The other brand considered was Digital Control Systems, Inc.  Their model 400 sensor is perfect for our application.  
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Figure 18 - DCS Model 400 CO​2​ Sensor [17]

A picture of the Model 400 sensor can be seen in Figure 18.  It has the same 0-20% measurement range and it outputs 0-1 Volt, which will work with the controller's 0-10 Volt input.  The price for this sensor is $675.  Once the group received this quote, it was determined that sensors of this caliber are expensive.  The model 400 is $105 less than the Vaisala sensor, and it is much smaller as well, making it better for this applications.   

6.5 Gas Flow

The gas flow system consists of a CO2 cartridge, compressed air cartridge, two Parker VSO solenoid valves, and two Leland regulator valves. These components are combined in the system to control the flow of CO2 and Air to the inner copper chamber. The inner copper chamber has a volume of 1721cm3.  The specifications for tissue survival require the inner copper chamber environment to contain a 5-10% CO2 mixture. The gas flow system is designed to maintain the required survival specifications. 

    6.5.1 Gas Concentration

The compressed CO2 cartridge contains 16 grams and has dimensions (3.48” Length x .86” Diameter).  1 gram of CO2 expands and fills a volume of 500cm3. The 10% volume of the chamber is 172cm3, which allows 1 gram of CO2 to fill the required level in the chamber 2.9 times.  Therefore the system has the ability to operate on a single CO2 cartridge for multiple incubator transport trips.

    6.5.2 Leland Regulators and Parker VSO solenoid valves 

The Leland Regulators are adjustable in regards to psi readings and support a 21 psi max outlet pressure, 1/8”NPT female outlet, 5/8”-18UNF inlet, anodized aluminum body with brass and stainless steel components. The CO2 cartridge has a burst test min 8000psi which will be controlled using the Leland regulator 50034NPT.  The Leland regulator is seen in Figure 19.
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Figure 19 - Leland Regulator 50034NPT [18]

The regulator valves are connected to the Parker VSO Proportional Solenoid Valves. The Parker VSO Solenoids are medical grade with (bubble tight) leak specs and analytically cleaned. 
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             Figure 20 – Parker VSO Solenoid Valve [19]

The Parker VSO Solenoid being used is seen in Figure 20.  The normally closed function allows the valve to hold the CO2 until a signal is received to open the ports. The Parker VSO Solenoid has an interior design consisting of an orifice, plunger and a coil.  A current is applied to the coil causing the plunger to pull away from the orifice allowing a specific volume of CO2 to enter the chamber. 

6.6 System Management

When choosing a controller for the system it is important to optimize the following factors: Cost, functionality, user friendliness, size, and aesthetics.  

    6.6.1 Cost

When considering controller options, the estimated budget was $400-$600.   There are many models of controller, but costs can often exceed $1000.  In order to create a lower cost solution, it was felt that a less expensive device would offer the same parameter controls and would not sacrifice the system’s management abilities.

    6.6.2 Functionality

In terms of functionality, the controller needs to have 4 analog inputs and 11 digital outputs.  The analog inputs will take voltage signals of 0-10 volts from the temperature sensor, the humidity sensor, the CO2 sensor, and the battery meter.  The digital outputs will send binary signals to various devices that require only on/off commands.  These devices include cooling and heating elements (with their accompanying heat sink fans), actuators that will release CO2 and O2 into the environment, the mixing fan in the chamber, and visual / audible alarms.  Another important part of the controller’s functionality is to be able to internally interpret the incoming signals and perform the appropriate actions based on those signals.  The controller must be able to store a program containing the logic provided by the group members.

    6.6.3 Ease of Use

The user friendliness of the controller can be broken down into two categories.  User friendliness in terms of the group means easy programming software.  Ladder logic is one basic programming method used in many controllers.  This is a simple visual programming method that is desired by the group because it is known to be intuitive.  Many controllers are programmed using buttons on the controller.  The group wants a controller that uses external programming on a PC that is downloaded on the controller through either ether-net or RS-232 ports.  Another consideration is support offered by the companies either manufacturing or distributing the controller.  If the group can get help learning the software and how to operate the control it will influence the final decision. 

The other category of user-friendliness refers to the end user.  The controller should have an HMI (Human Machine Interface) that can display information about the environment of the chamber, and allow the user to control various parameters such as temperature or CO2 content.  The HMI needs to be easily navigable.  When the user is not adjusting parameters, the environmental data should always be shown on the LCD screen so user can easily monitor the environment.   

    6.6.4 Size

In order to achieve the design goal of portability, all of the components of the incubator need to be as small as possible.  The controller should not weigh more than 3-4 pounds, and should have no dimension longer than 8 inches.  

    6.6.5 Aesthetics

Although aesthetics are the least important characteristic of the controller, they can have bearing on the final decision if two similar controllers are being considered.  The overall look of the controller matters very little.  The look of the HMI is what really counts.  A big difference in how the HMI is presented can affect usability.  A system which allows the programmer to design the HMI would be better.  The programmer could design the HMI in a way which would be efficient organized and look professional.

    6.6.6 Controller Selection
Considering the factors above, the group chose from several different brands of controllers, and the various models the brands had to offer.  The first brand considered was Allen Bradley.  They manufacture a line of micro controllers with 3 small, very functional controllers.  The micrologix 1000, 1100, 1200, and 1500 all come with PC programming software, and ethernet ports.  The software uses the desired type of logic, and the technician offered to help with programming.  The micrologix 1100  comes with an LCD screen and allows the user to change parameters.  The controller itself costs $484 dollars.  However, the controller does not have the correct I/O requirements.  The group would also have to purchase 2 expansion modules to meet the I/O quota.  These added items would raise the total price of the controller to $902, and out of the group’s price range.  The group then considered the Johnson Controls DX-9100 controller.  This model was very similar to the micrologix 1100.  It has similar programming, and front panel display.  Like the Allen Bradley, the DX requires an expansion module, and will cost around $1300.  The Direct Logics  DL-05 is a less expensive controller, but lacks an effective interface for monitoring parameters.  In addition, the Direct Logics Company lacks customer support.  

The group eventually decided to go with Unitronics as a controller outfitter.  The representative from Unitronics was more than happy to help the group find the right controller, and offered to train the group on the Visilogic programming software.  This software is a very intuitive ladder logic that will be easy for the group to learn with the help of Unitronics technicians.  Therefore these controllers will be very easy for the group to use.  Also, these controllers have great HMIs that will make it very easy for the end user.  The particular series of controllers the group is considering is the vision series.  There are 2 general models of controllers, V120 (which has 9 different models), and the V200s (which includes the V230, V260, V280, and V290).  Out of all 13 models, the choice is between 3 of them.  They are the V120-22-R34, the V230, and the V280.  They all have advantages and disadvantages that need to be weighed.  In terms of programming ease and functionality, they are all very similar.  They are all capable of performing all necessary operations.  The main differences are in size and the style of HMI.  In terms of size, the controllers get larger as their number gets higher.  The V120, which is determined to be the best selection for this project, can be seen in Figure 21.  The Dimensions of this controller are 3.78" x 3.78" x 2.52". 
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       Figure 21 - Unitronics V120 Controller [20]

The V230 is 7.22" x 6.1" x 2.8".  The V280 is 10.24" x 6.1" x 2.8".  The V280 is by far the best controller.  A picture of the V280 Controller can be seen in Figure 22.
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     Figure 22 –  Unitronics V280 Controller [21]

The HMI includes a touch screen and 27 keys.  It also has all the necessary I/O without expansion models whereas the V120 would require one to get the necessary 4 analog inputs (it only comes with 2).  The V280 does not however fit into the size requirements.  It is over 10" in length, but only the front panel has this dimension.  It is possible for the 10.24" to be across the front of the case where the HMI will be located while the controller itself inside the case would take up less space.  If this can be implemented into the design, this would be the controller of choice.  

Weight will not be a factor in the decision as none of these controllers is more than a few pounds.  Considering the idea of the overall design; small, portable, etc. the group most likely will end up choosing the V120-22-R34 controller.  Another difference between the controllers involves the communication ports.  The V120 series comes with an RS-232 port, while the 280 comes with an ethernet port.  However this difference is not significant enough to affect the decision.  As long as the controller can communicate with a PC it will meet the group’s requirements.

6.7 Sterility Solutions

Sterility is one of the most important concerns in the design of this incubator.  Like temperature, CO2​​​, and humidity, sterility is an important factor in the life of the cells.  Bacteria entering the chamber can destroy the cells, so the group took steps to ensure the cells are kept in a sterile environment.  The first step was to modify the original design.  Previously, the group considered using an outside air intake.  It was decided that it would be more sterile to use an air canister instead.  Having the chamber housing the cells open to the outside creates a large risk of contamination.  Of course the outside air would be sterilized prior to entry, but this process would require more steps than if an air canister (housing clean air) is used.  The air from the canister will be filtered, which is one of the main sterilization methods employed in the design.  Anything entering or exiting the chamber housing the cells must pass through a HEPA filter as discussed in section 6.7.2.  The other main sterilization (section 6.7.1) involves autoclaving.  The system as a whole cannot be autoclaved, as there are a lot of wiring and components such as the sensors and controller that would be destroyed by the high temperature steam.  The solution is to design the inner chamber to be removable, and autoclavable.

    6.7.1 Removable Chamber

As previously mentioned, the inner chamber of the incubator which houses the cells will be completely removable so that it may be autoclaved (see section 5.1.6 for details on removable chamber).  This will ensure that the cells are always introduced to a sterile environment.  In order to make this possible, everything inside the chamber must be able to survive an autoclave.  The chamber itself and the door are constructed from copper which is not only autoclave ready, but has anti-bacterial properties.  The tray on which the multi-well dish will rest must also be constructed of material that can withstand the autoclave.  The last component of the system that will be inside the removable chamber is the mixing fan.  The design for the fan will keep the motor outside the chamber, and use magnets to spin the fan on the inside of the chamber (see section 6.1.5).  The fan components inside the chamber are all autoclavable. 

    6.7.2 Filters
In order to ensure that the cell environment remains sterile, anything entering or exiting the chamber will have to pass through a HEPA filter.  This includes gas and air inputs, as well as gas-air mix removed from the chamber that is sent to the sensing module.   The filter which will be used is a Whatman HEAP-Vent disposable filter.  The filter can be seen in Figure 23.
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          Figure 23 - Whatman HEPA Inline Filter [22]

A benefit of these filters is that they are autoclavable.  This allows for the filters to be left on the inner copper chamber during the cleaning process.  The time and difficulty associated with removing the inner chamber will thus be cut down.  In addition, the filters shouldn’t create a significant pressure drop.

6.8 Weight Concerns

According to Human Factors in Engineering, a suitcase style carrying case, with its proximity to the body’s center and position resting against one’s leg or hip, will not cause significant stress on the user.  A case such as this should be less than 45 pounds [23].  In addition, the handle should not be more than 20 inches from the center of the body.  Since the incubator was designed well within these limits, it has exceeded the requirements.  Once the system was assembled, it was weighed and a value of 31.7 pounds.  The incubator weighs more than initially expected, however, it is well within design specifications.  The weight of the system can be reduced once the prototype is analyzed and streamlined.  As for second requirement, the measurement between the case handle and the center of the body was 13.75 inches.

6.9 System Cost

The cost of the incubator is $3,342.66.  The sum of all the components can be seen in the bill of materials in Appendix B.  This cost was considerably less than the group had expected.   It should be noted that this value includes the prices of all of the components which were received as donations.  A positive attribute of beginning with a low build cost is that the overall price of the incubator will decrease once the device is tailored to mass production, in addition to reduced part pricing as volume increases. 

7. PROJECT FUTURE

As the incubator transcends the prototype stage, several steps must be taken to improve the design.  The incubator was not designed under optimal conditions, but rather as a proof of concept.  Certain components were selected under strict limitations such as cost and availability.  Because of this, weight was sometimes secondary to immediate availability.  A detailed decision matrix would be created to determine which components would be more beneficial at either a lower cost or lower weight.

Another aspect to be examined is whether there is a more efficient way to package the system.  The current system has unused space, allowing for differences in component placement.  Now that an effective orientation has been found, the overall design will have to be reanalyzed.  In finding a tighter packing arrangement, weight will be saved by reducing the size of the frame.

A major undertaking which must begin soon after the prototype is completed is testing and analysis.  One test which must be performed is a life test.  The system must reach steady state and operate continuously until failure.  It is expected to run the minimum 2 hours, but it is important to know what the maximum runtime is.  Another type of test which must be completed is environmental testing.  The system will be placed in an environmental chamber and operated at 50°C and then at -20°C.  These tests will help substantiate or develop the current range of operation specification.  Another benefit of testing will be earmarking which improvements need to be made in the redesign.  Some problems which would go unnoticed during operation at 37°C may arise at -20°C.

Once data is collected from these tests, the process of taking the incubator to the next level can begin.  A truly optimized system could then be potentially marketed.  There may not be a large need for the incubators at this moment, but the field of tissue engineering is quickly expanding.  Labs nationwide as well as the internationally will be working with complex tissue constructs, and the need to share this research is already evident.  Once the system is perfected, it could make a considerable contribution to tissue engineering.
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        Figure 17 - Parts Schematic
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APPENDIX B: BILL OF MATERIALS

	Item
	QTY
	Part Number
	Description
	Vendor
	Unit Price
	Price
	Cumulative Price

	
	
	
	
	
	
	
	0

	1
	1
	9821K55
	Alloy 110 Copper sheet 2'x2' 1/16" thick.
	Mcmaster-Carr
	206.04
	206.04
	206.04

	2
	2
	9943K12
	Shaft collar- 316  S.S
	Mcmaster-Carr
	5.37
	10.74
	216.78

	3
	1
	1263K32
	Shaft Drive- 316 S.S
	Mcmaster-Carr
	5.64
	5.64
	222.42

	4
	1
	99954
	Hepa-Vent Filter
	Fisher Scientific
	118.85
	118.85
	341.27

	5
	1
	Model 400
	Airsence Model 400 IR CO2 Sensor
	Digital Control Systems
	675
	675.00
	1,016.27

	6
	1
	13300
	Rotary Vane Pump
	Clark Solutions
	246.68
	246.68
	1,262.95

	7
	2
	SSRI-3332ZZRAS
	Radial Open Bearing
	Alpine Bearing
	7.5
	15.00
	1,277.95

	8
	2
	88805K66
	Aluminum frame 1/16" 1-1/2"x1-1/2" 8' length
	Mcmaster
	12.28
	24.56
	1,302.51

	9
	1
	7757K13
	spring-loaded ball check valve
	mcmaster
	3.23
	3.23
	1,305.74

	10
	1
	V120-22-R1
	Vision POC V120
	Unitronics
	350
	350.00
	1,655.74

	11
	1
	EX-A1
	EX-A1 I/O Expansion Module
	Unitronics
	30
	30.00
	1,685.74

	12
	1
	IO-AI4-AO2
	IO-AI4-AO2 I/O Expansion Module
	Unitronics
	220
	220.00
	1,905.74

	13
	2
	VSO-11
	VSO Series 11 Solenoid Valves
	Parker Hannifin
	130
	260.00
	2,165.74

	14
	2
	50034NPT
	Regulator 
	Leland gas
	124
	248.00
	2,413.74

	15
	2
	50037 
	Regulator Bushing 
	Leland gas
	7.5
	15.00
	2,428.74

	16
	1
	80121 
	8g CO2 3/8"thrd
	Leland gas
	1.25
	1.25
	2,429.99

	17
	1
	82122Z 
	16g CO2 3/8"thrd
	Leland gas
	1.42
	1.42
	2,431.41

	18
	1
	CU-PL-11V15AH
	11.1V 15.6 Ah Li-Ion Battery
	Batteryspace.com
	219.95
	219.95
	2,651.36

	19
	1
	CH-LI11148-3
	Li-Ion 11.1V Smart Charger
	Batteryspace.com
	26.95
	26.95
	2,678.31

	20
	1
	N/A
	Temperature Sensor
	Johndon Controls
	
	0.00
	2,678.31

	21
	1
	N/A
	Humidity Sensor
	Johnson Controls
	200
	200.00
	2,878.31

	22
	1
	88805K57
	Aluminum frame 1/8" 1-1/2"x1-1/2" 8' length
	Mcmaster-Carr
	21.59
	21.59
	2,899.90

	23
	2
	9501/127/030B
	Peltier Cooler
	Ferrotec
	
	50
	2,949.90

	24
	2
	FH8040MU
	Heat Sinks
	Alpha Novatech
	38
	76.00
	3,025.90

	25
	
	N/A
	Cables and Tubes
	mcmaster/cole-parmer
	20
	20.00
	3,045.90

	26
	1
	9318K75
	Rigid PVC Foam Insulation
	Mcmaster-Carr
	28.93
	28.93
	3,074.83

	27
	1
	9396K253
	Silicone O-ring 7" OD
	Mcmaster-Carr
	14.45
	14.45
	3,089.28

	28
	2
	9785T112
	1/4" 12" x 12" HDPE Sheet
	Mcmaster-Carr
	8.33
	16.66
	3,105.94

	29
	4
	8619K462
	1/4" 12" x 24" HDPE Sheet 
	Mcmaster-Carr
	9.18
	36.72
	3,142.66

	30
	N/A
	N/A
	Various Components
	N/A
	200
	200
	3,342.66

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	TOTAL:
	$3,342.66


APPENDIX C: THERMAL ANALYSIS AND CALCULATIONS

Analysis When Chamber is at 37 C and Ambient Air is at 25 C

	Chamber 37C, Ambient 25C
	
	

	
	
	
	

	hi
	5
	W/m2K
	

	l1
	0.0015875
	m
	

	k1
	388
	W/mK
	

	A1
	0.06929
	m2
	

	r1
	0.0743
	m
	

	r2
	0.0758875
	m
	

	r3
	0.0885875
	m
	

	
	
	
	

	T∞
	298
	K
	

	
	
	
	

	TI
	310
	K
	

	Insulation Properties
	
	

	k2
	0.02307642
	W/mK
	

	l2
	0.0127
	m
	

	ρ
	48.055
	kg/m3
	

	c
	1770
	J/kgK
	

	V
	0.002912098
	m3
	

	
	
	
	

	Ra
	1.04E+06
	
	

	For T∞ = 
	298
	K
	

	g
	9.8
	m/s2
	

	ν
	1.57E-05
	m/s2
	

	α
	2.22E-05
	m/s2
	

	D
	0.177175
	m
	

	D3
	0.005561697
	m/s3
	

	Ts
	300
	K
	

	β
	0.003344482
	
	

	
	
	
	

	Pr
	0.70752
	
	

	
	
	
	

	NuD
	16.52055525
	
	

	k∞
	0.02614
	W/mK
	

	
	
	
	

	h∞
	2.437405471
	W/m2K
	

	
	
	
	

	WORST CASE
	
	

	If chamber is 37C and Ambient is 25C

	Qpelt
	1.194148944
	

	
	
	
	

	R1
	2.882985805
	
	

	R2
	2.91776E-05
	
	

	R3
	3.005751562
	
	

	R∞
	4.160231163
	
	

	
	
	
	

	R total
	10.04899771
	
	


Analysis When Chamber is at 37 C and Ambient Air is at -20 C

	Chamber 37C, Ambient -20 C
	

	
	
	
	

	hi
	5
	W/m2K
	

	l1
	0.0015875
	m
	

	k1
	388
	W/mK
	

	A1
	0.06929
	m2
	

	r1
	0.0743
	m
	

	r2
	0.0758875
	m
	

	r3
	0.0885875
	m
	

	
	
	
	

	T∞
	253
	K
	

	
	
	
	

	TI
	310
	K
	

	Insulation Properties
	
	

	k2
	0.02307642
	W/mK
	

	l2
	0.0127
	m
	

	ρ
	48.055
	kg/m3
	

	c
	1770
	J/kgK
	

	V
	0.0029121
	m3
	

	
	
	
	

	Ra
	38934863.4
	
	

	For T∞ = 
	253
	K
	

	g
	9.8
	m/s2
	

	ν
	1.17E-05
	m/s2
	

	α
	1.63E-05
	m/s2
	

	D
	0.177175
	
	

	D3
	0.0055617
	
	

	Ts
	290
	
	

	β
	0.00368324
	
	

	
	
	
	

	Pr
	0.71922
	
	

	
	
	
	

	NuD
	37.9523859
	
	

	k∞
	0.02254
	W/mK
	

	
	
	
	

	h∞
	4.82825894
	W/m2K
	

	
	
	
	

	WORST CASE
	
	

	If chamber is 37C and Ambient is -20C

	Qpelt
	7.134865998
	

	
	
	
	

	
	
	
	

	R1
	2.88298581
	
	

	R2
	2.9178E-05
	
	

	R3
	3.00575156
	
	

	R∞
	2.10017116
	
	

	
	
	
	

	R total
	7.98893771
	
	


Analysis When Chamber is at 37 C and Ambient Air is at 50 C

	Chamber 37C, Ambient 50 C
	

	
	
	
	

	hi
	5
	W/m2K
	

	l1
	0.0015875
	m
	

	k1
	388
	W/mK
	

	A1
	0.06929
	m2
	

	r1
	0.0743
	m
	

	r2
	0.0758875
	m
	

	r3
	0.0885875
	m
	

	
	
	
	

	
	
	
	

	T∞
	323
	K
	

	
	
	
	

	TI
	310
	K
	

	Insulation Properties
	
	

	k2
	0.02307642
	W/mK
	

	l2
	0.0127
	m
	

	ρ
	48.055
	kg/m3
	

	c
	1770
	J/kgK
	

	V
	0.002912098
	m3
	

	
	
	
	

	Ra
	2.35E+06
	
	

	For T∞ = 
	323
	K
	

	g
	9.8
	m/s2
	

	ν
	1.82E-05
	m/s2
	

	α
	2.59E-05
	m/s2
	

	D
	0.177175
	
	

	D3
	0.005561697
	
	

	Ts
	316.5
	
	

	β
	0.003127443
	
	

	
	
	
	

	Pr
	0.70378
	
	

	
	
	
	

	NuD
	19.77682607
	
	

	k∞
	0.028002
	W/mK
	

	
	
	
	

	h∞
	3.125670572
	W/m2K
	

	
	
	
	

	WORST CASE
	
	

	If chamber is 37C and Ambient is 50C

	Qpelt
	-1.423421323
	

	
	
	
	

	R1
	2.882985805
	
	

	R2
	2.91776E-05
	
	

	R3
	3.005751562
	
	

	R∞
	3.244158322
	
	

	R total
	9.132924866
	
	


APPENDIX D: COMPONENT INFORMATION

Alpha Novatech FH8040MU
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FLANGEI0D Flonge (Wit sore) for 100 £





Ferrotec Model 9501/127/030B

	Model Number
	I Max
	V Max
	ΔT Max
	Qc Max
	W1 Dim
	L1 Dim
	L2 Dim
	Height

	9501/128/030 B
	3.00
	17.60
	72.00
	29.00
	29.70
	29.70
	34.00
	3.94

	9501/127/030 B
	3.00
	17.50
	72.00
	29.00
	29.70
	29.70
	0.00
	3.94

	9501/071/030 B
	3.00
	9.80
	72.00
	16.00
	22.40
	22.40
	0.00
	3.18

	9501/031/030 B
	3.00
	4.30
	72.00
	7.00
	15.10
	15.10
	0.00
	3.18

	9501/023/030 B
	3.00
	3.20
	72.00
	5.20
	7.39
	22.40
	0.00
	3.18

	9501/017/030 B
	3.00
	2.30
	72.00
	3.80
	11.50
	11.50
	0.00
	3.18

	9501/128/040 B
	4.00
	17.50
	72.00
	38.00
	29.70
	29.70
	34.00
	3.94

	9500/128/040 B
	4.00
	17.50
	72.00
	38.00
	39.70
	39.70
	42.80
	4.16

	9501/127/040 B
	4.00
	17.50
	72.00
	38.00
	29.70
	29.70
	0.00
	3.94

	9500/127/040 B
	4.00
	17.50
	72.00
	38.00
	39.70
	39.70
	0.00
	4.16

	9501/071/040 B
	4.00
	9.80
	72.00
	21.00
	22.40
	22.40
	0.00
	3.18

	9500/071/040 B
	4.00
	9.80
	72.00
	21.00
	29.80
	29.80
	0.00
	4.16

	9501/063/040 B
	4.00
	8.70
	72.00
	18.00
	21.10
	39.70
	0.00
	4.16

	9500/035/040 B
	4.00
	4.80
	72.00
	10.00
	15.10
	29.80
	0.00
	4.16

	9501/031/040 B
	4.00
	4.30
	72.00
	9.30
	15.10
	15.10
	0.00
	3.18

	9500/031/040 B
	4.00
	4.30
	72.00
	9.30
	20.00
	20.00
	0.00
	4.16

	9501/023/040 B
	4.00
	3.20
	72.00
	6.90
	7.39
	22.40
	0.00
	3.18

	9501/017/040 B
	4.00
	2.30
	72.00
	5.10
	11.50
	11.50
	0.00
	3.18

	9500/017/040 B
	4.00
	2.30
	72.00
	5.10
	15.01
	15.10
	0.00
	4.16

	9500/035/060 B
	6.00
	4.80
	72.00
	16.00
	15.10
	29.80
	0.00
	4.16

	9500/031/060 B
	6.00
	4.30
	72.00
	14.00
	20.00
	20.00
	0.00
	4.16

	9500/017/060 B
	6.00
	2.30
	72.00
	7.60
	15.10
	15.10
	0.00
	4.16

	9500/071/060 B
	6.00
	9.80
	72.00
	32.00
	29.80
	29.80
	0.00
	4.16

	9500/127/060 B
	6.00
	17.50
	72.00
	57.00
	39.70
	39.70
	0.00
	4.16

	9501/127/060 B
	6.00
	17.50
	72.00
	57.00
	29.70
	29.70
	0.00
	3.61

	9500/128/060 B
	6.00
	17.60
	72.00
	57.00
	39.70
	39.70
	42.80
	4.16

	9500/017/085 B
	8.50
	2.30
	72.00
	11.00
	15.10
	15.10
	0.00
	3.94

	9500/031/085 B
	8.50
	4.30
	72.00
	20.00
	20.00
	20.00
	0.00
	3.94

	9500/035/085 B
	8.50
	4.80
	72.00
	22.00
	15.10
	29.80
	0.00
	3.94

	9500/063/085 B
	8.50
	8.70
	72.00
	40.00
	39.70
	39.70
	0.00
	3.94

	9500/071/085 B
	8.50
	9.80
	72.00
	45.00
	29.80
	29.80
	0.00
	3.94

	9500/127/085 B
	8.50
	17.50
	72.00
	80.00
	39.70
	39.70
	0.00
	3.94

	9500/128/085 B
	8.50
	17.60
	72.00
	80.00
	39.70
	39.70
	42.80
	3.94

	9500/031/090 B 
	9.00
	4.30
	72.00
	22.00
	29.80
	29.80
	0.00
	4.60

	9500/071/090 B 
	9.00
	9.80
	72.00
	47.00
	29.80
	29.80
	0.00
	3.94

	9500/097/090 B 
	9.00
	13.30
	72.00
	65.00
	29.80
	29.80
	0.00
	3.55

	9501/063/100 B
	10.00
	8.70
	72.00
	47.00
	20.10
	39.70
	0.00
	3.64

	9500/127/100 B
	10.00
	17.50
	72.00
	95.00
	39.70
	39.70
	0.00
	3.64

	9504/071/120 B
	12.00
	9.80
	72.00
	63.00
	40.10
	40.10
	0.00
	4.65

	9504/017/150 B
	15.00
	2.30
	72.00
	19.00
	22.00
	22.00
	0.00
	4.65

	9500/031/150 B
	15.00
	4.30
	72.00
	35.00
	29.80
	29.80
	0.00
	4.60

	9504/071/150 B
	15.00
	9.80
	72.00
	79.00
	40.10
	40.10
	0.00
	4.65

	9504/031/240 B
	24.00
	4.30
	72.00
	55.00
	39.70
	39.70
	0.00
	4.62

	9506/031/400 B
	40.00
	4.30
	72.00
	92.00
	55.00
	55.00
	0.00
	4.85
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Qcool








Unitronics Vision 120 PLC





Transportable Incubator for Cell Culture


Project #1





Design Proposal Report





Design Advisor:  Prof. Jeff Ruberti





Design Team


Corey Lindemann, Travis McGuire


Ara Sarhadiangardabad, Ali Siam


Elias Tsionis








Circulating Fan





Qcool
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Inner Copper Chamber





Custom Aluminum Frame
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Ti = 37°C





hi = 5 W/m2K





h唴 = 4.83 W/m2K


_





T唴 = 25°C


_





Ambient Air





Insulation





Copper Chamber





Chamber Air
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