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Abstract 

This project seeks to design and build a camera suited for the space environment. 
It is an imaging camera that operates between 350 nm and 1050 nm wavelengths, 
with a Matlab user interface. The camera uses a (-mount standard interface to a 
(MOS detector, and has a fixed focal plane when operational. Focus adjustment 
for objects from infinity up to a distance of 2 meters is made possible through the 
implementation of a liquid lens. Developed by Varioptic, the liquid lens changes 
its optical power relative to the voltage potential between its two faces. This 
novel technology will allow for wireless, remote camera operation without fear of 
mechanical parts failure. Lens system design and analysis was achieved through 
Code V, lens barrel design was done through Solidworks. The camera is insulated 
to withstand a temperature range of -20 to 50 degrees C, and the optical 
components are protected in an air-tight seal by two plane windows at either end 
of the barrel. Excepting one element, the glass lenses and liquid lens are spaced 
by aluminum spacer rings and secured by an aluminum retaining ring. One lens is 
secured by an optical UV curing adhesive. The barrel is aluminum 6061, anodized 
black. 
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I. Introduction 
 
1.1 Scope of Document 
 
This document outlines the design, work, and implementation of the National Aeronautics and Space Agency’s 
(NASA) Remote Imaging System Acquisition (RISA) camera performed during the 2010-2011 academic school year. 

 
1.2 Problem Statement 
 
The current space shuttle being used by NASA, Discovery, is being retired in order to allow for a more up-to-date 

shuttle to be created. During the interim period, while NASA will not have a space shuttle of its own, the astronauts 

from the United States will be flying to the International Space Station on the Russian Soyuz shuttle. This shuttle, as 

well as the one that will be built for NASA, is smaller than Discovery and has less cargo space. In order to conserve 

space and weight, some changes need to be made to NASA’s current equipment. 

Previously, a mission could have as many as six separate imaging devices, all performing necessary tasks. These tasks 

range from simply monitoring an area, to taking high quality images of the astronauts for check-ups, to taking 

images of the shuttles to detect leaks or other major problems. On top of all of this, there are many more uses of 

these camera systems. In order to move towards condensing the amount of cameras used, NASA would like a 

system that will be able to perform all of these tasks in one unit. As an end goal, NASA would like this system to take 

still and motion photography, operate in the extreme conditions of space, be able to take images in a multitude of 

spectrums, and send and receive data wirelessly. As a prototype model, we will be working on creating a system that 

is able to take the required photographs in the visible spectrum, transmit this data wirelessly, and operate in the 

space environment. Another important aspect of the prototype we will be developing is that it will be able to 

interchange lens systems. The importance of this is that we will be able to develop one box that will act as the brains 

of the camera, and then, depending on the application the camera is needed for, the lens system can be switched 

out. We plan on using the CS-mount standard for the interchangeability. This will allow for all of the required 

systems that the camera will need to interface with to connect, as they all use the CS-mount standard currently. 

One of the largest problems that NASA has encountered when making devices that will need to withstand the space 

environment is that all of the moving parts within the device fail quickly. Because of the extreme radiation that 

occurs in deep space, parts tend to wear down fast. When these parts are constantly moving in order to make 

adjustments, the worn down state causes failures that could possibly make the system inoperable. In order to 

prevent this unnecessary damage we have elected to use a liquid lens system so that there is no need to have any 

mechanically moving parts. The liquid lens works by optically adjusting the focus point by simply having a voltage 

applied to it. Because this is the only adjustment that the system will need, we are able to completely remove all 

moving parts. 

In past years, NASA has attempted to create a viable camera system for the tasks they require by simply purchasing 

off the shelf cameras and attempting to outfit them for the specific tasks. Due to the moving parts and the fact that 

these were not designed for space, these cameras tend to fail within months. The hope of this project is to create a 

camera system that is specifically designed for the required operation as well as for the space environment. If this 



device is able to be developed, it should be capable of lasting much longer, and be much more versatile, than its off 

the shelf counterparts. A detailed description of all the requirements can be seen in Table 2.1, found in section 2. 

1.3 Customer Description 
 
NASA is an organization devoted to reaching new heights and developing the unknown for the betterment of 

mankind. They have been working for 50 years, constantly trying to find answers to questions that will help make 

life on Earth a better place. NASA performs missions daily in the fields of Aerospace, Exploration Systems, Science, 

and Space Operations. Currently NASA has vehicles all over the solar system, exploring places like Mars and Saturn, 

and they have humans living on the International Space Station year-round, among many other endeavors. 

Throughout all of these ventures NASA has need of imaging systems that are capable of imaging a myriad of objects 

and deducing information from each of them. A few examples are imaging the hull of a ship to look for cracks, or 

medically diagnosing distant patients through images, and many more. 

1.4 Changes since Critical Design Review 
 
There have been a few changes since the Critical Design Review. In the optical area of the system, the window that 

was originally between the lens system and the CMOS detector was removed. This was removed due to a lack of 

space within the system. The lens system needed to be placed extremely close to the sensor and there was not 

enough room to secure a window in place between them. One of the biggest issues since the Critical Design Review 

was a custom lens that was never delivered. We were able to compensate for this by ordering an off-the-shelf part 

to replace the missing lens. Unfortunately, this off-the-shelf part, while able to focus light close to the correct spot, 

introduced a great deal of aberrations that degrade the quality of the image. 

The purpose of the window that was removed was to help create an air tight seal. In order to maintain this air tight 

seal, the team opted to replace the window with a soft rubber ring. This ring, while being secured to one mounting 

plate, would provide the seal necessary when the barrel is screwed in to the enclosure and pressed against the ring. 

The other mechanical change that has been made since the Critical Design Review was a changing of the enclosures. 

The team moved to a more sleek design that had a great deal less excess space. The new design made use of 

intricate mounting methods in order to make the camera system more portable. 

In the electrical portion of the design, there was one major change. The team opted out of integrating the wireless 

functionality of the system due to a lack of time. There was not a great deal of literature on the wireless module 

chosen, making it difficult to integrate into the system. In the end, it was better to focus the attention on the code 

and hardware for the focus adjustment. 

These were all of the major changes to the design made since the Critical Design Review. The final design will be 

described in detail in sections four through seven. 

1.5 Scope of the Project 
 
This project was meant to help develop a prototype camera system for use by NASA. This year’s team was in charge 

of creating a working lens system, an enclosure to house all the electronics and the lens barrel, as well as developing 

code to adjust the focus of the lens system. 



The project required that the lens system incorporate a liquid lens for focusing without moving parts, the use of a 

circuit board created through the efforts of past teams, and incorporating the code that was also developed by 

previous teams. 

On top of these component requirements, the project also required that a myriad of specifications be met. 

1.6 Product Expectations 
 

The product is expected to meet all of the specifications seen in Table 2.1. 

 

  



II. System Requirements 
 
Table 2.1: System Requirements 

Functional The system shall operate in outer space 

Functional The system shall operate on lunar/planetary surfaces 

Functional The system shall operate within space stations 

Functional The system shall capture still images 

Functional The system shall take video at a minimum of 0.5 fps 

Functional The system shall operate remotely and wirelessly 

Functional The system shall be interchangeable with other imaging systems 

Functional The system shall use no moving parts 

Functional The system shall send and receive data wirelessly 

  

Technology The system shall use a liquid lens for focus adjustment 

Technology FPGA programmed in VHDL 

Technology The system shall be controlled via MATLAB 

  

Performance The system shall have an MTF of 30% at maximum resolution 

Performance The system shall have minimal distortion 

Performance The system shall have a minimum field of view of 30 degrees 

Performance The system shall transmit data in 8-bits 

Performance The system shall have a maximum lag time of one second 

Performance The system shall have a wireless range of approximately 100m 

Performance 
The system shall be capable of performing with an external temperature 
between -55°C and 125°C 

Performance The system shall be able to withstand a shock of 30grms while operational 

Performance The system shall be able to withstand a shock of 100grms while not in use 

  

Utilization The prototype should be manufacturable 

Utilization The prototype should not damage easily 

Utilization The system should incorporate a Micron CCD 

  

Trade-Off 
The lens performance is three times more important than power 
consumption 

 
  



III. Preliminary Design Review Summary 
 
There are a few options that are variable within the design that is being created. Under the electrical aspect of the 

design, the only variable option for this year was which wireless interface to choose. There are various options for 

the wireless interface, but it all comes down to distance, speed, and signal stability. The basic choices that were 

available were an expensive module that would travel an extremely long range with low signal loss at high speeds, 

and a much more affordable option that would travel far enough, with little loss, at a decent speed. Within each of 

these categories there were multiple modules, each having various pros and cons. For the preliminary design the 

higher level design was looked at so as to figure out the general case to move forward with. 

 

In the mechanical regime the main focus was to create a system that would withstand the extreme environment 

that is space, with all of the vast temperature ranges and large radiation. The main consideration in this area is the 

radiation hardness of the optical and electrical components. Another decision that needed to be made was the 

ability of the system to withstand large shock and vibrational forces. The largest decision factor that had to be made 

was the balance between the ability to perform well and the cost and manufacturability of the system. 

 

The optics design had the most variability in the ways to accomplish the goal. There were many options to choose 

from, as the only things that were already decided on were the use of the liquid lens, and the use of the c-mount 

standard. Aside from these two constraints, the optics could be of any glass type, any shape, and any number, as 

long as the system was able to achieve all of the performance parameters. The hardest decision that had to be made 

with the optical system was where the line was between cost and simplicity and performance. 

 

The first design that was looked into used the high cost wireless module, a lightweight module with radiation 

shielding, the electronics and optics being connected directly to the enclosure, and a very well corrected and 

complex optical system. The wireless module looked at was a Worldwide Interoperability for Microwave Access 

(WiMAX) module. This module has very fast data rates, up to 75 Megabits per second (Mbps), a range of over 10 km, 

would interface easily with our design, and is very resistant to interference in the signal. However, the system has 

some significant downsides. The module has an extremely high price tag, and the options for the specific type of 

module are limited. On top of this, the range is 100 times greater than the required range that we need to achieve. 

The mechanical aspect of this design also has some issues. While it would be simple to manufacture and be 

relatively lightweight, the design would likely be larger than the maximum size, and the vibrations from the outside 

world would directly affect the optics and electronics. The optical system for this design was quite well corrected. 

The Modulation Transfer Function (MTF), a measure of how well an optical system is able to resolve images with 

high spatial frequencies, was very high, and the spot size, a measure of how big the spot of light will appear at the 

focus, was very small. However, the system contains an unnecessary eight lenses, one of which is a cemented triplet. 

Due to the fact that the system may have to withstand extremely cold temperatures, the adhesive that would be 

used in the cemented triplet may cause the elements to crack. The elements themselves would also need to be very 

tightly toleranced, causing the price of each element to increase drastically. 

 



For the second design we attempted to go with a lower cost wireless module, a higher density material with a 

thermal insulation layer, components that were attached to a separate inner enclosure, and a slightly simpler lens 

design. The wireless module chosen for this design was a Wi-Fi 802.11 (WLAN) module. With this type of module 

there are many different options to choose from and they are relatively inexpensive. They also easily connect to a 

network, allowing for ease of access. Unfortunately, these modules only have data rates up to 54 Mbps, their ranges 

are approximately 100 m, which is the required range, and they also may be sensitive to interference. The 

mechanical features used in this design have some pros and cons as well. The higher density metals allow for the 

system to better withstand temperature fluctuations and radiation; however this type of metal will also be very 

heavy and cost significantly more. This type of metal will also be much more difficult to machine. The design 

decision to have an inner enclosure separate from the outer shell came with the benefit of being better able to 

withstand vibration. The optical components changed around a great deal as well. In this design there are only five 

lenses, there is a cemented doublet, and one of the rear lenses was to be used as a window as well as a lens. This 

layout provides an adequate performance at a much more reasonable cost. Unfortunately, the performance of this 

system is not good enough, and the doublet, while less likely than the triplet in design 1, could still possibly crack. 

 

Design 3 contains some of the same ideas from designs 1 and 2, but implemented in different ways. In this design, 

the WiFi module was chosen, and the electrical components will be radiation hardened. The material used for the 

housing will be a lightweight alloy enclosure, and there will be a thermal insulation barrier between the outer 

enclosure and an inner enclosure. The optics in this design have changed very slightly from the previous design.  

There are still only 5 elements that will need to be specially made, and there are no cemented elements. There are 

also multiple windows within the system to help maintain a good seal. This option has very good performance and is 

still relatively low cost compared to the first design. There are also no cemented elements, making the chance of 

cracking drop dramatically. 

 

In the end we decided to go with design option 3 due to the fact that it is well balanced in both cost and 

performance. There were a few slight changes that have been made since the preliminary design. The main things 

that were changed dealt with the optical system. The lenses in the preliminary design did not have accurate values 

for radii, thicknesses, and indices. The index of refraction of a lens is a measure of how much light bends when 

traveling through the lens. The values chosen for the preliminary design used the best possible values without 

regard to whether or not there are real glass types out there with those values. The radii and thicknesses also had to 

be set to more realistic values that are manufacturable. Another step that was taken after the preliminary design 

was the development of the lens barrel. It was necessary to take into account how the lenses will be held in place as 

well as their tolerances. 

  



IV. Top-Level Design of Final Concept 
 
4.1 Overall System Design 
  
The entire system consists of three major components: electrical, mechanical, and optical. The electrical 
components are contained within the inner mechanical enclosure.  The optical system is contained within a lens 
barrel that interfaces with the enclosure with a CS-mount system. The electrical system provides the current needed 
to the liquid lens. The mechanical enclosure provides rigidity to the system as well as thermal insulation required to 
withstand the conditions of space. 
  
4.2 Optical 
 
The optical design utilized in the final design is similar to the optical system used in design three from the 
preliminary design review. Six lenses are used in the optical system, with front and rear windows. The design was 
refined to include values that are more realistic to the lenses that will need to be used. 
  
4.3 Mechanical 
 
The final design used utilizes many similar features to the third design from the preliminary design review. 
Aluminum was decided on for the barrel, due to cost concerns. The electrical components are held in an inner 
enclosure, which has dampening material in order to withstand the forces that will be placed on the enclosure. 
 
Changes Since CDR - Mechanical 
 
Since the Critical Design Report the mechanical aspect of the project has only been slightly changed. The same core 
mechanical design was still the same, however it was refined. At the time of the CDR, the enclosure was only 36 
cubic inches. This was based off of the previous year’s dimensions. Upon further design, it was discovered it was not 
possible to fit all of the components into the enclosure with these dimensions, as the electrical boards that had to 
be used would not be able to fit within the enclosure. Therefore, the enclosure had to be enlarged to accommodate 
the electrical boards. The resulting dimensions were similar to the enclosure that had been produced two years 
prior. The request of the sponsor was to not make it larger than that enclosure, so the design still met the 
requirements.   
 
Another change from the CDR is the removal of the window between the lens barrel and the image sensor. This was 
originally designed to create an airtight seal, a request of the sponsor.  Since the optical assembly was designed for a 
CS mount, allowing 12.5mm between the rear flange and the image sensor. While different designs were created to 
try and maintain this window, it ultimately would not fit. The design was modified to still provide an air-tight seal by 
attaching rubber to the sealing plate. When the barrel is screwed into the mounting plate, the C mount presses 
against the rubber providing a seal. This provides a sufficient seal as the seal just needs to be tight enough to allow 
air to enter or escape slowly, it doesn’t have to completely prevent air leakage. 
 
Final Design - Mechanical 

The final enclosure contains an inner and outer enclosure. The inner enclosure houses the electrical components 

and mounts for the optical system. It consist of a mounting plate, sealing plate, image sensor board mount, and 

electrical board holders. The mounting plate provides a c-mount interface for the optical assembly to thread into. 



The sealing plate provides an air-tight seal by containing a piece of rubber that the lens barrel presses into providing 

the seal. The sensor mount contains the image sensor, as well as slotting for the electrical boards to slide into. There 

are two electrical board holders, one for the USB board, and one which is for the wireless board.  Due to the sealing 

plate, the enclosure is designed to have an air-tight seal. However, since the team was not able to implement the 

wireless module, the actual inner flight enclosure doesn’t have an air tight seal. A sealant could be used between the 

USB plug and the enclosure to create a seal. However, since this is a prototype and large amounts of testing needs to 

be done with the removal of components, it is not practical. The best recommendation would be to re-machine the 

parts when the wireless component is implemented to provide an actual air-tight seal.  

The original design for the inner enclosure had the lens barrel thread into a plate similar in dimension to the sealing 

plate that fit into slots within the inner enclosure. It was discovered that the threading required for the c-mount 

interface, 32 threads per inch, is a specialized threading that would require the purchase of a thread tap. It was not 

within the budget to purchase this thread tap so the design was modified to accommodate the mounting plate that 

had been provided by the sponsor.  The plate that was provided was too thick for the design, so it had to be 

modified to provide the spacing necessary for the optical system. 

The inner enclosure connects to the outer enclosure via 4 rods which protrude from the outer enclosure. These 

insert into holes within the inner enclosure. Neoprene washers are used between the inner and outer enclosure to 

provide vibration dampening. The entire enclosure is made out of Aluminum 6061-T6, which is the recommended 

material by the sponsor. It is anodized black to minimize light reflections, which is crucial for the imaging system. It is 

also effective for heating the enclosure as black has a high absorptivity and absorbs radiative heat providing 

assistance in keeping the enclosure at a safe operating temperature. 

Within the space between the inner and outer enclosure is multi-layer insulation (MLI). Each set of MLI contains 26 

layers of alternating aluminized mylar and nylon netting. MLI is highly effective in preventing radiative heat transfer, 

which is the sole type of heat transfer present in space. The layers of aluminized mylar have a large emissivity and 

reflect radiative heat. By using multiple layers, the radiative heat which penetrates each layer is reflected by 

successive layers, only allowing a small fraction to penetrate the layers of insulation. Nylon netting traps air in 

between the layers of aluminized mylar, which provides further thermal protection as air is very effective at 

insulating. 

  



4.4 Electrical 
 

Overview of system 
 

Figure 4.1. Simplified flow chart for system interfaces.  Note: Power source is omitted for clarity.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Above is an overview of the electrical system. The voltage regulator used is a DrivBoard LL3 is a device matched to the 
specifications of the Varioptic ARCTIC liquid lenses, and allows a micro-controller to adjust the voltage output from very low 
up to 60V, through an I2C interface. The WiFi module provides wireless access to the imaging system through an antenna.  
The chosen component is the Data Hunter Radion OEM module.   High gain antennas would boost signal range and power, 
but for this iteration a simple external antenna will be sufficient. The PC interface is a computer running MATLAB, with a 
WiFi connection that will communicate with the system.  

 
4.5 Definitions 
  
Electrical 
 
FPGA:  Field-Programmable Gate Array.  An integrated circuit which can be configured by the user to imitate 
hardware logic using a Hardware Descriptive Language (HDL). 
 
VHDL:  Very High Speed Integrated Circuit (VHSIC) Hardware Descriptive Language.  A programming language used 
to simulate and configure hardware such as FPGA's.   
 
Rad-hard:  Radiation hardened.  Specifically designed to withstand high radiation conditions such as those found in 
space. 
 
EEPROM:  Electrically Erasable Programmable Read-Only Memory. Non-volatile memory used to store configuration 
data when power is off. 
 
SRAM:  Static random access memory. Data storage device, does not need refreshing while operating, but data is 
not stored with power off.  

Voltage 
Regulator 

EEPROM 
Lens 

System 

Kodak 
Imaging 
Board SRAM 

FPGA 

Antenna 
WiFi 

Module 

PC 

Target  
Image 
Object 

Existing Circuitry 



 
IDC:  Insulation-displacement connectors.  A hardware interface used with multi-wire planar cables, commonly 
known as ribbon cables. 
 
I2C:  Inter-Integrated Circuit.  A two-wire serial bus interface.  
 
SPI:  Serial Peripheral Interface.  A 3- or 4-wire serial bus interface, utilizing shift registers.  
 
CMOS:  Complementary metal–oxide–semiconductor.  A type of semiconductor used to build integrated circuits.  In 
this application, the CMOS device is an active pixel sensor.  
 
MATLAB:  Matrix Laboratory.  A numerical software interface and programming language. 
 
U.FL:  A miniature coaxial connector produced by Hirose Electrical Group.  Other compatible connectors are 
available under different names. 
 
GPIO:  General Purpose Input/Output.  A device interface pin that can be configured as either an input or output.  
 
Optical 
 
Modulation Transfer Function (MTF):  Normalized to one at zero spatial frequency, this metric characterizes the 
sharpness of a photographic imaging system over a range of spatial frequencies and for different field angles.  A 
bigger number relates to a better system. 
 
Field of View:  The angular extent to which an imaging system can detect a scene. 
 
Distortion:  Image degradation characterized by magnification of an imaged scene at the edges of the field of view.  
This magnification increases as field angle increases, and leads to either a pincushion appearance or barrel 
appearance.   
 
Field Curvature:  Image degradation as a result of imaging a flat scene with spherical lenses.  A perfect image can 
theoretically be formed on a sphere, but since we must image on a flat detector, this creates field curvature, an 
image aberration. 

  



V. Subsystem and Interface Design (Hardware) 
 

The electrical subsystem consists of three circuit boards:  A main board, an image detector board, and a control board.  

 

The main board contains an FPGA,  EEPROM, and SRAM.   It is directly connected to the user's computer using USB.  An SPI 
interface to the wireless module was planned and designed, but implementation was not complete due to time constraints 
and setup difficulties.   

 

The control board includes a lens control circuit, a wireless module, an SPI interface,  and a battery power source. 

 

Details on how functions are accomplished by each subsystem: 

 The main circuit board mediates and directs all commands and data transmissions. 

 The imaging board sends image data to main board via I2C 
 

Control board adjusts voltage applied to liquid lens using a digital to analog converter.  Although a wifi module is also 
present on the control board, at this time it has no functionality in the system. 
 

Figure 5.1 Simplified hardware flow diagram 
 

 
There are three major components that make up the electrical subsystem:  A main board which directs all 

communications within the system, an image detector board, which captures and transmits image data, and a 

control board, which holds the lens control circuit as well as the wireless module.  The Kodak KAC9638 CMOS 



detector board contains a CMOS image detector and an IDC header.  The image data is transmitted to the main 

board in an 8-bit parallel signal across an IDC cable.  The control board consists of a DrivBoard60 LL3 digital-analog 

converter, a DataHunter Radion 802.11g wireless module, a battery power source, a 2x5 header, and an 1x6 header 

for future SPI implementation.  The DrivBoard60 utilizes an I2C interface, allowing easy integration into the system.   

The main circuit board contains the fundamental electronic components that enable the overall functionality of the 

system.  All data transmissions are mediated and by this component.  It consists of a Xilinx xcv300 Virtex FPGA, a 

xc18vo4pc44c EEPROM set for master serial mode, an SRAM memory system and buffer, and a parallel to I2C bus 

controller.  The connection to the detector board is achieved using an IDC ribbon cable.  A USB interface allows 

direct  communication with a computer running MATLAB.  The FPGA receives communications from the USB port, 

and relays the appropriate commands to the target component.  For example, the user may run a MATLAB script to 

begin capturing images from the CMOS detector.  The MATLAB code transmits a signal to the FPGA to initiate the I2C 

connection to the imaging board.  When the start condition is acknowledged, MATLAB receives the confirmation, 

and the data transmission begins.  Each data byte is followed by an acknowledgment from the target device, and 

after all necessary data bytes are transmitted, a stop command is sent.  The number of data bytes varies depending 

on which component is being accessed.  The I2C protocol allows for multiple slave devices for a single master, using 

the same connections.  The present hardware configuration allows for either the lens control circuit or the 

temperature sensor to be attached to the main board, but not both.  In future iterations it would be desirable to 

simultaneously operate the temperature sensor and the lens control, by attaching both to the I2C header in parallel 

as shown in Figure 5.2. 

Figure 5.2 I2C Multiple slave configuration 

 
The I2C bus specification defines a data structure which must be adhered to by all devices using this protocol.  A 

start signal initiates the communication, followed by the address of the target device and a bit indicating a read or 

write operation.  Once this is acknowledged by the slave, the data transmission begins.  Each data byte sent from 

the master is followed by an acknowledgment from the slave.  The transmission is concluded with a stop signal.  The 

number of data bytes needed and their contents depends on the particular slave device being accessed. 

  



Figure 5.3 General I2C specification structure 

 
The Kodak KAC9638 CMOS image detector is enabled through an I2C bus.  The device may be configured using I2C 

write operations.  Current settings may also be read using the I2C bus.  The physical components of the KAC-9638 

include a CMOS array, a register bank, a clock generation unit, a master controller, an I2C interface, a parallel bus for 

image data, and various power and configuration controls.  The flow of data within this device is outlined in Fig. 3, 

further information is contained in the full DAC-9638 datasheet. 

 

Figure 5.4 Kodak KAC-9638 flow chart 

 

The control board includes components to enable wireless operation of the camera including lens control.  The 

wireless module used is the Data Hunter Radion module.  This module operates using IEEE 802.11g standard.  This is 

a fairly new module, so documentation is sparse.  This resulted in many problems while attempting to set up and 

verify the functionality of this component.  Basic setup instructions for the module had to be developed and are 

included in the testing section.  The module is capable of transmitting wireless signals from a number of possible 

interfaces, including USB, Ethernet, SPI, and several slower protocols.  SPI was the optimal choice, due to simplicity 

and speed.  SPI allows for much higher clock rates than I2C, resulting in a higher maximum data throughput, and 

consequently less lag time and more frames per second.  The second main component of the control board is the 



DrivBoard60 liquid lens driver.  This mainly functions as a DAC, receiving a 10-bit digital input and converting it to an 

electric potential. 

Figure 5.5 DrivBoard 60 I2C circuit schematic 

 

 

Also included on the control board is the Radion wireless module.  This module includes more than 20 interfaces, 

and allows up to four of them to be active at once.  The SPI interface is the best choice for speed and ease of 

integration.  The module has 90 pins, each corresponding to a different   interface.  The pins are 1.27mm pitch IDC 

compatible, but for prototyping purposes an adapter is used to convert the pitch to 2.5mm, a standard spacing for 

prototyping breadboards.  The SPI connection uses four pins, in addition to common pins shared for all interfaces.  

Due to continuous difficulties in establishing communications with this module, the SPI interface was never 

implemented in the FPGA firmware.  A USB connection was planned to be used as a temporary solution, but it was 

discovered that the USB interface is either not functional or there is no documentation on how to activate it.  

Consequently, there is no wireless functionality despite the presence of the appropriate hardware. 

Figure 5.6 Selected pin assignments for Radion module 

                  

 

 

 

 

  



Figure 5.7 I2C communication format for driver board 

 

Design and specifications for interfaces between modules: 

 All testing performed using MATLAB version 2010b and Windows 7 
 

Optical Subsystem 

The system assembly as a whole can be broken into two major components: the optical assembly and the wireless 

imaging box. The optical assembly consists of everything which is housed within the lens barrel, and contains eight 

optical elements. The length of this lens barrel will be approximately 42 mm, and is roughly one inch in diameter. 

The basic layout, drawn approximately to scale, is shown below. 

Figure 5.8. Basic Optical Assembly Within the Lens Barrel 

 

 

 

 

 

 



Table 5.2. Lens Specifications 

F/# 6.00 

Effective Focal Length 14.42 mm 

Field of View 30 degrees 

Entrance Pupil Diameter 2.40 mm 

Reference Wavelengths 608.89 nm, 558.98 nm, 513.88 nm 

*please refer to the appendix for a complete listing of system specifications 

The lens in enclosed in a housing of two optical windows that serve to sandwich the most expensive optical 

elements. The front window is made of Schott BK7 and is lead-infused. This window serves various purposes. For 

one, it protects the front lens element (the focusing objective) from physical damage, such as scratches and stains. 

Also the front window forms a seal, keeping the entire enclosure of the lens system airtight and maintaining a 

reliable environment of inert gas kept at a constant pressure. A third function of the front optical window is to 

provide radiation protection. It is lead-infused, meaning that as high-energy radiation passes through the thickness 

of the window, the harmful rays will be absorbed and will not transmit through the optical system. We must protect 

the system from high-energy radiation because over time it causes glass lenses to brown, become hazy and degrade 

image quality. Also, space radiation is known to damage electronic components and its effects are unknown on 

liquid lenses. The rear window functions similarly in that it protects the delicate and valuable glass within the lens 

barrel and completes the formation of an airtight seal. It is not lead-infused, however, because by the time light 

transmits through this rear window there will be no harmful gamma rays. The rear window is made of Schott S-F4 

glass because of its chromatic dispersive properties. It will be able to aid in keeping chromatic aberration, or color 

spread, to a minimum in the image plane. 

The bulk of the optical power is contained in the five glass lenses that make up most of the overall lens assembly. 

From left to right we label them elements 1 through 5. The material specifications are shown below. All glass data 

are obtained from matweb.com 

Table 5.3. Glass Specification Data 

Glass Schott BK-7 G18 Schott SF6 G5 Schott SF4 Schott N-SK16 

Physical         

Density 
(g/cm^3) 

2.51 5.18 4.79 3.58 

Modulus of Elasticity 
(GPa) 

82.00 55.00 56.00 89.00 



Thermal  
 

  

CTE (linear) 
(ppm/K) 

7.20 8.10 8.00 6.50 

Specific Heat Capacity 
(J/g-K) 

0.858 0.389 0.410 0.578 

Thermal Conductivity 
(W/m-K) 

1.114 0.673 0.650 0.818 

Optical     

Refractive Index (587.6 nm) 1.51680 1.80518 1.75520 1.62041 

Refractive Index (546.1 nm) 1.51872 1.81265 1.76167 1.62286 

                                                             

Glass types are determined based on two major properties: refractive index and Abbe number. The refractive index 

of a material dictates how that material will interact with light. Specifically, the index of refraction gives the amount 

by which light will be slowed upon entering that material. The higher the index of refraction, the more light will be 

slowed, and thus the steeper it will be refracted. Lenses made of glass with a high refractive index are more 

powerful; that is, they can bend light at steeper angles.  

The other defining characteristic of glass is its Abbe number, which ranges between 30 and 90 for most common 

glass types. The higher the Abbe number, the higher the dispersion. Dispersion is the separation of color within the 

incident light beam. Different colors travel at different speeds within a glass, and dispersion characterizes the spread 

of these different velocities. Glasses with low dispersion and high dispersion are both useful; it depends on the 

application, and systems are often designed with both types to balance color error in images. 

Elements 1 and 2 are made of Schott S-F6 glass. Element 3 is made of Schott S-F4, and elements 4 and 5 are made of 

Schott N-SK16. Each glass has unique properties, shown above, that help to focus all the colors of visible light to 

within the area of a pixel on our CMOS detector. 

The radius of curvature of each surface plays just as vital a role as the glass itself. The steeper the surface curvature 

(smaller radius), the more power is contained in that surface. Light gets bent at sharper angles and the quality of 

precision of these optical surfaces can have tremendous impacts on the performance of the lens system. Please 

refer to the appendix for more complete drawings of the lens elements. 

Between elements 2 and 3 is the liquid lens, the heart of our design. It serves as the stop of the system; all light that 

enters the front objective must be squeezed through its 2.5mm diameter without being clipped, or vignetted. In 

normal operation, it provides no optical power. Light incoming from far away gets focused to a point at the liquid 

lens, and it is essentially ignored as the rays from the object continue to propagate towards the detector. Light that 



comes from a closer object, up to 2 meters away, is focused differently and will not form a point at the liquid lens. 

Thus, the liquid lens has optical power in this situation. The radius of the liquid lens can change in response to an 

applied voltage across its surface. As the radius changes, so does the power of the lens. Objects that are closer to 

the camera can therefore be effectively imaged to a sharp point on the detector by adjusting the radius of the liquid 

lens until complete compensation occurs. Below is an image of the liquid lens. Please see the appendix for a 

complete datasheet specification of the device. 

Figure 5.9 Varioptic ARCTIC liquid lens, scale image 

 

Mechanical Subsystem 

The Mechanical assembly can be divided into two major components: the camera housing and the lens barrel. The 

lens barrel can then be divided into multiple sections. The outer barrel is a hollow cylinder made of Aluminum 6061-

T6. In order to accommodate the wire that provides current to the liquid lens, a plunge hole is cut along the length 

of the cylinder. This intercepts a perpendicular plunge that allows the wire to run through the barrel where it meets 

electrical contacts that will provide electricity when the barrel is screwed into the enclosure.  

The inner section of the barrel is also made of Al-6061. Aluminum was chosen as it was found to be common in 

commercial lens barrels. While the camera will be exposed to extreme ambient conditions, the thermal insulation 

combined with the heat generated from the electrical components will keep the enclosure at near room 

temperature, about 70 degrees Fahrenheit. Aluminum was chosen since it is cost effective, and easy to 

manufacture. It is also easy to hard anodize which will be required to protect the optics, and provide a dark surface 

to limit light reflections within the barrel. Multiple steps will be machined into the barrel providing a surface for the 

lenses to rest against. The lenses are held in using retainer rings, and the lenses are spaced using spacer rings. 

The lens barrel will interface with the enclosure using a c-mount stainless steel threading. Stainless steel is required 

as it will be able to withstand constant wear, which will be required as the lens barrel is removable.  



The barrel will be insulated using multi-layer insulation, which will be in the gap between the inner and outer 

sections of the barrel. Multi-layer insulation is extremely effective in radiative heat environments, such as space. 

Multi-layer insulation consists of layers of reflective material, aluminized mylar, and a nylon netting material. The 

reflective layers reflect the radiation, and the netting layers trap in air, which provides insulation. Kapton outer 

layers also provide additional effective insulation layers. 

Figure 5.10 Multilayer insulation 

 

 

The outer enclosure for the system can be divided into two sections: The outer case, and the inner enclosure 

containing the electrical components. Both of the enclosures are made of Al-6061 for similar reasons as the lens 

barrel. It is cost effective, simple to manufacture and anodize. It also performs well in space conditions and is 

preferred by NASA. The dimensions of the outer camera enclosure measure 4.2 inches wide by 4.2 inches height by 

5.2 inches deep. The outer enclosure is .15 inches thick. A Bogen bracket attaches to the bottom of the enclosure 

that will interface with other systems. Bogen brackets are standard NASA brackets and were requested to be used 

for the enclosure.  

The inner enclosure is a smaller box that contains the imaging sensor board, as well as the processing and wireless 

modules. Near the front of the inner enclosure contains a mountain plate that the lens barrel screws into. In order 

to seal off the inner enclosure from the environment, a plate containing a window is placed between the mounting 

plate and the sensor. The sensor is attached to the rear of this place in order to save space within the enclosure. The 

electrical boards are held horizontally within grooves cut into the inner enclosure.   

In order to limit vibrations in the inner enclosure, it is attached to the outer enclosure at 8 different points. Delrin 

washers are used as dampening material between the inner and outer enclosure in order to reduce the vibrations 

placed on the inner enclosure from the outer enclosure. 

 

  



VI. Algorithm and Interface Document 
 

Each software module will be realized either through MATLAB code or VHDL code.  MATLAB programs use an object 

oriented data structure[14], and will be used to activate and deactivate imaging subsystem, as well as control the 

DrivIC voltage driver for the liquid lens.  Existing MATLAB code includes methods to calibrate and activate the data 

stream, and to display the received images.  This code will require modification to function properly with the new 

module and SPI interface.  VHDL code will be used to implement the SPI slave interface on the FPGA end.  This will 

allow communication with the Radion wireless module.  Existing VHDL code connects the FPGA to the EEPROM and 

SRAM.  An I2C interface has also been incorporated in VHDL code, which may require modification to allow 

communication with the Radion device. 

Control commands are supplied through MATLAB programs, and are communicated to a virtual COM port.  COM to 

TCP software then relays the commands over a wireless TCP connection to the Radion module, which sends the 

commands via SPI or I2C to the FPGA, which performs the appropriate actions to control the hardware and retrieve 

image data.  The image data is then relayed through the SPI interface, over the wireless network, through the TCP to 

COM software, and back to the MATLAB interface, where it is displayed on screen. 

Based on freely available examples of SPI implementations in VHDL code, this module is estimated to take about 50 

lines of code, not including comments.  Test bench code will be required also, which will contain similar code with 

additional lines.  The MATLAB code should require approximately 25 lines of code for the lens control module, plus 

10 to 15 lines of additional or replacement code to modify the I2C functionality.  The total new code should be about 

150 lines total.  The VHDL SPI slave module will be simulated using Xilinx software, and analyzed for proper 

functionality.  MATLAB code will require a fully assembled prototype to assess. 

The MATLAB programming language uses an object allows precise control over many of the host system's resources.  

The voltage control program will allow the user to make precise adjustments to the voltage across the liquid lens 

from within the MATLAB environment.  Control commands will be delivered to the driver board from the Radion 

module through an I2C bus, and voltage information will be retrieved and displayed on the user interface. 

The VHDL code creates an SPI interface on the FPGA.  Serial data is propagated through full duplexes every clock 

cycle.  When a defined word length is reached (8-bits for this example), the data is read from the register, and new 

data is loaded.  VHDL modules may have the structure of any physical logic circuit, and create the functionality 

within the FPGA as if it were a dedicated hardware logic circuit. A shift register is a fairly simple logical device, and 

SPI is just another logic linked to the shift register.  Once the shift register module is defined, it may be included in 

the SPI module.  For full pseudo-code, see Appendix B. 

MATLAB modules 

 sync I2C frames 

 capture video from CMOS detector 

 send I2C commands to control liquid lens focus 

 GUI 
 



Figure 6.1 Graphic user interface for liquid lens control 

 

General form of code to control I2C devices from MATLAB: 

 Sync frame 

 Frame type 

 I2C control 

 Data 
 

The FPGA expects a certain format when receiving communication from MATLAB.  It must always receive four bytes 

for a successful transmission.  The first is a synchronization byte, which must be received in order to execute any 

commands.  Next is the frame type, which tells the FPGA whether it is executing an I2C command, performing an 

EPLD function, or sending a sync frame.  The third byte indicates the type of command to be carried out.  The fourth 

byte contains any I2C data to be written.  These functions are summarized in Figure 6.2. 

  



Figure 6.2 I2C frame information 

 

Example communication: 

%   I2C Reset Frame % 
    d = hex2dec('AC');  % Frame Sync % 

    fwrite(s,d,'uchar'); 

    d = hex2dec('80');  % I2C Frame Type % 

    fwrite(s,d,'uchar'); 

    d = hex2dec('D0');  % I2C Control, [X X WR' RD' X RST' A1 A0] % 

    %      1 1  0   1  0  0   0  0 

    fwrite(s,d,'uchar'); 

    d = hex2dec('00');  % Frame Sync % 

    fwrite(s,d,'uchar'); 

  



VII. Analysis 
 
Optical 

There are three major kinds of analysis to perform on the optical system. During system design and optimization, 

computer software based analysis is the dominant factor. The lens system is designed entirely within the computer 

program Code V, which also performs the initial analyses. This kind of analysis is mostly predictive, forecasting the 

performance of a real lens system. Below are the most important metrics used to verify an optical design and 

explanations to clarify their use. 

Metric: Through-Focus Spot Diagram 

This algorithm traces a bundle of rays through our lens system and shows the final location of each ray on the image 

plane. Essentially, this diagram indicates what our spots might look like in an ideal situation. The center column of 

spots represents images of a point at different field angles. On the bottom, the spot is from a point on-axis; as the 

spots go up the column, it represents point images from increasing field angles, up to 15 degrees off-axis. To the left 

and right of the center column represent how the spot might look at different axial locations in image space. Spots 

to the left simulate the effects of having the image plane too far inside focus, and spots to the right simulate the 

effects of having the image plane too far behind focus. 

Different colors within the spot represent the images of different colors of light. The shapes of the spots can be a 

decent indicator of the aberrations that degrade image quality. For example, a comet-shape (or cone-shape) 

represents the coma aberration which is the result of different magnifications for different field angles. A linear 

horizontal or vertical shape represents astigmatism, the result of different orientations of light perceiving different 

radii of curvature on the same lens surface. For a more complete aberration analysis, please refer to the appendix 

section. 

The spots in the center column are very sharp and provide a more than adequate point on our detector. As long as 

the light can be focused onto the image plane within 25 microns, we are confident that our images will be sharp and 

aberration-limited. 

  



Figure 7.1 Through focus spot diagram 

 

Metric: Ray Aberration Curves 

This metric is similar to the spot diagram in that it depicts the degradation of a point source imaged through our 

system. Again, it shows data for all specified field angles and in colors representing the test wavelengths used by 

Code V. Ray aberration curves graphically show the departure from a perfect point image (y-axis) along the diameter 

of the exit pupil, in both the tangential and sagittal directions (x-axis). Essentially, the flatter the ray aberration 

curves, the better the image. Aberrations cause the rays to depart from ideal, and this is represented in the curves. 

The concavity and nature of the curves also provides insight into the details of the aberration and help to 

characterize the system. 



 

Based on the ray aberration curves predicted by Code V, our system seems to effectively balance aberrations against 

each other to produce a nice spot across the entire exit pupil. The scale is in millimeters, so we can see that the 

maximum departure is generally contained within 5 microns. 

Figure 7.2 Ray aberration curves 

 

 

 



Metric: Field Curves and Distortion 

Field curvature is an aberration that stems from basic physics. Ultimately, it mandates in basic terms that a flat 

object, imaged by spherical optics, cannot come to a perfect focus at all field angles onto a flat image plane. Rather, 

a flat object can be imaged perfectly onto a curved image plane; however, CMOS detectors are not curved and 

therein lies the problem. Code V predicts the severity of field curvature in an optical system. Here, it is important to 

note the straightness of the line: the straighter the better. 

Distortion refers to the fact that different field angles experience different magnifications in the image plane. Items 

at the edge of the field can either be magnified or minified relative to items in the center, and this creates the 

appearance of a pincushion shape or a barrel shape. Distortion is critically important when making measurements of 

any kind, so for our system it must be near enough to zero so that no difference can be discerned. No visible 

distortion is allowed. 

Our field curvature, based on the analysis within Code V, is more than acceptable, and distortion is kept to a 

minimum as well. Both of these metrics appear to pass.  

Figure 7.3 Field curvature and distortion 

 

 

 



Metric: MTF (Modulation Transfer Function) 

The modulation transfer function is an indicator of resolution power. It essentially computes the predicted contrast 

for images of varying spatial frequencies. The graph is normalized to 1 at zero spatial frequency, and then degrades 

as the frequency spacings get smaller and smaller. It is more difficult to resolve two lines as they move nearer and 

nearer each other. Thus contrast decreases. 

We see that at the maximum resolution possible for our CMOS detector, our MTF values for all field angles and 

colors is well above 50%, and the requirement is that it exceeds 30%. This should be fine for our final system; 

however, it is important to note that there are other contributing factors that bring the MTF down. Atmosphere and 

electronics each contribute to the degradation of contrast, and this is why the optical system was over-designed for 

MTF. 

Figure 7.4 Modulation transfer function predicted by Code V 

 

 

 



The second type of optical test that must be performed is the testing of the individual lens elements themselves. 

Once the optics are fabricated, coated, and shipped they must be inspected. To ensure that our elements were 

manufactured to specifications, we must perform a test of the refractive index for verify an accurate and 

homogeneous material. 

Next, the lens geometries must be verified. Using a micrometer we can verify the lens diameters. Indicator fingers 

can give data on the total indicator runout, which is directly related to roundness and tilt of an optical element. Then 

center thicknesses can be verified using a drop-gauge. These are the basic tests to ensure correct glass geometry. 

Next, a Fizeau interferometer shall be used to reverse engineer the lens. By recording the distance that the lens is 

moved between different focus spots on the image plane of the interferometer, we can determine the true radius of 

curvature of each lens surface and verify that they were fabricated within specifications. By focusing up close on 

each individual surface, the Fizeau interferometer can also be used to inspect the quality of the finish. A well-

polished surface will show a fringe pattern that consists of straight, parallel lines. Surface irregularity, roughness, 

and scratches will cause bending and deviations within this fringe pattern, and even the slightest errors will become 

blatantly visible using this method. 

We do not anticipate that any of the lens elements will be fabricated out of tolerance; however, it is good 

engineering practice to verify every part that is used. 

The third type of optical analysis is the testing done on the system as a whole. As it is assembled and aligned, the 

focal spot must be continually checked. One inspection shall be performed after the successful installation of each 

individual lens element. This is necessary to ensure that every element is properly aligned before proceeding onto 

the next one. It can potentially save hours of going back and re-doing some part of the assembly. 

Once the system is fully assembled, there are six key tests that complete the system analysis. They are summarized 

below. 

Table 7.1. Tests Upon Completion of Assembly 

Optical Performance 

Requirement Test 

MTF of 30% at 95 cycles/mm MTF Test: Optical machine that uses a microscope to focus a spot of 

light that is shone through the test optic. The spot hits a detector and 

the test optic is moved through various field angles. A computer 

algorithm numerically computes the MTF. 

5 micron minimum pixel pitch Image a standardized resolution chart. This will determine our 

maximum resolution. Max resolution determines pixel pitch. 

Spectral range of 300 - 1050 nm Use a monochromator to image specific frequencies of light from 400 

nm to 900 nm. Record CMOS detector output. 



30 degree field of view Use simple geometry. Create a target of specified length and image it 

from a set distance, calculated using trigonometry. If the entire target 

is imaged, then field of view passes inspection. 

Full field illumination: 90% Vary the indicent angle of a light source that doesn't oversaturate the 

detector. If detector output intensity does not fall by more than 10 % 

at a 15 degree half-field, then the imager passes inspection. 

No visible distortion Image an even square grid. Measure the leg distances on the image. If 

there is no measurable difference between squares in the center of 

the image and squares on the edge, the imager passes inspection. 

 

 
  



VIII. Development Plan and Implementation 
 
Development Plan and Implementation, Optical System 
 
Since the critical design stages, the implementation of the optical system development plan has proceeded much as 

expected, barring one setback. Four out of the five custom ordered optics were delivered; the front objective lens, a 

10 mm thick cerium-doped biconvex lens, never arrived. The lenses will hereafter be referred to as elements 1, 2, 3, 

4, and 5 in their respective order from the front of the camera to the detector plane. As such, element 1 was 

undelivered and an off-the-shelf replacement lens had to be ordered with haste from an online provider. This 

severely limited the best case test results as predicted by Code V, but otherwise allowed us to complete the 

construction of the camera system. The optical procurement and assembly plan was performed as follows. 

 
1. Once the final optical design is completed, various optical fabrication companies must be contacted for price 

quotes. Our team contacted three such manufacturers: Optimax, RMI, and JML. Of the three, JML was able 
to provide the custom optics with the appropriate antireflection coatings (custom coatings that cover the 
spectrum from 350 nm to 1100 nm) for the lowest cost. The lead times were long from JML, but we were 
ultimately able to save roughly $1500 in glass procurement. 

2. In the 16 week period between finalizing the lens order and receiving the lenses, a good deal of work was 
done on the mechanical end and also to finalize the optical assembly.  

a. Plane parallel glass windows were procured from Edmund Optics. These are 3 mm thick fused silica 
windows coated with standard VIS-NIR (400 – 1050) AR coatings, 1” in diameter. 

b. Finalized the plan to airtight the lens enclosure. The back end of the lens has suitable geometry to fit 
an O-ring, but the front end must be sealed using the same UV curing adhesive that is used to secure 
element 2 in place. 

c. Determined how to provide electrical contacts to the liquid lens within the lens barrel. Details are 
listed below. 

3. When the barrel was machined, finished, anodized and delivered, and the lenses were polished and shipped, 
the assembly process began as scheduled. The following steps detail exactly how the camera lens was built 
in its final form. 

4. Prepare the liquid lens contacts. 

a. Spot weld two stainless steel round shims to the electrical cable: one to the black wire and one to 
the red wire. Attach the wires to the edge of the round shims, so as not to introduce unwanted tilt 
in the liquid lens when it is being supported by these metal contacts. 

b. Prepare the plastic shim spacers by cutting out donut shapes that are of the same size as the round 
shims. This can be difficult, as the plastic shim stock tends to deform upon cutting. In this group’s 
experience, it was found to be easier to poke out the inner diameter, then use scissors to cut around 
the outer diameter of each donut. Two are ultimately needed for the assembly. 



5. With the aluminum barrel face down on a clean assembly table (back end facing up towards the assembler), 
use tweezers to insert one of the plastic shims at the very bottom of the bore hole on this side of the barrel. 
Ensure that it sits flat against the flat edge at the bottom of the barrel. 

6. Insert the wire contacts. Both must be inserted at the same time. Begin by pushing the free end of the cable 
through the radial hole bored into the barrel. Gently pull the cable out until the spot welded round shims sit 
flat, flush and securely inside the lens barrel. For ease of wiring, have the red wire contact placed below the 
black wire contact. 

7. Move the black contact up and out of the way temporarily. Use a vacuum suction cup to place the liquid lens 
on top of the red wire contact. The liquid lens has a slightly tapered end: make sure that this end faces up 
(towards the assembler and towards the rear of the lens barrel) in the final assembly. 

8. Return the black wire contact so that it sits flat against the back, tapered end of the liquid lens. Insert the 
second plastic shim spacer on top of this contact. Make sure that it sits flat and completely within the barrel. 
Use a cotton tipped lens cleaning apparatus (hereafter referred to as the stick, this is a thin wooden dowel 
that looks like a Q-tip) to push this sandwich formation as far down as it will comfortably go. 

9. Now the liquid lens is in its final location and it has electrical contacts that are insulated from the rest of the 
barrel by the plastic shim stock. The thicknesses are all controlled so that the liquid lens should be sitting in 
its proper location on the optical axis. 

10. Insert the small aluminum spacer (it is recognizable by its smaller inner diameter and larger annular 
thickness) on top of the plastic shim. 

11. NOTE: before inserting every lens, inspect the surfaces (using a loupe or low power microscope) and 
thoroughly clean them using acetone. Make sure that each surface is free of dist and smudges before 
placing it into the barrel. This procedure is important, and must be repeated for each and every lens 
element. 

12. Use the vacuum suction cup to place lens element 3, properly oriented (see the drawings provided) on top 
of the aluminum spacer ring. The machining tolerances were quite tight, so it is imperative that the 
assembler ensures that the lens is sitting flat and as far down as it is able to be inside the barrel. A small 
amount of tilt can cause the lens to get jammed at a location higher than what was intended. If necessary, 
use the stick to apply gentle force to the lens and allow it to sit evenly on the aluminum spacer. 

13. Insert the other small aluminum spacer behind lens element 3. This should fall right into place. Make sure 
that it is sitting properly flat in its location. 

14. Use the vacuum suction cup to place lens element 4 in its proper location, oriented correctly, on top of the 
second aluminum spacer ring. The same strategy applies here: use the stick to prevent the lens from 
jamming in the barrel. Try to insert the lens as straight and even as possible, and it should fit snugly in place. 

15. Secure the liquid lens, element 3, and element 4 in place with the small retaining ring. The anodization left a 
thick enough deposit to affect the very fine thread pitch that was called out for the barrel machining. As 
such, it was necessary to use a wire brush to clean out the aluminum threads and allow the retaining ring to 
be screwed in place with the appropriate preload. The only tool small enough to fit inside the barrel 
effectively was a jeweler’s tool. It has a flat end like a screwdriver at the tip, and can fit within the groove 
that was machined into the edge of the retainer ring, thus allowing it to turn the ring in the barrel threading. 
Ideally, an adjustable spanner would be used; however, none were found of appropriate size to drive the 



retaining ring. Stop turning the ring when it gives enough resistance so that the jeweler’s tool begins to bend 
a bit upon tightening. This corresponds to the proper preload to secure the lens elements. 

16. Once the retaining ring is applying enough preload force, insert lens element 5, the rearmost custom lens 
element, using the same techniques described above. In our case, the anodization layer again interfered 
with the fit of the lens. It had to be removed carefully using a wire brush so that the lens could fit all the way 
to the bottom of its intended location. 

17. Using the same methods described above, secure element 5 in place with the retaining ring. 

18. Clean off the rear surface of element 5 one final time before installing the rear optical window. 

19. With a gloved hand, dab a small spot of the Apiezon O-ring grease to an O-ring. Use your fingers to 
thoroughly rub the grease all around the O-ring. Cover the entire surface of the O-ring in a thin layer of this 
grease. Place the O-ring in the machined gland at the rear face of the lens barrel. 

20. Place one of the optical windows on top of the greased O-ring. It should sit flat so that the back surface of 
the window is nearly flush with the final back surface of the barrel. 

21. Secure the window in place and make a seal by fastening the custom ground CS-mount adapter to the back 
of the barrel. This is done with small M2-4 screws. The CS-mount adapter has countersunk holes tapped in 
it. Fasten each screw tightly so that the window is held in place and the CS-mount can stiffly interface with 
the detector enclosure. The back half of the lens assembly is now completed. 

22. Flip the barrel over, so that it now sits on its back end. 

23. Test the liquid lens contacts to ensure electrical functionality. This is crucial, as the next few steps involve 
bonding lenses in place and make internal adjustments much more difficult. Once the liquid lens is verified 
to work inside the barrel, the assembly may proceed. 

24. With the front end of the barrel facing up (towards the assembler), use the vacuum suction to place element 
2 in its position, properly oriented, within the barrel. Here again, the machining tolerances proved too tight 
to accommodate the anodization layer. It had to be carefully scraped away to increase the inner diameter of 
the barrel and allow for this small lens element to fit inside. Once the lens is inside, use a loupe of low power 
microscope to verify that it sits flat in the barrel. This is easy to tell; if it is not flat, then the assembler will 
notice a bit of the edge jutting up above where the lens should be sitting. This is obvious upon inspection, 
and if the lens does not sit flat, then the assembler must use the stick to evenly push it to the bottom of its 
edge support. This is a tight fit, almost an interference fit. Do not be afraid to apply sufficient force to the 
glass. 

25. Once the lens is in place, inspect it for dust and debris and clean if necessary. Then the assembler must don 
UV safe glasses. Carefully apply three spots of the Dymax UV curing optical adhesive on evenly spaced (120 
degrees apart) locations on the edge of the lens. Ensure that the bonding adhesive contacts both the edge 
of the lens and the aluminum barrel. 

26. Evenly apply ultraviolet light using a UV source gun. The adhesive needs about 60 seconds to cure under this 
light. More time will not be detrimental to the lens, so ensure that the bond gets cured under UV light for at 
least one minute. 

27. Inspect the optical surface to ensure that the bond cured. Once it is set, clean the lens surface with acetone, 
in case any adhesive spilled into the clear aperture of the glass. 



28. Using the vacuum suction cup, place the lens element 1 in its proper location and orientation. 

29. Make sure that the aluminum threads are clean and clear of debris. It was necessary to use a wire brush 
again here to clear out the anodization and allow the retainer to fit smoothly. 

30. Insert the retaining ring, using the same methods described above. Continue driving the ring until it 
definitively contacts the front objective lens surface. Do not over tighten; however, as mentioned before, if 
the jeweler’s tool is used, then the assembler will know that enough preload is applied once the tool starts 
to give under the tightening pressure. 

31. At this point, the lens assembly is ready to be sealed in finality. Our team did not apply the final airtight seal, 
since this is only a prototype and the inner lenses may need to be accessed at a future time. 

32. Insert the second optical window in its seat above the front objective lens. For the final assembly, the UV 
cure would be applied all around the gap between the window edge and the barrel inner diameter. Then UV 
light would cure and seal the assembly. 

33. Screw the sunshade adapter into the front end of the lens barrel. This adapter is fastened in exactly the 
same procedure that was used to fasten the CS-mount adapter. M2-5 screws are used here to fasten this 
adapter to the front face of the cylindrical lens barrel. This adapter has an oversized diameter to fit to the 
outer barrel enclosure as well. 

34. Apply the multilayer insulation all around the lens barrel. Make sure that it is wrapped cleanly and tightly. 

35. Insert the outer aluminum shell around the lens barrel. Make sure that the liquid lens wires run neatly 
through the tapped hole in this shell. 

36. Secure the shell with screws on either end of the cylindrical barrel. Both the custom CS-mount adapter at 
the rear and the sunshade adapter at the front have holes tapped to fit these screws. 

37. Once the outer shell is fastened tightly around the insulation layer, the lens assembly is complete. The 
sunshade may be installed or uninstalled depending on the lighting conditions, and the barrel itself is readily 
able to thread into any CS-mount standard interface. 

Development Plan and Implementation, Electrical System 
 
The biggest shortcoming of the final prototype is the lack of a wireless interface.  Although this was the highest 

priority electrical subsystem, the interface remains incomplete.  Once the modified VHDL firmware is synthesized in 

the FPGA, the wireless module could quickly be integrated.  When programming the FPGA, it is important that all 

pins retain their current identities.  This can be accomplished from Xilinx ISE Design Suite 8.2i by selecting “lock 

down pins” before beginning synthesis.  Once the wireless interface is functional, TCP to COM software should 

enable the MATLAB scripts to run just as they would with the USB interface.  Alternatively, the MATLAB code could 

be modified using the Instrumentation Control Toolbox, which allows TCP connections. 

 

  



IX. Requirements Review 
 
Requirements Matrix 
 
Table 9.1 Requirements Compliance Matrix 

 
 
Acceptance Test Results Detail 
 
REQUIREMENT: CAPTURE STILL IMAGE 
 
Definition: The system must be able to capture and store still images of scenes. Scene range distances may vary 

from 2 m from the camera to infinity. 

Result: The Kodak CMOS sensor is compatible with the MatLab interface and is able to capture still images. 
This requirement is a pass. 

 

 

Requirement Metric System Result 

Capture still image Pass/Fail Pass 

Capture video 0.5 fps 0.67 fps Pass 

Operate remotely Pass/Fail Fail 

Interchangeability Compatibility with existing systems CS-Mount standard Interface 
(Pass) 

No mechanical motion Pass/Fail Pass 

Wireless data reception and 
transmission 

>= 100 m range Fail (interchangeable w/ remote 
operation) 

Utilize liquid lens Pass/Fail Pass 

Utilize FPGA programmed in 
VHDL 

Pass/Fail Pass 

MatLab user interface Pass/Fail Pass 

Modulation Transfer Function >= 50% at max resolution Fail 

Distortion (optical) <= 3% (geometric) 2.3% (Pass) 

Spectral range (optical) >= 90% across 350 nm - 1050 nm Pass 

Full field of view >= 30 degrees 30.3 degrees (Pass) 

Data transmission 8-bit 8-bit  
(Pass) 

Thermal operation 
environment 

-55°C to +125°C Mathematical model support 
(Pass) 

Vibration operational 
environment 

30 Grms Mathematical model support 
(Pass) 

Vibration survival 
condition 

100 Grms Mathematical model support 
(Pass) 

Imaging lag time <= 1 second 1.5 sec (Fail) 

Manufacturability Single prototype system Pass 



 
REQUIREMENT: CAPTURE VIDEO 
 
Definition: The system must be able to capture successive images at a rate of 0.5 frames per second (one frame 

every two seconds). 

Result: Based on a stopwatch timer, once the Matlab program is running, roughly three images are 
produced in a time interval of five seconds. To be exact, there was an average of 0.67 seconds 
between each successive image. This requirement is a pass. 

 
REQUIREMENT: REMOTE OPERATION 
 
Definition: The user must be able to take images at a remote location away from the camera. 

Result: The wireless module was successfully programmed to send data wirelessly. The problem happened 
during communication with the camera’s circuit board and the computer. There was a surprising 
lack of documentation regarding operation of the wireless board, and the communication link was 
not established within the allotted timeframe. This requirement is a fail. 

 
REQUIREMENT: INTERCHANGEABILITY 
 
Definition: The system must be compatible with existing camera interfaces. Examples include standard C-

Mount, CS-Mount, T-Mount, and other standardized interfaces. 

Result: The lens assembly is attached to the detector board via standard CS-Mount interface. Outer thread 
diameter = 1”, thread pitch = 32 tpi. This requirement is a pass. 

 
REQUIREMENT: NO MECHANICAL MOTION 
 
Definition: The system must adjust focus across the range requirement (2 m to infinity) without the use of any 

mechanically moving parts (as used in modern zoom lenses) 

Result: Varioptic Arctic liquid lens provides variable focal lengths as a function of applied voltage. No 
moving parts are necessary. This requirement is a pass. 

 
REQUIREMENT: WIRELESS DATA RECEPTION AND TRANSMISSION 
 
Definition: The user must be able to send and receive data wirelessly. Specifically, the system must be fully 

operational (including image capture and liquid lens control) without being connected to the driving 
hardware. 

Result: As mentioned in the remote operation requirement, wireless data was successfully transmitted; 
however, it was unable to successfully be received by the operating system of the camera. To 
reiterate, the wireless board was proven functional in that it is capable of transmitting a wireless 
signal. The failure happens when trying to receive and understand this wireless signal. This 
requirement is a fail. 



REQUIREMENT: UTILIZE LIQUID LENS 
 
Definition: The system must make use of a pre-existing liquid lend. Varioptic Arctic series. 

Result: The camera incorporates said liquid lens in the barrel assembly. This requirement is a pass. 

 
REQUIREMENT: UTILIZE FPGA PROGRAMMED IN VHDL 
 
Definition: The system shall use a pre-existing Field-Programmable Gate Array (FPGA) coded in the VHDL 

programming language. 

Result: The FPGA is utilized and coded in VHDL. This requirement is a pass. 

 
REQUIREMENT: MATLAB USER INTERFACE 
 
Definition: The user shall control all aspects of the camera through MatLab. 

Result: Liquid lens voltage adjustments are possible through MatLab. Kodak sensor operation is possible 
through MatLab. This requirement is a pass. 

 
REQUIREMENT: MODULATION TRANSFER FUNCTION 
 
Definition: The system shall produce a modulation transfer function (MTF) greater than or equal to 30% at the 

maximum resolvable frequency. The maximum spatial frequency is limited by the CMOS detector to 
95 cycles / mm in image space. 

Result: A preliminary test of the MTF, using MATLAB software, yielded discouraging results. The MTF at the 
cutoff frequency of the detector is essentially zero. This was predicted in the optical software Code 
V when the originally designed objective lens was replaced by the new off-the-shelf replacement 
lens. See figures below for the images used in this calculation. 

  



MTF test result 
Figure 9.1 MTF of Lens System 

 

 
 

Figure 9.2 MTF Test Chart 1 
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Figure 9.3 MTF Test Chart 2 

 
 
REQUIREMENT: DISTORTION (OPTICAL) 
 
Definition: The optical distortion of the system must be less than 3% to be considered as having zero visible 

distortion. Geometrical distortion is measured at the corner of the image. It is defined as the ratio of 
the extent of the actual image from the on-axis center to the theoretically perfect extent of the 
detector from the center to the corner. 

Result: Importing the image of a square grid into photo-editing software allows us to numerically analyze 
the image. We must measure the length of the diagonal (in pixels) of a square at the center of the 
image and comparing it with the length of a square diagonal at the edge of the field. The ratio of 
these lengths gives us how large or how small the square is at the edge of the field relative to the 
center of the field of view, and this ratio is the definition of geometrical distortion. The diagonal 
coordinates at the center are (334, 270) and (377, 227), giving a length of 60.8112. The diagonal 
coordinates at the corner of the field of view are (504, 99) and (546, 57), giving a length of 59.3970. 
The ratio of these two lengths is 0.9767. The percent geometrical distortion is then 2.3 percent, 
which is below the accepted value of 3% as the zero visible distortion limit. Also, a simple MATLAB 
program was run to estimate the optical distortion of this grid pattern. The MATLAB estimate turned 
out to give -1.0% distortion. This requirement is a pass. 
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Figure 9.4 Distortion Grid 

 
 
 
REQUIREMENT: SPECTRAL RANGE (OPTICAL)  
 
Definition: The system must pass optical radiation at greater than 90% power throughput over the wavelength 

range of 350 – 1100 nm. This encompasses the entire human visual spectrum, and includes near 
ultraviolet (UV) wavelengths and near infrared (NIR) wavelengths. 

Result: Spectral traces provided by JML and Edmund Optics show that the lens system as designed will pass 
upwards of 97% of the electromagnetic radiation. Of course, since the system was unable to be 
constructed as designed, the final camera does not perform within the requirements for radiative 
throughput in the near UV wavelengths (350 – 400 nm) and at the edge of the NIR waveband (1050 
– 1100 nm). The replacement lens is not coated to pass these wavelengths, as we were unable to 
order a custom coating job on these two surfaces. As designed, this requirement is a pass. 

 
REQUIREMENT: FULL FIELD OF VIEW 
 
Definition: The full field of view of the system must be greater than or equal to 30 degrees at any rotational 

orientation. 

Result: As described in the testing procedures, an image of a ruler was taken to provide scale over the field 
of view of the image (see figure below). Then the distance from the camera’s entrance pupil to the 
ruler plane was measured. The entrance pupil for this system is located roughly at the liquid lens, 
about in the middle of the lens barrel. Using trigonometry, it is a simple procedure to extract the 
field of view from these two distance measurements. At a distance of 24 cm, the camera is able to 
capture 13 cm of the ruler. This gives a full field of view of 30.3 degrees. This requirement is a pass. 

 



Figure 9.5 Field of View 

 
 
REQUIREMENT: DATA TRANSMISSION 
 
Definition: System must transmit data in 8-bit packages. 

Result: The system is programmed for 8-bit data transmission. This requirement is a pass. 

 
REQUIREMENT: THERMAL OPERATIONAL ENVIRONMENT 
 
Definition: The system must survive and operate within an external temperature range of -55 to 125 °C. This is 

not the temperature that the optical system itself must survive; rather, this is a description of the 

thermal environment in space orbit. 

Result: As given, this requirement is untestable. The NASA Goddard Space Flight Center has an 
environmental chamber capable of testing this thermal environment; however, the facilities 
available to the University of Arizona are incapable of such a thing. To meet this requirement, a 
number of steps were taken. 

 

1. The lens assembly is within its own air-tight environment within the inner lens barrel. Two plane 
parallel windows seal the lens assembly. In the rear, a vacuum-greased O-ring is used to form 
the air-tight seal. In the front, the window is sealed with a UV-curing optical adhesive. This helps 
significantly with thermal insulation. 

Frame number: 
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2. The inner lens barrel is wrapped in multilayer insulation, the same used by NASA on previous 
space missions. 

3. An outer aluminum shell is used to house and protect the multilayer insulation, providing even 
greater thermal shelter. 

 

Taking these precautions into considerations, it suits the designer to conclude that the lens 
assembly, liquid lens included, is capable of surviving in a thermal environment of -55°C to 125°C. 

Further testing is required. This requirement is nominally a pass. 

 
REQUIREMENT: VIBRATION OPERATIONAL ENVIRONMENT 
 
Definition: The system must operate within the imaging requirements in a vibrational environment of as much 

as 30 Grms vibrations. 

Result: Disclaimer- the facilities made available to undergraduate students at the University of Arizona 
make it impossible to verify this requirement in finality. Further testing is required, but significant 
design considerations have been made to accommodate this vibrational requirement. The lenses are 
tightly secured within the barrel housing, and the barrel housing is threaded into the sensor 
enclosure. Additionally, the Kodak detector is bolted to the enclosure on four bolts. In conclusion, 
the system has been made as stiff as possible, and it is unlikely that long term 30 Grms vibration will 
significantly degrade the image quality. This requirement is nominally a pass. 

 
REQUIREMENT: VIBRATION SURVIVAL CONDITION 
 
Definition: The system must survive a shuttle launch, which can create acceleration spikes as great as 100 

Grms. 

Result: Disclaimer- the facilities made available to undergraduate students at the University of Arizona 
make it impossible to verify this requirement in finality. Further testing is required, but significant 
design considerations have been made to accommodate this vibrational requirement. The aluminum 
lens housing is orders of magnitude (roughly 100x) heavier than the optics that it houses. An 
acceleration spike of 100 G on the lenses themselves is the force equivalent of only a couple of 
Newtons. This value produced nothing near the crack-propagation stress of optical glass, and since 
the lenses are all secured tightly within the barrel, the shock load will be absorbed by the barrel. As 
mentioned previously, the barrel is vastly more massive than the lenses, and thus it will not transfer 
shock to the optical elements. This requirement is nominally a pass. 

 
REQUIREMENT: IMAGING LAG TIME 
 
Definition: The time between the camera receiving the command to capture and image and completing the 

capture of said image must not exceed one second. 



Result: Lag time is related to wireless signal strength. While the wireless signal is shown to operate at a high 
enough data rate to support a lag time that is under one second, this was never fully realized due to 
our inability to communicate with the wireless module. This requirement is a fail. 

 
REQUIREMENT: MANUFACTURABILITY 
 
Definition: The system as designed must be capable of implementation of small batch production. Specifically, 

one completed system must be manufactured; this is not a large-scale production operation. 

Result: The system uses many custom elements, some of which could be scaled to larger production. 
However, the existence of the camera is verification of the manufacturability requirement. This 
requirement is a pass. 

 

Future Work and Improvements / Changes 
 
Suggestions for future work and possible improvements to the system can be broken into three categories: 
improvements that can be made with a greater budget, improvements that can be made with additional time, and 
retrospective changes that may have improved the overall system design. The future work for this project is 
summarized below. 

 

Improvements stemming from an expanded budget 

 More capable primary objective 

o The primary focusing objective lens was ordered but never delivered by the manufacturer. Since an 
off-the shelf replacement lens was rush ordered to stand in its stead, the system suffered as a result. 
To improve the system and bring it to its original design intent, this lens needs to be purchased, or a 
lens that more closely matches the original design lens must be procured. 

 Larger liquid lens 

o The size of the liquid lens clear aperture was a driving requirement in this design. Its small size 
limited it to two locations where the focused beam waist is small enough to pass through the lens 
unvignetted: 1) at the system stop, buried deep in the barrel between numerous other lenses, or 2) 
very close to the focal plane, where it would limit the field of view of the system by a considerable 
amount. Purchasing a larger liquid lens would create more potential locations for implementation 
along the beam path.  

 Better contacts 

o The precision of the lens barrel was undermined by the potential imprecision in the implementation 
of applying electrical contacts to the liquid lens and insulating them from the rest of the aluminum 
barrel. The plastic shim stock did not cut as evenly as expected, and the steel round shims had to be 
spot welded onto the cable ends. Both of these factors could cause the liquid lens to be tilted. 
Designing and ordering a custom contact schematic for the liquid lens could solve this problem. 



 Thorough environmental testing 

o Environmental testing along the lines of this project is possible, but at a great cost. The system must 
eventually be proven under environmental duress, but this team did not have the means to support 
such a test.  

 Larger spectral range 

o Ultimately, this system is intended as a multi-spectral imager. The silicon CMOS detector is sensitive 
into deeper regions of the infrared, and it would behoove the designer looking to improve such a 
system to consider broader band antireflective coatings for the optical components. Also, it is 
possible that a new liquid lens would be required here as well, since the current lens may not pass 
very far into the infrared. 

 
System improvements that require additional time 
 

 Complete system characterization 

o With more time, the imaging system can be fully characterized. Most of the testing left undone 
involves the spectral aspect of the design. Testing for multispectral MTF, multispectral light 
throughput, and chromatic aberration are all desired to gain a better understand of how the system 
behaves at different optical wavelengths. 

 Stray light analysis 

o There were no hard requirements concerning the reduction of stray light; however, stray light is a 
problem in any imaging device. A more thorough characterization of the backreflections, stray light, 
and effectiveness of the baffles is desired so that the system may be better understood. 

 Wireless module implementation 

o The addition of more electrical engineering students to the team would increase the chances of fully 
implementing the wireless communication system with the camera. At this point, it is a matter of 
understanding where the error in communication lies, and then debugging from there. 

 
Design changes, in retrospect 
 

 More lightweighting 

o While a heavy lens barrel is beneficial in isolating the glass components from shock loading, it is not 
good when a shuttle launch is taken into consideration. Every gram costs money to launch into 
space, and the system can be significantly lightweighted without a great loss to overall stiffness. This 
would have taken a bit extra effort, but is a necessary step towards making a camera space-
compatible. 

 More OTS components 



o The lead times for the glass components were a limiting factor in the design of the system. If a good 
set of off-the-shelf lenses were found, then the camera could have been assembled weeks in 
advance of the ultimate deadline, leaving plenty of time for system testing. 

 Different liquid lens location 

o Placing the liquid lens sandwiched among 5 other lenses is a dangerous thing. It is the single riskiest 
component in the entire assembly. That is, there is much more than can go wrong with a liquid lens, 
and it is by far the most likely piece to fail. Burying it deep in the barrel assembly makes it 
exceedingly difficult to access if failure does occur. Due to its size, though, there was little choice but 
to have confidence that the design would work as intended. 

 C-mount rather than CS-Mount 

o This is a relatively simple and easy change to make. The C-mount standard is exactly the same as the 
CS-mount save for one parameter that would have saved us valuable design space. Both mounts are 
1” diameter, 32 threads per inch, but the C-mount is nominally 5 mm farther from the image plane 
than the CS-mount. These extra 5 mm would buy us space along the optical axis; this valuable real 
estate may have improved the design considerably. 

 
 
 

 
  



X. Conclusion 
 
The current RISA prototype takes black and white images and uses Matlab as the ground-based operating system.  

The camera utilizes a 30 degree field of view, a spectral range of 350-1100 nm, and utilizes a liquid lens focus 

adjustment, all fulfilling the requirements set by NASA.  The next step in this area would be to implement the 

original objective lens (substituting for the off-the-shelf part), as well as to implement the SPI interface.  A further 

step in this area is to exchange the monochromatic Kodak imaging board for the color Micron imaging board. 

A concept for the wireless system has been developed, using the 802.11g implementation design, and the wireless 

module has been purchased.  The module chosen should fulfill the wireless transfer minimum rate of eight megabits 

per second as well as provide a wireless range of up to 100 meters. 

The proposed final optical system is designed as a CS-mount detector interface.  The lens system is designed to 

perform at an MTF of greater than 50% across the image, which exceeds the requirement of 30% MTF.  The 

aberration content is well contained and the spot diameter falls near the pixel size of 6 micrometers. The next step 

in this area would be to complete a full system characterization, including a multi-spectral MTF, transmission across 

design wavelengths, environmental testing, and calibration of detector color sensitivity. 

Finally, the flight-ready mechanical design has been developed to meet the requirements of environmental 

operation, including shock, vibrations, and temperature.  The mechanical design incorporates an inner enclosure in 

order to reduce the amount of G forces acting on the lens system.  The mechanical enclosure contains the lens 

barrel, temperature sensor, and circuit board, and has been black anodized in order to help prevent stray light 

reflections. 

The majority of the requirements set about for this year’s team were met, and some were even exceeded.  This 

year’s team has greatly improved upon the design both optically and mechanically, and has made strides electrically 

in order to create a wireless system.  Though further work is needed to characterize and continue to improve upon 

the system, a working prototype has been created. 
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Appendices 
 

Appendix A: Engineering Drawings 
 
Figure A1 DrivBoard 60 I2C Schematic 

 
  



Figure A2 Main Circuit Board Schematic 
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Figure A3 Lens Barrel and Sunshade
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Figure A4 Sun Shade 
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Figure A5 Barrel Faceplate 
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Figure A6 Barrel Radial Dimensions

 

 

 

 

 

 

 

0 1.191±.004 

0 1.750±.01O 

5 4 

128~~~~ -------11 I 

These three surfaces 
need at most a 0.0 I i 
thread pi tch, i.e. at least 
85 threads in 

DIMENSIONS ARE IN INCHES 

COMMENTS" 

2 

.080±.004 

DETAIL A 
SCALE 3: I 

0 1.191±.004 

0 .801±.008 

This o-ring groove is for a -019 
a-ring 

Lens Borre I 
Radial Dimensions 



Figure A7 Barrel Lateral Dimensions

 

 

 

 

 

 

 

 

.094±.001 -----I 

.408±.002 ----I 

118 ~~~ ------I 
.638±.002 

.0 lO±.OO I ---11---::......1 

DIMENSIONS ARE IN INCHES 

COMMENTS" 

5 4 3 

.218±.OOO 

.1 35±.002 

f---- 118~~~ 

f------ .128±.002 

2 

Lens Borre I 
Lateral Dimensions 

Barrel Assembly 



Figure A8 Lens Barrel Sides
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Figure A9 Barrel Threading
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Figure A10 Barrel Shell 
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Figure A11 Retainer Rings 
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Figure A12 Spacer Rings 
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Figure A13 Shim Stock Spacers 
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Figure A14 Shim Shaft Washers 
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Figure A15 Enclosure 
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Figure A16 Enclosure Front 
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Figure A17 Enclosure Sides 
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Figure A18 Enclosure Top
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Figure A19 Enclosure Bottom
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Figure A20 Inside Enclosure Front 
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Figure A21 Inside Enclosure Back
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Figure A22 Inside Enclosure Left Side

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

_ _ 0.125 

l 4.125 J 

L 

..c_~ ~-. LJ .. 

0.063 

e - Left ~de Enclosur Insl 



Figure A23 Inside Enclosure Right Side
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Figure A24 Inside Enclosure Top and Bottom
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Figure A25 Mounting Plate
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Figure A26 Sealing Plate
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Figure A27 Image Sensor Mount
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Figure A28 Washers
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Figure A29 Circuit Board Holder 
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Appendix B: Budget and Suppliers 
Part Quantity Vendor Cost 

Radion Module 1 Data Hunter     509.51  

Lens System, with 

coatings 1 JML Optical  5,882.00  

IDC Ribbon Cable 1 Technological Arts      15.00  

Aluminum 6061-T6 80 in^3 
Midwest Steel 
Supply      60.00  

Multi-layer thermal 

insulation blanket 100 in^3 Dunmore     200.00  

Machining of Barrel 1 URIC     520.00  

Retainer Rings   URIC     390.00  

Spacer Rings   URIC     195.00  

Materials/Anodization   URIC     130.00  

Presentation Board 1 UA Library     100.00  

Miscellaneous (washers, 

screws, nuts, bolts, 

contacts, etc)   Ace Hardware     100.00  

        

Total:      8,101.51  
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