
Endoscopic Imaging

Item Type text; Electronic Thesis

Authors Ashpole, Nicole; Adeli, Mitra; Bostwick, Nicholas; Gleason, Benn;
Goldstein, Samuel; Sorenson, Taylor

Citation Ashpole, Nicole, Adeli, Mitra, Bostwick, Nicholas, Gleason, Benn,
Goldstein, Samuel, & Sorenson, Taylor. (2010). Endoscopic
Imaging (Bachelor's thesis, University of Arizona, Tucson, USA).

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 13:57:32

Item License http://rightsstatements.org/vocab/InC/1.0/

Link to Item http://hdl.handle.net/10150/146200

http://rightsstatements.org/vocab/InC/1.0/
http://hdl.handle.net/10150/146200


 
 

 

 

 

Endoscopic Imaging 

 

Submitted By: Team 4373 

Mitra Adeli 

Nicole Ashpole 

Nicholas Bostwick 

Benn Gleason 

Samuel Goldstein 

Taylor Sorenson 

 

Submitted To: 

Mentor: Bill Richards 

Sponsor: Jennifer Barton, Ph.D 

 

Submitted On: April 29, 2010 

 

Interdisciplinary Engineering Design Program 

University of Arizona  



2 
 

Frontispiece 

  



3 
 

Abstract 
 

For our senior design project, the goal was to design, build and fully characterize an endoscope to be 

used for cancer research.  Currently, medications to be FDA approved for cancer treatment, are tested 

on mice, in which the only way to obtain data is to periodically euthanize a portion of the mice and 

perform autopsies to see their colons.  This endoscope will allow cancer researchers to observe the 

distal colons of these mice by allowing researchers to obtain optical coherent tomography, surface 

magnifying chromendoscopy and laser-induced fluorescence images.  
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Team Members and Responsibilities 
 

Mitra Adeli: Primary contact with mentor/sponsor, meeting agenda to be sent to members prior to 

meeting, optical design of the endoscope – back (light sources, camera, OCT detector, etc.), ordering 

and receiving optical and mechanical parts, Gantt chart and Bill of Materials organization.  

   

Nicole Ashpole: keep track of class deadlines, mechanical design of the endoscope, endoscope design 

formatting with SolidWorks, Team contact with Ronnie Fass, M.D. of Gastroenterology at the Tucson VA, 

testing mechanical parts to meet specification, integrate motors and endoscope, test back-end of 

endoscope, design reports (final technical paper and critical design review) and presentation 

organization.  

   

Nicholas Bostwick: Endoscope motor control, OCT control, LIF control, SME control and data acquisition 

and processing, writing the code and error handling, set up meeting for stepper motors, testing 

endoscope with code 

   

Benn Gleason: optical design of the endoscope – back (light sources, camera, OCT detector, etc.), 

assemble back-end of endoscope, testing whole endoscope prototype 

   

Samuel Goldstein: optical design of the endoscope – front (fibers within the endoscope itself), 

endoscope design formatting with FRED and Code V, testing individual optical parts to meet 

specification, assemble fibers, test front-end of endoscope, design day presentation  

   

Taylor Sorensen: meeting minutes to be taken during meetings and sent to members after meetings, 

optical design of the endoscope – front (fibers within the endoscope itself), Team contact with Edmund 

Optics, double check final design, assemble front-end of endoscope 
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1.0 Introduction 

1.1 Project Scope 
During this past year, the team has designed, manufactured, and characterized an endoscopic imaging 

system to be used in the distal colon of mice.  The design shall include an endoscope capable of 

obtaining simultaneous optical coherence tomography (OCT) and surface magnifying chromendoscopy 

(SME) images.  A laser induced fluorescence (LIF) modality was also desired, though not required.  

 

The endoscope itself was purpose-built and the software for an existing OCT subsystem, including 

software, motor control, motion stage, light source, and detector, was integrated into the final 

prototype.  The SME (and LIF) subsystem was designed and integrated into this assembly, including light 

source(s), additional software, and CCD camera (detectors).   Figure 1 shows the endoscope connected 

to the optical subsystems. 

 

Figure 1: Overview of Set-up 

 

The software used for this endoscope is capable of motion control of the endoscope, data acquisition, 

and alignment and correlation of data snapshots.  
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In addition to this design and manufacture, the system was fully characterized.  Specific metrics for 

system capabilities have been determined and implemented including, but not limited to, MTF, spectral 

response, resolution, and speed.  

 

1.2 Mission Statement 
The mission of Team Endoscope is to assist in the battle against cancer and preserve life by increasing 

the efficiency of detecting the effects of research cancer medications within mice through the research 

and development of a working prototype endoscope. 

 

 The Purpose: to increase efficiency of detecting the effects of research cancer medications 
within mice  

 The Business: to do research and develop a working prototype endoscope 

 The Values: to preserve life and increase the patient’s quality of life 
 

1.3 Current Technology and the Problem 
In order for cancer medication to be approved by the FDA, it must first be tested on mice.  The current 

method for analyzing the progression of cancer in mice is to treat a large population of mice with the 

same cancer medication.  At different periods throughout the treatment, a certain number of mice are 

euthanized and then dissected so that their colons can be examined for polyps.  This process is both 

time consuming and expensive and continuous analysis cannot be accomplished; rather the results must 

be inferred. 

 

The method used for scanning for colon cancer in mice in Dr. Barton’s lab, is a process called optical 

coherence tomography (OCT). OCT is an optical signal acquisition and processing method allowing 

extremely high-quality, micrometer-resolution images from within optical scattering media (e.g., 

biological tissue) to be obtained. Compared to other optical methods OCT is able to image significantly 

deeper, in some cases up to three times, than its nearest competitor, confocal microscopy. The shortfall 

of OCT is image contrast. The contrast of an image is determined by the differences in the index of 

refraction of the neighboring tissues. While OCT is great for imaging the tumors caused by colon cancer 

in its late stages, the images of the early cancer stages lack the contrast to distinguish cancerous cells 

from normal, healthy cells since the index of refraction of both cell groups are very similar.9 
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2.0 Requirements and Specification 
In order to solve the sponsor’s problem, all of the requirements and constraints of the project must first 

be fully defined as given in Tables 1, 2 and 3. 

 

2.1 Functional Requirements 
Tables 1 and 2 lists the top level functional requirements as well as a lower level functional requirement 

as described by out sponsor, Dr. Jennifer Barton of the Biomedical Engineering Department and the 

University of Arizona. 

 
Table 1: Top Level Functional Requirements 

Functional 
Requirements 

Customer Importance CTQ (metric) Target Value 

SME Resolution 5 Micrometers 2.5 ± 0.5 micrometers 

Simultaneously take 
images for the systems 

5 Visual Inspection SME, OCT, LIF systems 
image at the same time 

 
Table 2: Lower Level Functional Requirements 

Functional 
Requirements 

Customer Importance CTQ (metric) Target Value 

LIF Integration 3 Visual Inspection Acquire Images 
Simultaneously 

 

2.2 Constraints 
Table 3 displays the constraints defined by this project.  The envelope and the motion of the endoscope 

are defined by the diameter and length of the distal colon of a mouse and the runtime is defined by the 

length of time that a local anesthesia lasts on a mouse.  Tissue can be destroyed at a power level above 

10 mW and in order for the whole colon to be imaged, the endoscope must rotate ± 180 degrees. 

 
Table 3: Project Constraints 

Constraint CTQ (metric) Target Value 

Envelope mm 
cm 

Outer diameter = 2 mm 
Working length = 9.0 cm 

Run Time Minutes Total run time = 45 minutes 

Wavelength nm SME operate at 633 nm 

Motion mm 
degrees 

Incremental motion ≤ 2 mm 
Rotation = ± 180 degrees 

Material Visual Inspection Withstand repeated use in vivo 

Power (source) mW Output Power ≤ 10 mW 

Field of View degrees Full field of view = 22.5 degrees 
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3.0 Design Concepts and Analysis 
 

3.1 Surface Magnifying Chromendoscopy (SME) 

The purpose of the SME modality is to provide a magnified image of the internal wall of the colon. This 

image will be used along with the images from the other modalities to determine the presence of cancer 

or tumors in the colon. The lighting for the SME modality begins with a fiber coupled laser diode. The 

diode lazes at 633 nm with a bandwidth of 10 nm. The light source will be coupled into additional 

fiber(s) which will travel the length of the endoscope. After the light exits fibers at the proximal end of 

the endoscope it will be deviated 90 degrees by a rod prism. The surface of the colon will be illuminated 

and the rod prism will deviate again the beam path by 90 degrees (this time back into the endoscope). 

The image of the surface of the colon will then be magnified by a gradient index (GRIN) lens.  

The GRIN lens will be custom built to provide precisely a magnification of 1.46, which will help to fulfill 

our functional requirement of two to three micron surface resolution (Appendix C). The rear end of the 

GRIN lens will be coupled with the endoscope fiber bundle. The fiber bundle consists of 30,000 fibers 

with an outer diameter of 0.8 mm. The light exiting the fiber bundle will be coupled into an imaging lens 

which will provide further magnification and relay the image to a digital camera which will record the 

images. The magnification by the imaging lens will adjusted so that the image of the colon will 

completely fill the sensor of the digital camera. Per the sponsor’s request the camera will have a high 

response into the near infrared region (approximately 900 nm to 1 micrometer) which will be used for 

our sponsor’s other research purposes. Additionally since the images of the colon will be poorly 

illuminated the camera will be cooled in order to provide an adequate signal to noise ratio.   

 

3.2 Optical Coherence Tomography (OCT) 
The OCT subsystem, as mentioned previously, is an optical signal acquisition and processing method 

allowing extremely high-quality, micrometer-resolution images that involve depth.  This system is 

already used in Dr. Barton’s lab and thus the design can be repurposed to fit the requirements of this 

new design. 

 

In this system the proximal-end of the endoscope is used in the same way as the SME to relay the 

information and light to and from the tissue of the colon.  The receiving system, however, is not a 

camera, but an interferometer which will detect the coherent received light as opposed to the scattered 

light that also gets reflected off of an image.  An interferometer is a device that takes two overlapping 

coherent beams of light and results in an interference pattern that is caused by this superposition 
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between waves11.  Filters and the interferometer strips the scattered light from the received light, 

which, if not filtered would contribute to glare on the image. 

 

3.3 Laser-Induced Fluorescence (LIF) 
The LIF subsystem is not required in this project; however, the team has included the fibers in the 

endoscope.  With the fibers already included in the proximal end of the endoscope, future researches 

will be able to integrate this software. 

 

The LIF system requires a dye that will be injected into the colon tissue of a mouse.  This dye will adhere 

to cancerous or hyperplastic cells and will be illuminated when a laser of 633 nm wavelength excites the 

dye2.  The dye will then fluoresce at a different wavelength3.  This information will be relayed through 

the proximal end of the endoscope in the same way as the SME and OCT are relayed.  The difference, 

however, is that the output is relayed back to a spectrometer that is used for another endoscope in the 

sponsor’s laboratory.  The spectrometer will measure the amount of light emitted by the cancerous 

tissue3.  Filters will be used to assist in eliminating noise from other light sources for the other 

subsystems. 

 

3.4 Alternate Project Designs 
This project is divided into two components: the proximal-end of the endoscope, which consists of the 

aspect of the endoscope that actually goes into the mouse and relays the information; and the back-end 

of the endoscope, which consists of the software and subsystem components that receive the 

information from the endoscope.  The back-end of the endoscope involves set components that can 

only be changed based on which companies the products are obtained from and therefore the back-end 

does not vary in any of the original three designs. 

 

The deviations in the design are therefore found in the proximal-end of the endoscope.  Our first design 

is what was used in the final design, and thus will be explained later.  The following two designs were 

considered for the final design but were discarded due to various factors: 

 

3.4.1 Design 2 

This design involves a fiber bundle similar to the final design except there is capillary illumination rather 

than single mode fibers to illuminate the tissue being imaged.  This design, shown in Figure 2, involves 

using a glass capillary to relay illumination for the OCT, LIF and SME subsystems.  In this figure, yellow 

represents the fiber bundle; light blue, the SME illumination capillary; orange, the OCT fibers; and 
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magenta, the LIF fibers.  The rod prism and GRIN lens would be assembled in a similar manner as in the 

previous design. 

 

Figure 2: Design 2 Fiber Display 

The benefits of this design are that it is easier to assemble because there is no need to fix single small 

fibers to the fiber bundle and the capillary has a potential for higher throughput.  This potential for 

higher throughput was found using FRED software as shown in Figure 3 and Figure 4, which compares 

Design 1 with Design 2.  As shown, from the lines being directed away from the endoscope, there 

appears to be more light coming from the second design. 

 

Disadvantages, however, are that the design would be more expensive and it would be difficult to obtain 

a capillary with the dimensions needed for this endoscope.  It would also be difficult to couple the 

source and the design could potentially be less flexible due to the capillary restricting the ability of fibers 

to be re-directed to the respective back-end components. 

 

3.4.2 Design 3 

This design involves GRIN lenses to relay the light to the colon and images of the colon back to the 

computer and other subsequent devices.  Either the GRIN lens can be cut into smaller pieces and spaced 

to obtain the same throughput (Figure 5); or the GRIN lens could be a single, straight, solid cylinder that 

Figure 4: Design 2 Throughput Measures Figure 3: Design 1 Throughput Measures Figure 4: Design 2 Throughput Measures 
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extends throughout the endoscope (Figure 6);.  As shown, a rod prism would be used in this design as 

well to direct the light coming in 90 degrees. 

 
Figure 5: Single GRIN Lens Relay 

 
Figure 6: Multiple GRIN Lens Relay 

     

A GRIN rod lens relays an image at different conjugates, depending on its pitch, which in turn is 

determined by the rod’s overall length as shown in Figure 7. 

 

Figure 7: Visual of the impact of Pitch on a GRIN Lens 

Benefits of the single GRIN lens is that the plane surfaces of a GRIN lens allow for ease of assembly, has 

good on- and off-axis performance and are small in size.  The latter design requires less glass and smaller 

pieces. 

 

Disadvantages of the single GRIN lens design come from the cost of a GRIN lens because the cost 

increases with length.  Also, the system is rigid and would be more difficult to link to all of the distal 

components, such as a camera and the computer.  The multiple GRIN lens design would be difficult to 

mount, i.e. maintain the set distances between lenses as the endoscope moves in and out of the glass 

envelope. 
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Table 4 displays the Pugh Chart that was used to compare the advantages and disadvantages of the 

design.  The first design has all values set to zero and the following two designs were compared as based 

on the first design. 

 
Table 4: Pugh Chart 

 

Design 1 – 
Fiber Bundle 
with Fiber 
Illumination 

Comments 

Design 2 – 
Fiber Bundle 
with 
Capillary 
Illumination 

Comments 
Design 3 – 
GRIN lens 
RElay 

Comments 

Ease of 
Assembly 

0  1  1  

Cost 0  -1  1  

Motion 
Control 
Complexity 

0  0  -2 

Must move 
lens, 
collimating 
lens along 
with 
endoscope 
to maintain 
focus 

Stability 
(resistance 
to vibration, 
etc.) 

0  0  0 

Dynamic 
focusing 
lens 
susceptible 
to vibration 

Flexibility 0  -1 

Large 
diameter 
illumination 
capillary 
most likely 

-2 
Rigid 
system, no 
flexibility 

Ease of 
detector 
integration 

0  0  -1 

More optics 
required to 
route light 
to detectors 

Ease of 
Source 
Coupling 

0  -1  -1 See above 

Total 0  -2  -4  
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4.0 Final Designa 
 

4.1 Proximal-End of Endoscopeb 
The proximal endoscope design is comprised of the components that are in contact with the sample 

(dimensions given in Appendix C).  This includes a stationary, outer glass envelope used to protect 

optical components of the endoscope as well as the sample and to allow for motion of the other optical 

components when inserted into the sample (as shown in Figure 7). 

 
Figure 7: Proximal Endoscope Solidworks Drawing 

 

Contained within this outer glass envelope is a rod prism, used to deviates the incoming light by 90°.  

This changes the field of view of the endoscope from looking forward, out the end of the envelope to 

sidewise, out the side of the envelope, enabling a complete image of the colon to be obtained by 

rastering the proximal optics through a 360° rotation and 30 mm axial translation. 

Following the rod prism is a gradient index (GRIN) lens, used to provide the desired magnification of the 

sample and focus the light.  This GRIN lens produces an image on the surface of a coherent, imaging, 

fiber bundle located 5.275 mm behind the lens.  To account for this distance, a fused silica (SiO2) spacer 

rod is used.  The rod is lapped and polished to 5.275 mm ± 10 µm and placed after the GRIN lens and 

before the fiber bundle (Table 5 and Appendix C). 

 

                                                           
a
 For a full list of the components used in this endoscope and their respective costs, see Appendix A. 

b
 For Failure Modes and Effects Analysis, see Appendix B 
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Table 5: Lens System Data for Proximal Endoscope Design 

Surface 
Surface 
Name 

Surface 
Type 

Y Radius X Radius 
Thickness 

(mm) 
Glass 

Y Semi-
Aperture 

(mm) 

Obj     0.000   

1 Spacer Sphere Inf Inf 5.2750 SIO2 0.9000 

Stop GRIN Back Sphere Inf Inf 3.8000 SLW18_NSG 0.5850 

3 GRIN 
Front 

Sphere Inf Inf 0.0000  0.9000 

4 Prism 
Back 

Sphere Inf Inf 0.6000 NBK7 0.8375 

5 Prism Fold 
1 

Sphere Inf Inf 0.7600 NBK7 0.8375 

6 Prism Fold Sphere Inf Inf -0.8375 NBK7 1.2400 

7 Prism 
Front 

Cylinder Inf 0.8500 -0.1313  1.0600 

8 Cylinder 
Inner 

Cylinder Inf 0.9500 -0.1000 BAF12 0.8500 

9
c
  Cylinder Inf 1.0500 -0.0200  0.3056 

Image  Cylinder Inf Inf 0.0000  0.3298 
 

 

 All of these components are adhered, one to the next, using UV curing optical adhesive.  The index of 

refraction of the adhesive was chosen to reside between the indices of the two components it is joining.  

In this way, back reflections caused by the Fresnel reflection could be minimized (Equation 1).  Three 

different adhesives were necessary to account for the connections between the rod prism and GRIN 

lens, GRIN lens and spacer rod, and spacer rod to fiber bundle.  In addition the system is designed to 

focus 20 µm into the sample to reduce back reflections from the surface of the outer envelope.  To 

further reduce back reflections, machining slight angles into the connecting faces of the components 

was considered.  This would cause back reflections to be shunted off at an angle and out of the beam 

path.  However, this idea was discarded due to the increased cost and difficult assembly and alignment.   

 
Equation 1: Fresnel Reflection at near normal incidence 

 

These imaging optics produce an image of the sample on the surface of a coherent, imaging fiber 

bundle.  This bundle consists of 30,000 separate fiber cores with a pixel pitch of ~4.5µm which sample 

the image.  Because the desired resolution on the sample was much smaller than this at 2.5µm, 

magnification was necessary.  To satisfy this desired resolution along with the Nyquist sampling theorem 

a magnification of 3.5 was chosen. 

                                                           
c Surface 9 shows the distance from the outer envelope to the focal position, 20µm into the sample.  This only 

holds for the SME mode as the LIF and OCT use different wavelengths and fibers with different NA’s.  The OCT 

focuses ~275µm into the sample and the LIF focuses ~75µm into the sample. 
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Along with the coherent fiber bundle used for the SME mode, additional fibers were included for the 

other modes.  These include a single mode fiber with a 0.22 NA used for illumination for both the SME 

and LIF subsystems, another single mode 0.22 NA fiber for LIF data collection, a Corning Hi 780 

multimode fiber for illumination of the OCT subsystem and a final single mode 0.22 NA fiber for OCT 

data collection.  These fibers will be adhered to around the perimeter of the imaging fiber bundle and to 

the exiting face of the glass spacer rod with UV curing optical adhesived. 

 

4.2 Analysis of Proximal Components 
In order o determine these numbers, several versions of analyses were performed, such as calculations 
using common equations (Appendix D) and using optics modeling software such as FRED and Code 5.  
Figure 8 displays a light ray pattern performed in Code 5 optics software.  In this diagram, the light 
comes in (red) and goes through a spacer rod (lines 1 to 2 as indicated by the top numbers of the figure).  
Lines 2 to 3 indicate the GRIN lens in which the rays are expanded and magnified.  After line 3, there is 
the rod prism, in which the light is deflected 90 degrees.  The image is returned via the blue ray pattern.  
These rays ideally will collimate to a single point right beyond the glass covering. 
 

 
Figure 8: Optical Layout for Proximal Endoscope showing ray bundles from the center and outer edge of the imaging fiber 

bundle 

 
 
Figure 9 indicates the spot diagram for the SME system as given by Code 5 optics software.  As can be 
seen, the closer the image is to the center of being imaged at the center of the fiber bundle, the closer 
together the spots are.  Thus the image will have fewer aberrations.  The further from the center of the 
fiber bundle the image is, the more aberrations appear due to imaging towards closer to the edges of 
the glass envelope rather than through the envelope. 
 

                                                           
d
 More details of the calculations used are in Appendix D 
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Figure 9: SME Spot Diagrams 

 

 

Figure 10: MTF Graph for SME System 

Figure 10 displays the Modulation Transfer Function (MTF) for the SME subsystem.  This graph was 

obtained through the use of Code 5 software.  This graph is used to describe the spatial frequency and is 

used to approximate the best focus of an imaging system6.  For this system, we need a system capable 

of operating at approximately 400 linepairs/minute.  The red line given in Figure 10, shows our SME 

system which operates at around 50% modulation at 400 linepairs/minute, which is enough for this 
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system’s purpose.  The dark blue and black lines display the diffraction limited ideal system and the light 

blue line displays the worst case scenario. 

 

4.3 Distal-End of Endoscope 

4.3.1 Mechanical Design 

Several mechanical components were required to assist with the motion and the stability of the 

endoscope before the fibers could be connected to their respective recording devices.  Figures 11 and 

12 display the layout of the mechanics that connect the proximal endoscope to the distal components of 

the endoscope. 

 

For linear and rotational motion, stepper motors are placed as shown.  The linear motor is connected to 

a stage capable of sliding.  The rotary motor is placed on top of this stage and the endoscope is, in turn, 

connected to it.  In this manner, the endoscope can be rotated as the linear motor slides the stage back 

and forth for a pre-set distance. 

 

Kill switches are set at either end of the sliding stage so that the inner components of the endoscope do 

not extend linearly too far thus risking damage to the optical components.  Wires coming from the kill 

switches and the motors are connected to their power sources and the computer via the wire coupler 

holders shown in the images.  Other components seen in the diagrams are to place the necessary 

motors and kill switches at the appropriate height to be used.  All of this is mounted to an aluminum 

plate (with dimensions displayed in Appendix E). 

 

 

Figure 11: Solidworks Endoscope Layout 
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Figure 12: Endoscope Layout Solidworks Drawing 

 

4.3.2: Optical Design 

Lens system data for proximal endoscope design.  Surface 9 of Table 5 shows the distance from the 

outer envelope to the focal position, 20 µm into the sample.  This only holds for the SME mode as the 

LIF and OCT use different wavelengths and fibers with different NA’s.  The OCT focuses ~275 µm into the 

sample and the LIF focuses ~75 µm into the sample. 

 

The information for the OCT modality is collected and transferred through the 0.22 NA single-mode 

fibers place along the side of the fiber bundle. This information is relayed to an already existing 

interferometer which has been built by our sponsor, Dr. Barton. The interferometer uses a scanning 

reference mirror and a broadband light source to create its high resolution images. No additional work is 

required on the interferometer for this modality since it already meets all sponsor specifications.   All 

images will be stored on a computer via a computer program in C+. 

 

The imaging fiber bundle is the main segue between the proximal and distal optical systems for the SME 

modality. The image of the sample will be formed essentially at the back end of the fiber bundle. This 

image will be collimated by an infinity corrected microscope objective, with a numerical aperture (NA) of 

0.4. The NA of the microscope objective was chosen to be slightly larger than the NA of the fiber bundle 

so that issues with vignetting or light collection could be minimized.  The exiting image will be compiled 

with the SME camera (Figure 13) and stored on a computer via the system’s code. 
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Figure 13: SME Solidworks Drawing 

 

4.3.3 Software Design 

The software of the system controls the motion of the endoscope (both rotary and lateral via stepper 

motors and a rotation motor and their controllers), as well as the detectors used in the three 

subsystems.  Once the images from the three systems are obtained, they will be displayed on a 

computer screen such as in the display shown in Figure 1. 

 

The program itself begins with opening a program called WinView/32, which is a Princeton Instrument 

software that comes with the camera being used for the Surface Magnifying Chromendscopy system.  

The form that appears that opens upon opening the camera, allows for a researcher to set up an 

experiment by allowing them to input whatever settings are required.  These settings include setting the 

area that you are taking images from, where the images are stored, the timing in between taking the 

images, etc. 

 

Upon pushing the “Okay” button, the program runs a macro, which connects the WinView software to 

the C++ program.  The C++ program then operates the motors and runs the experiment by taking the 

images and outputting the images to a GUI (Figure 14).  In this GUI, the SME system can be enabled and 

a variety of different variables can be set.  As shown in Figure 13, three images are recorded as well as 

an A-scan graph which records the spectrum for the OCT system. 
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Figure 14: GUI 
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5.0 System Build 
 

5.1 Method of Component Construction 
The optical system of the SME modality of the endoscope required custom design, specification, and 

fabrication.  For instance the Gradient Index Lens required a very specific length in order to achieve the 

magnification required for the system.  Thus, out GRIN lenses were specified to the length, 3.2 

millimeters and were fabricated by NSG America.  Similarly, the length of the fused silica rod was also 

very specific to ensure that the image focused on the rear plane of this rod.  After unsuccessful attempts 

to find a company to fabricate these custom rods, it was decided that we would be able to fabricate 

these ourselves with the help, resources, and expertise that the Optical Sciences Center has to offer.  A 

stock rod of fused silica with an outer diameter of 1.76 millimeters was obtained from the Chemistry 

Glass Shop on campus.  This rod was cut to blanks of approximately 10 mm and mounted together in a 

bundle to be polished together.  With our polishing method we are able to get these rods to their 

specific length to within 5.275 mm.  Finally, the outer glass envelope was also fabricated on campus by 

the chemistry glass shop after previous suppliers of these envelopes denied our requests for more.  

These envelopes, which have an outer diameter of 2.1 mm and a wall thickness of 100 micrometers, are 

created through glass blowing.  The glass blower heats the initial glass rod and draws it out while 

blowing into it.  This creates a hollow tube of glass.  This method produced good quality yet inexpensive 

outer tubes that meet our requirements. 

The optical components of the endoscope were attached using specified index matching optical 

adhesive.  By index matching between the optical components the effects of back reflections will be 

reduced.  The optical components will be connected to the imaging fiber bundle which is inside of a 

ferrule, the outer covering of the endoscope.  The ferrule is attached to the end of the outer glass 

envelope which encloses and protects the optical components. 

 

5.2 Subsystem Integration 
The three modalities, or subsystems, of the endoscope are integrated into a single working piece of 

hardware.  The collection and illumination optical fibers of the LIF and OCT modes utilize many of the 

optical components of the SME mode.  Furthermore all components are attached in such a way that 

they all move together and acquire data simultaneously.  The 635 nm laser diode source that is used for 

illumination purposes in the SME mode is also used as the excitation source for the LIF mode. 

 

5.3 Tolerance Check and Modification 
The resolution requirements of the imaging system in the endoscope require certain specifications to be 

held within tolerances.   
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6.0 Design Testing 
 

6.1 Testing Procedures and Plan 
The following section outlines the team’s plan in which the endoscope was verified and validated to 

determine that the endoscope meets all of the high and low-level functional requirements and 

specifications.   The outline of the Verification and Validation Test plan and the test results are given in 

Table 6 and Table 7. 

 

Methods: 

Due to the nature of which the endoscope is being used there are no specific health standards that the 

final product must meet.  The endoscope will be used as a research tool and will never be used directly 

for human care, nor patented and sold to the public.  

 

6.1.1 Verification Plan 
 

Table 6: Verification Test Plan 

Requirement  Test  Measurement Procedure  Metric  Expected Result  
Actual 

Result  
Pass / Fail  

Integrate 

linear stepper 

motor control 

into software 

Linear 

Stepper 

Motor 

Run code to determine if motor 

extends endoscope linearly and 

measure distance 

Millimeters 40 mm 40 mm Pass 

Integrate 

rotational 

motor control 

into software 

Rotational 

Motor 

Run code to determine if motor 

rotates endoscope visually 
Degrees ±180 degrees 

±180 

degrees 
Pass 

Image stored 

to file 

System 

Thruput 

Run code to determine if all 

images received are stored to 

file 

Visual 
All images for 3 

systems stored 

Images 

for 2 

systems 

stored 

Pass 
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Hardware 

Component 

Verification 

Hardware 

Connect all devices to ensure 

slide stage, motors, endoscope 

work in unison 

Visual 

All devices (slide, 

motors and code) 

act in unison 

All 

devices 

act in 

unison 

Pass 

Optics 

Component 

Verification 

Optics 

Align all optics components with 

microscope and micrometer and 

verify that light travels through 

connected optics 

Visual 

Light travels 

through connected 

optics components 

Light 

travels as 

intended 

Pass 

 

Verification Equipment 

       Microscope with electronic micrometer 

       Ruler  

   

6.1.2 Validation Test Plan 
 

Table 7: Validation Test Plan 

Requirement  Test  
Measurement 

Procedure  
Metric  Expected Result  

Actual 

Result  

Pass / 

Fail  

SME Resolution  

View Ronchi 

Ruling with 

400 line pairs 

/ mm  

Measure the degree of 

accuracy the SME 

component images a 

target with a 2 ± 0.5 

micrometers image 

Micrometers  
2 ± 0.5 

micrometers  

 2 ± 0.5 

micrometers 
  Pass 

SME, OCT, LIF 

subsystems image 

simultaneously  

System 

Thruput  
Visual Inspection  

Number 

Images  

3 simultaneous 

images 
  Pending    

LIF integration  Spectrometer  

Measure amount of 

light emitting from 

cancerous tissue with a 

luminescent dye  

Nanometers  
Peak at 488 

nanometers  
  Pending    
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Validation Equipment  

       Resolution Target with 2 ± 0.5 micrometers image  

 Metallized Air Force Resolution Chart or Edge Function 

       Microscope with electronic micrometer  

       Spectrometer  

       Sample to be dyed with a luminescent dye   

 

6.2 Test Results 
As shown in Tables 6, the tests all came out passing.  Both the linear and rotational motor were 

successfully integrated and run by a computer program in C+.  All of the mechanical hardware of the 

system was tested and proven to run smoothly together without being hindered by miscellaneous 

components in the design.  The optics components were all glued together under a hood to prevent 

accumulation of dust within the system and thus hindering the ability to take images. 

 

One problem that was encountered was that the fiber bundle appeared to have scratches on the end 

that connects to the camera.  This, fortunately, just requires polishing the end before it connects to the 

camera.  If, however, the scratches are on the end connecting to the endoscope, the endoscope will 

need to be dismantled and polished before being re-assembled. 

 

Table 7, shows the results for the validation testing of the system.  As shown the SME system has been 

shown to have the required resolution.  It was determined that the images of the three systems can be 

taken separately; however, as of this date, it is indeterminate if the images can be taken simultaneously.  

This will be tested prior to the end of the year.  Again the LIF was a lower requirement that we took the 

first steps in determining if the endoscope was capable of using this tool (see following section).  A 

future researcher will fully integrate the system, possibly with existing code our sponsor has for another 

system. 
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7.0 Design Results 
The team has tested our endoscope to determine its capability of taking the images of the three 

modalities separately.  The following images indicate the SME and LIF images and graphs received. 

 

 

Figure 15: Initial Alignment 

 

Figure 15 displays the initial alignment of the imaging optics.  As can be shown, the fiber bundle is 

imaged out to infinity with a microscope objective.  In this image, there is too much magnification as the 

individual fibers can be imaged; however, with the addition of the GRIN lens and rod prism and the 

modification of the settings, the fiber bundle can be used to see images on the other end of the 

endoscope. 

 

 

Figure 16: Fiber Bundle viewed by Microscope Objective 

Figure 16 is a picture of the fiber bundle imaged by just the microscope objective. The image is about 

515 pixels across, which is approximately 830,000 pixels total.  Only 120,000 pixels were required so we 

are above that lower limit. 
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Figure 17: LIF Background 

 

 

Figure 18: LIF Diode 

To determine if the LIF would be functional, the spectrometer to be used for the endoscope was 

connected to the endoscope and the computer.   Figure 17 is a background reading without any sources 

on.  Figure 18 is the result of turning the laser diode on, and subtracting the background image from it. 

The diode is shown to be lasing at ~635 nm.  These results show that the LIF system will be fully 

operational once the code is created to acquire the images.  These images will be a combination of the 

results of these spectrums with respect to their location on the fiber bundle, to create a color coded 

image. 
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Figures 19 and 20 show the results we received from the OCT subsystem of our endoscope (these 

images are of a chemwipe while the aforementioned figures were of just light to test for clarity).  Figure 

19 indicates the images that should be obtained as based off of Dr. Barton's endoscope.  It is an image in 

which the lines of the wipe appear clearly, as well as any creases.  Figure 20 is what was received with 

our endoscope.  As can be seen, the latter image is not as clear as it should be and thus that system 

must be tested further to obtain the same clarity as the older endoscope.  The older endoscope's motor 

did not move as much as the newer one did during the picture and thus this may be a reason why Figure 

20 is not as clear.  If this is the case, the code for the OCT for the newer endoscope needs to be slightly 

modified to obtain a clearer picture.  

 

 

Figure 19: Sponsor's Endoscope OCT 

 

 
Figure 20: Current Endoscope OCT 
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8.0 Recommendations 
Though the goal of this project was to design a dual modality system, build and fully characterize it, 

there are several succeeding steps that can follow the work that has been completed in this past year.  A 

possible next step that can be taken with this endoscope is adding a program for reading the Laser-

Induced Fluorescent images.  The fibers are already integrated into the endoscope for this function; 

however, time prevented the team from creating and testing the program for this modality.  Therefore, 

all that is needed to be done is to integrate the code to actually record and store the images.  Dr. Barton 

has a code already set-up for this modality, which will make this integration simpler to test.  This system 

will need a fluorescent dye that adheres to cancerous tissue in order to test the accuracy of this 

modality. 

 

Currently polyps in the colons of mice can generally start being detected around 2.5 micrometers.  The 

SME system is able to image polyps of this size; however, polyps can be smaller within the colon of a 

mouse.  Therefore, it is possible to increase the resolution of the system by increasing the size of the 

fiber bundle and slightly modifying the other optical components. 

 

Another future step, once the system is fully functional, is to actually use the device on mice that are 

being tested with cancer medication.  With the three modalities, the state of the mouse’s colon will be 

able to be examined for polyps and determine if the research cancer medication results in the reduction 

of polyps. 
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9.0 Conclusions 
Last August our sponsor came to us with a problem to solve: in order for research medication to become 

FDA approved, it must first be tested on mice.  In order to determine the progression of the medication, 

a group of mice must be euthanized and dissected at different intervals throughout the procedure.  This, 

however, leads to discontinuous results that, consequently, must be inferred. 

 

The solution we are implementing is an endoscope with a tri-modality system.  Our goal was to design, 

build and fully characterize an endoscope capable of taking Optical Coherence Tomographic (OCT) and 

Surface Magnifying Chromendoscopic (SME) images.  If time allowed, the team could have incorporated 

a program to take images via Laser-Induced Fluorescence (LIF), however time did not permit its 

integration other than preparing the endoscope for that eventuality. 

 

The OCT program was repurposed from one of our sponsor’s existing endoscopes and the SME 

component was added to our system.  With the assistance of our sponsor and mentor, the team was 

able to successfully achieve one of the goals of our functional requirements denoted at the beginning of 

the project.  The second functional requirement was partly met as the team has determined the 

capability of the endoscope of taking images in all three modalities, however it is yet to be determined if 

the images can be taken simultaneously.  The third requirement is the incorporation of the LIF system, in 

which the code needs to be integrated in the system, but as previously mentioned, the endoscope is 

capable of taking LIF images.  
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Appendices 
 

Appendix A: Team 4373 Budget and Bill of Materials 
 
Table 8: Bill of Materials and Project Budget 

Description Company Part Number  
Account 
Payable  

Quant
ity 

Price Total 

Front-End Endoscope  

  
Outer Glass 
Cylinder 

Chemistry 
Glass Shop on 
campus 

  Engr 498 10 /hr $40.00   $40.00 

  Rod Prism 
From Barton 
Lab 

  N/A 10 N/A N/A 

  GRIN Lens System NSG   
Engr 498 & 
Dr. Barton 

10   $1,000.00   $1,000.00 

  
Imaging Fiber 
Bundle 

Sumitomo IGN - 08/30 Engr 498 10 ft /ft $78.00   $780.00 

  
200µm core 
multimode fiber 

From Barton 
Lab 

  N/A 10 ft  N/A   N/A  

  
8µm core single 
mode fiber  

From College 
of Optical 
Sciences 

  N/A 10 ft  N/A   N/A  

  Shrink tubing 
From Barton 
Lab 

  N/A 3 ft  N/A   N/A  

  Glass spacer 
Chemistry 
Glass Shop on 
Campus 

  N/A ~ 8 N/A N/A 

  UV curing Adhesive 
From Barton 
Lab 

  N/A 1 oz  N/A   N/A  

  Screws  
From Barton 
Lab/ Optical 
Sciences 

  N/A 20 N/A N/A 

Back-End Endoscope  

  
LIF CCD 
Spectrometer 

From Barton 
Lab 

  N/A 1  N/A   N/A  

  HeNe light source 
From Barton 
Lab 

  N/A 1  N/A   N/A   

  OCT light source 
From Barton 
Lab 

  N/A 1  N/A   N/A  

  SME Camera 
Princeton 
Instrument  

PIXIS1024B Dr. Barton 1   $24,999.00 
  
$24,999.00 

  Camera Lens 
From Barton 
Lab 

  N/A 1 N/A N/A 

  Nikon C-mount  Edmund   Dr. Barton 1   $50.00   $50.00 

  
Microscope 
Objective 

Thorlabs RMS20X Dr. Barton 1   $430.00   $430.00 

Translation of Endoscope  

  Translation motor Ultramotion  HT17 NEMA Engr 498 1   $850.00   $850.00 

  
Translation motor 
controller  

Ultramotion  HT17 NEMA Engr 498 1   $310.00   $310.00 
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  Translation stage Newport 433 433 Engr 498 1   $269.69   $269.69 

  Rotation motor 
The Motion 
Group 

4009X 51LA6/32 Engr 498 1   $72.50   $72.50 

  
Rotation motor 
controller 

From Barton 
Lab 

  N/A 1  N/A   N/A  

Placement of Endoscope  

  Aluminum Plate McMaster-Carr 9246K13 Engr 498 1   $19.00   $19.00 

Shipping and handling    $82.52 

Total                                                                                                                   $28,902.71 
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Appendix B: Failure Modes and Effects Analysis 
 

Table 9: FMEA 

Component Function Failure Mode Consequence Cause Mitigation 

Front-End 
of 
Endoscope 

Glass 
Tubing 

Protects optics from 
tissue 

Cracks 

Optics subsystems get 
ruined 

Faulty manufacturing Replace all optics materials 

Damage mouse tissue Excessive pressure Tensile testing before use 

Fiber 
Bundle 

Relays images of 
colon to detectors 

Poorly Spliced Low Throughput 

Poorly cleaved fiber Re-cleave and splice fiber 

Not cleaned before 
splicing 

Make sure cleaned before 
splicing 

Single/Multi 
Mode 
Fibers 

Relays light from 
sources to tissue 

Poorly Spliced Low Throughput 

Poorly cleaved fiber Re-cleave and splice fiber 

Relays light from 
tissue to detectors 
for LIF/OCT systems 

Not cleaned before 
splicing 

Make sure cleaned before 
splicing 

GRIN Lens 
Front-end 
magnification 

Incorrect 
magnification 

Incorrect resolution Faulty manufacturing Replace GRIN Lens 

Abberations Poorly Assemled 
Further image processing 

Use a hood when putting 
pieces together 

Misalignment Abberations Poorly Assemled Replace GRIN Lens 

Rod Prism Deviates beam path 
Incorrect 
deviation angle 

Off-axis 
imaging/aberrations 

Faulty manufacturing 
Further image processing 

Replace Rod Prism 

    

Back-End 
of 
Endoscope 

Camera Acquires images 

Aliasing 
Incomplete images 

Faulty design 

Replace camera with new 
camera with better pixels 

Missing information Demagnification 

Does not take 
images 

Information not 
acquired 

Faulty manufacturing Replace camera 

Code errors Re-visit code 

Light 
Source 

Illuminates tissue 

Too much power Destroy tissue sample Faulty design 

Use neutral density filters 

Test power of light coming 
out before create full 
assembly 

Check connections 

Does not turn on 
No illumination for 
tissue 

Over-use Replace light source 

Faulty manufacturing Replace light source 

Bad connections Check connections 

Not enough 
illumination 

Poor imaging Faulty design Re-visit design 
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Component Function Failure Mode Consequence Cause Mitigation 

Back-End 
of 
Endoscope 

Ultra 
Motion 
Motor 

Linear translation of 
endoscope 

No movement One image location  
Motion control box 

Re-visit code 

Check connections 

Replace motion control box 

Faulty manufacturing Replace ultra motion motor 

Moves too far, 
too fast 

No image overlap Code errors Take more images 

Missing information Faulty manufacturing 

Take more images 

Recalculate number of steps 
per centimeter 

Test linear translation before 
create full assembly 

Break endoscope's glass 
tubing and/or optics 

Code errors 
Recalculate number of steps 
per centimeter 

Assembly errors 
Test linear translation before 
create full assembly 

Rotational 
Motor 

360 degree rotation 
of endoscope 

No movement 
Image of only one 
section of colon 

Motion control box 
Check connections 

Replace rotational control 
box 

Code errors Re-visit code 

Faulty manufacturing Replace rotational motor 

Moves too far, 
too fast 

Missing information 
Code errors 

Re-visit code 

Recalculate number of steps 
per degree 

Faulty manufacturing Replace rotational motor 

Non-sequential 
information 

Code errors 

Re-visit code 

Recalculate number of steps 
per degree 

Faulty manufacturing Replace rotational motor 

Back-End 
of 
Endoscope 

Computer 

Runs code 
Computer 
crashes 

Loose code Old computer 

Save code in multiple 
locations 

Replace computer 

Compiles images 
sequentially 

Computer 
crashes 

Loose code Old computer 
Save code somewhere else 

Replace computer 

Code 

Runs cameras 
Fails to initialize 
cameras 

No imaging Code errors Re-visit code 

Runs motors 
Fails to initialize 
motors 

No movement Code errors Re-visit code 

Compiles image 
Matrix array 
wrong 

Incorrect display Code errors Re-visit code 

No LIF or OCT images Code errors Re-visit code 

Endoscope will not 
function properly 

Code errors Re-visit code 

Alignment 
Transfer images 
from colon to 
subsystems 

Misalignment 

Poor imaging 

Incorrect 
measurements 

Double check measurements 
before cutting 

Realignment 

Bad connections Check connections 

Fail to acquire image 
for a subsystem 

Incorrect 
measurements 

Double check measurements 
before cutting 

Realignment 

Bad connections Check connections 
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Appendix C: Proximal Endoscope Dimensionse 
 

Glass Envelope 

 
Figure 21: Glass Envelope Solidworks Drawing 

 

 

GRIN Lens 

 

Figure 22: GRIN Lens Solidworks Drawing 

                                                           
e
 Dimensions unless otherwise stated are in millimeters 
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Endoscope Shaft, Ferrule 

 
Figure 23: Endoscope Shaft Solidworks Drawing 

 

Fiber Bundle and Coupled Fibers 

 

Figure 24: Fiber Bundle Solidworks Drawing 
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Rod Prism 

 

Figure 25: Rod Prism Solidworks Drawing 

Spacer Rod 

 
Figure 26: Spacer Rod Solidworks Drawing 
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Appendix D: Proximal-End of Endoscope Calculations 
 

Fiber Bundle 

In order to satisfy Nyquist Sampling Theorem, we need a minimum of 2N pixels in the horizontal and 

vertical direction, where N is essentially the number of fibers in our imaging fiber bundle. Therefore, as a 

general rule of thumb we need: 

 

 2*2*30,000 pixels 

 

This is to accurately resolve the image produced by the imaging fiber bundle. In order to use this many 

pixels for imaging the fiber bundle, we will have to magnify the image to several times its original size. 

Our first element, an infinity corrected microscope objective, will magnify the image to 20 times its 

original size. Following the microscope objective, there will be a beam expander to further magnify the 

image. The magnifying power (MP) of the beam expander is determined by the ratio of the focal lengths 

of the two lenses involved:  

 

 𝑀𝑃 =  −
𝑓1

𝑓2
 

 

 By definition if  𝑀𝑃 > 1 the expander magnifies and if  𝑀𝑃 < 1 the expander minifies.  The two 

lenses we chose had focal lengths of 300 mm and 50 mm respectively. This gives us a magnifying power 

of 6 for the expander. Our total magnifying power for the system is then 120. This magnifying power is 

more than enough to ensure the ~4.5 micron fibers are imaged by enough pixels on the detector.  

 

In actuality, the magnification is considerably too large, as we are only able to image part of the fiber 

bundle do to vignetting issues and detector size. The magnifying power of the beam expander will be 

reduced so that the fiber bundle can be imaged in its entirety.  
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GRIN Lens Magnification 

Assumptions: 

 NA > 0.35 

 Diameter of fiber = 0.8 mm  Radius = 4.40 µm 

 Number of pixels = 30,000 

 Resolution < 2.5 µm 

𝜂 =
𝜋

 12
 = packing density 

𝐴𝑓𝑖𝑏𝑒𝑟 = 𝜋  
𝐷

2
 

2

=  𝜋  
0.8 𝑚𝑚

2
 

2

= 0.5027 𝑚𝑚2 

𝐴𝑝𝑖𝑥𝑒𝑙 =
𝜂𝐴𝑓𝑖𝑏𝑒𝑟

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠
=

𝜋

 12
(0.5027 𝑚𝑚2)

30,000
= 1.52 ∗ 10−3 𝑚𝑚2 

𝑟𝑝𝑖𝑥𝑒𝑙 =  
𝐴𝑝𝑖𝑥𝑒𝑙
𝜋

=  
1.52 ∗ 10−3

𝜋
= 2.19 ∗ 10−3 𝑚𝑚 = 2.19 𝜇𝑚 

𝑀𝑎𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 ≥  
4.40 𝜇𝑚

2.5 𝜇𝑚
= 1.76  
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Appendix E: Distal Endoscope Dimensions 
 

Aluminum Plate 

 

Figure 27: Aluminum Plate Solidworks Drawing 


