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ABSTRACT 

 

The present dual field of view flexible colonoscope can provide both forward view 

and radial or backward view of the colon to improve detection of cancerous polyps. The 

colonoscope has its own illumination that illuminates the parts of the colon viewed by 

imaging optics. The optical system, limited only by the diffraction effects at the exit pupil 

over the entire visible spectrum, can provide high resolution and is suitable for color 

imaging. The flexible colonoscope has an on-board sensor at the proximal end of the 

colonoscope to improve resolution. The proximal end of colonoscope measures only 8 mm 

in diameter and 20 mm in length. The present colonoscope has the potential to be scaled 

down to as small as 6 mm inner diameter from the present 8 mm. 
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1 Introduction 

 Colorectal cancer is the third leading cause of death due to cancer related deaths in 

the United States among men and women and the second leading when both sexes are 

combined [1][2].  Overall the life risk of developing colorectal cancer is about 5% depend ing 

on age, personal and family history.  90% of the people diagnosed with colorectal cancer 

are over 50 years of age. However, detecting it in early stage by repeated screening in 

people over 50 years age could prevent the incidence. [1]. 

1.1 Requirement for forward and backward looking colonoscope 

Most of the cancers develop in the adenomatous polyps that grow on the inner 

lining of the colon called lumen. Polyps can measure from a fraction of millimeters to few 

centimeters across the diameter. Large polyps measuring 0.5-4 cm in diameter can lead to 

adenoma-carcinoma sequence. Adenoma is a pre-cancerous polyp or growth on the inner 

lining of the colon. There are several screening methods for early diagnosis of colorectal 

cancer: sigmoidoscopy, colonoscopy, CT colonography, double-contrast barium enema 

among others. Among all these methods only colonoscopy can be used in polypectomy or 

biopsy of other abnormal tissues from the colon.  

When adenomas are missed during colonoscopy, it is often because they are located 

behind haustral-folds and flexures where   they   are   difficult   to   detect   with   the   forward  

viewing colonoscope [4]. The study [3] as well as many others that have used the tandem 

(same day back-to-back) examination design demonstrates that any second-look 

examination (even using standard white-light colonoscopy alone) increases adenoma 

detection rates and detection of high-risk lesions. The study [4] showed that use of a 

retrograde-viewing   device   during   colonoscopy   can   significantly   increase   the   adenoma  

detection rate.  

The retrograde-viewing device [4][6] is a separate optics module that is inserted 

through the biopsy channel to  end of the colonoscope and bent back to capture the rear 

view of the colon. This scope can only provide backward viewing capability and depends 

on other cameras for simultaneous forward viewing. 
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The present work of my thesis project is to explore the feasibility of designing and 

developing a dual field of view optical system for colonoscope. 

The present dual field of view flexible colonoscope can provide the forward view 

and radial view or backward view of the colon to improve detection of cancerous polyps. 

The colonoscope has its own illumination that illuminates the parts of the colon viewed by 

imaging optics. The performance of the optical system limited only by the diffract ion 

effects at the exit pupil over entire visible spectrum provides high resolution and is suitable 

for color imaging. The flexible colonoscope has an on-board sensor at the proximal end of 

the colonoscope to improve resolution. The proximal end of colonoscope measures only 

8mm in diameter and 20 mm in length. The present colonoscope has the potential to be 

scaled down to as small as 6-mm inner diameter from the present 8 mm. 

 One challenge in scaling down the design is the quartz tube used for illumination 

that introduces more off-axis aberrations in the radial view as its inner diameter becomes 

smaller. However, the entire optical system can be scaled down if additional lens 

components are used to balance the aberrations introduced by the quartz tube in the radial 

view. This may increase the overall length beyond the current optical track length. 

 

 

 

2 Design method 

2.1 Imaging 

2.1.1 Physical dimensions of the colon for deriving of first-order optical 

properties 
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The colon is about 5ft long and its diameter is not the same along its length. Inner 

diameter of adult ascending colon is in the range 27-71mm, transverse colon is 21-65mm, 

descending colon is 20-50mm and sigmoid colon is 23-55mm [7]. An average colon 

diameter of 40mm is used in the design of imaging optics for radial view imaging and a 

corresponding forward distance of 20mm is used for forward imaging. 

 

2.1.2 Thin lens forward view design: Retrofocus lens 

Forward and radial view designs are derived from a retrofocus lens. A retrofocus or 

telephoto lens consists of a negative front group and a positive rear group with an air gap 

separating them. This lens usually has back focal length longer than focal length. This 

configuration came into existence with the use of a negative element at front focus of 

camera objective in order to increase the back focal length without changing the total power 

so that a prism or mirror can be inserted near the focal plane [9].   

A retrofocus lens or telephoto lens is an ideal choice for achieving higher field of 

view. For a radial or rear view the optical system should have field of view wider than 180o 

so that rays from behind the system can be captured.  However, achieving field of view as 

high as 280o is difficult without increasing the size of the first lens. The present design uses 

a retrofocus lens design with moderate field of 160o and splits the fields in half between 

forward and rear views by means of a catadioptric lens. The first lens in the design is the 

catadioptric lens (Figure 2.1). Half of the FOV is dedicated for the forward view and the 

other half for the radial view. This way, the system can provide forward and back ward 

views without having to design an extreme wide angle lens. The forward view lens forms 

the image on the inner area around axis of the sensor and radial view images onto annular 

area in outer part of sensor (Figure 2.1). On the sensor these split fields occupy equal areas.  

The retrofocus lens is not symmetric about the stop. Correction of coma (W131), 

distortion (W311) and lateral color (G𝞴W111=𝑦𝑦∆∅) are relatively difficult compared to 

systems that are symmetric about stop because of their linear or cubic dependence on the 

pupil size. 
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Here y,  𝑦  and ∆∅ are the marginal ray height in the exit pupil, chief ray height in the 

image plane and chromatic change of power respectively.  In systems that are symmetr ic 

about the stop, aberrations before stop cancel the aberrations after the stop. Due to this, the 

sum of the surface contributions to aberrations is reduced. In a retrofocus lens distortion is 

also large and correcting it optically would make other aberrations even more difficult to 

correct. Because distortion can be corrected electronically it is not corrected in the optical 

system. This leaves coma and lateral color as the other dominant aberrations. Due to a short 

focal length the change of chief ray slope (𝑦∆∅) with wavelength is very small making the 

lateral color also very small.  
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A thin lens retrofocus lens is constructed from air spaced doublet that meets power  

(∅), axial color (G𝞴W020) and Petzval curvature (W220P) as described by the following 

equations. 

∅ = ∅ + ∅ −𝑇∅ ∅ ,    (2.1) 

𝜕 𝑤 = ∅ + ∅ = 0,    (2.2) 

𝜕  𝑤 = ∅ + ∅ = 0.    (2.3) 

Since the retro-focus lens is characterized by their short focal length and long back 

focal length, a starting value of 0.7mm is used for focal length. For a total power (∅) of 

1.42 mm-1 and 5.16mm thickness (T) with an initial power (∅ ) of -0.57 mm-1 for first thin 

lens in Equation (2.1) gives the power (∅ ) of second thin lens as 0.5 mm-1. PMMA is 

chosen as the material for the first lens. Plastic material PMMA will be helpful in 

converting this lens into a catadioptric element with four different radii during radial view 

design. More of this is discussed during radial view design. With powers already known 

marginal ray heights y1 and y2 are determined to be 1.0 mm and 1.24 mm with a paraxial 

ray trace. Substituting Abbe number (V1) 57.44 for PMMA, powers and marginal ray 

heights calculated above in Equation (2.2) and solving provides the Abbe number of second 

thin lens as V2=33.39. N-SF2 with Abbe number 33.82 is the material closest to the solution 

from Schott glass catalog. Substitution of the powers, index and value of the Lagrange 

invariant (L=0.02), determined from paraxial ray trace above, into Equation (2.3) reveals 

that this thin lens design has slightly outward bent Petzval curvature W220P=-0.015𝜆  

(Figure 2.2a). The Petzval curvature defines the base curvature of image surface in the 

absence of astigmatism and depends only on choice of materials and powers. Because of 

this, Petzval curvature is considered during the thin lens design. As expected due to non-

symmetry about the stop, coma (W131= 9.3𝜆) is the dominant off-axis aberration followed 

by astigmatism.   The lateral color is very small due to the short focal length.  
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If required the back focal distance (B) can be increased so that a band pass filter 

can be inserted closer to the image plane for color imaging. Equation (2.1) can be 

rearranged to solve for the powers of individual thin lens for a given ‘B’ and separation ‘T’ 

between the lens. 

∅ =   ∅  ,     (2.4) 

∅ =   ∅     ∅  
∅      .    (2.5) 

An increased back focal distance puts less power in the first negative lens and more power 

in positive second lens. This bends the Petzval surface from outward to inward.  

So far no effort has been made to correct for spherical, coma and astigmatism. In 

order to correct for these aberrations and convert this thin lens design into realistic thick 

lens, the thin lens is optimized by splitting the rear group into a triplet with cemented 

doublet as the center element for preserving the color balance achieved in the thin lens 

design (Figure 2.2b). Triplet design provides enough degrees of freedom in terms of 

number of curvatures, refractive indices and thickness of the lens to improve the 

performance. Negative edges thicknesses are avoided by controlling the center thickness. 

Hyper-hemispherical surfaces are avoided by controlling curvatures. Real image heights 

are used as fields.  The choice of PMMA enables the use of an even asphere, since the 

second surface can be cut using diamond turning machine 

Before further discussing the optimization method, resolution requirements are discussed. 
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(a) 

 

 

 

 

 

 

(b) 

Figure 2.2: (a) Thin lens retrofocus design. Seidel aberration coefficients in waves and 

various thin lens design parameters are shown in the graphic. (b) Rear lens converted to 

split triplet configuration. 
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2.1.3 Resolution 

The resolution of an imaging system is fundamentally limited by diffraction effects 

at the exit pupil of the system.  Due to diffraction, an ideal imaging system free from 

aberrations cannot form a point image of a point object. Due to diffraction at the exit pupil 

the ideal lens images point object as a blurred spot. The amplitude variation in the image 

plane due to the diffraction effects can be characterized by the point spread function (PSF). 

The amplitude variation in the image plane due to a coherent source can be described by a 

coherent point spread function (PSFcoh) and the irradiance variation by an incoherent point 

functions (PSFincoh) as given below. 

         𝑃𝑆𝐹 (𝑥,𝑦) = ℎ(𝑥, 𝑦),                (2.7) 

         𝑃𝑆𝐹 (𝑥, 𝑦) = |ℎ(𝑥,𝑦)|     (2.8) 

 

The PSF is given by the Fourier transform of the exit pupil of the imaging system as 

derived here.  

A unit amplitude diverging waterfront from an on axis point object undergoes 

diffraction from exit pupil P (xs, ys) defined in the plane at (xs, ys, 0) and forms as an image 

in the plane at point (x, y, z0). The distance rs from the point (xs, ys, 0) in the pupil plane to 

the point (x, y, z0) in the image plane can be written as, 

𝑟 = (𝑥 − 𝑥  ) + (𝑦 − 𝑦) + 𝑧                   (2.9) 

For  𝑟 ≫ 𝜆, the wavelength of the source being imaged, PSF in the in the image plane can 

be given as [8] 

ℎ(𝑥, 𝑦) = 𝐵∬𝑃(𝑥 ,𝑦 )𝛾 𝑑𝑥 𝑑𝑦                 (2.10) 

Where B is a constant given by 𝐵 = −𝑗/𝜆 and where 𝛾  is the obliquity factor given by    

𝛾 = 𝑧 /𝑟 .      
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For  𝑧 ≫ 𝑥 , 𝑥, 𝑦 , 𝑦 ,rs in the phase term in Equation (2.10) can be expanded using 

Taylor series and truncated to second order terms while rs in the denominator can be 

approximated as 𝑟 ≈ 𝑧 . With this approximation, Equation (2.8) becomes, 

ℎ(𝑥,𝑦) = 𝐷  𝑒 ( )/ ∬𝑃(𝑥 , 𝑦 )  𝑒 ( )/ 𝑑𝑥 𝑑𝑦           (2.11) 

The exponential phase curvature term in the front of Equation (2.9) can be ignored for a 

small point image and D is constant such that h(x, y) is unity at maximum.  

ℎ(𝑥, 𝑦) = 𝐷 ∬𝑃(𝑥 , 𝑦 )  𝑒 ( )/ 𝑑𝑥 𝑑𝑦              (2.12) 

Finally, the amplitude variation in the image plane due to unit amplitude diverging 

disturbance incident on the exit pupil can be written as scaled Fourier transform of the Exit 

pupil function as given in Equation (2.12). 

For a circular exit pupil, the PSF is an Air pattern given by 

ℎ(𝑟) = 2    ( )                         (2.13) 

where J1 is first kind, first order  Bessel function and 𝜈 = 𝑘  𝑟  𝑛sin 𝜃 = 𝑘𝑟𝑁𝐴. Here 𝑘 =
2𝜋/𝜆   is the wave vector and 𝑁𝐴 =   𝑛 sin 𝜃 is the image space numerical aperture. 

According   to  Rayleigh’s   Resolution   criterion   the  two  closely   spaced  points   can    be  resolved  

if the maximum of irradiance distribution due to one point falls on the first minimum due 

to the other point in the image plane.  Following Equations (2.8) & (2.13) the irradiance 

PSF for two just resolved points can be written as [8] 

𝐼(𝜈) = 4    ( . )
. +    ( . )

.                     (2.14) 

because the Airy pattern has first zero at  𝜈 = 3.832  𝑎𝑛𝑑    𝜈 = 𝑘𝑟𝑛 sin 𝜃 = 2𝜋𝑛  𝑁𝐴/𝜆 , 

the separation between the two points can be given as 

      ℜ = .                 (2.15) 
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With an image space NA of 0.2 (Table (1)) at 587nm wavelength the system has diffract ion 

limited resolution of 1.8µm. This is better than the 3µm pixel pitch on the CMOS sensor 

(Figure 2.3). The slight over specification of resolution is required even if the design is 

nearly diffraction corrected because fabrication and alignment tolerances degrade the final 

performance of the system. Tolerancing is considered in section 3           ” Tolerancing the 

Optical   System”. 

 

 

 

 

 

 

 

(a) 

 

(b) 

Figure 2.3: (a) Spectral response of the Omni-vision OV-6930 sensor. The spectral 

response is wider than the visible spectrum over which the design is optimized. (b) Optical 

Characteristics of the sensor 
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2.1.4 Forward view design: Optimization  

Discussion of optimization is resumed here from section 2.1.2. Image heights are 

used as fields. Referring to Figure 2.2b, the stop is placed close to the second lens and is 

allowed to change its position between second and third lens. This allowed some freedom 

for correction of coma as the stop is shifted [17]. I the final design, however, the stop is 

moved to the vertex of second lens so that a mechanical stop can be placed. A curved 

surface of 20mm is used instead of a flat surface as an object during a few initial iterations 

of the design. This helped to restrict the object distance from increasing indefinitely at full 

field. As the field increased in retrofocus design the entrance pupil changes in shape 

(anamorphic distortion)  the size (magnification) as shown in Figure (2.4) due to aberration 

of the pupil [15][16][17]. If the off-axis rays were aimed at on-axis entrance pupil, the rays 

would be completely blocked. The pupil must move to the front and orient slightly in order 

for the off-axis rays to enter the aperture stop. During the initial design stage pupil shift 

factors are used under the ray aiming feature in ZEMAX [14] to improve ray aiming to 

account for pupil aberrations. The ray aiming feature only helps to locate the pupil during 

initial optimization but cannot correct for the aberrations of the pupil. 

The sag of an Even-aspheric surface up to 10th order can be described by the 

following expression.  

𝑍 = ( ) + 𝐴 𝑟 + 𝐴 𝑟 + 𝐴 𝑟 + 𝐴 𝑟         (2.16) 

where C, r and k are radius of curvature, radius of aperture and conic constant respectively. 

In this expression the first term represents the sag of the base surface and the even ordered 

terms refer to the sag departure from the base surface. Spherical surface (k=0) is used as 

the base surface in the design.  

The field is measured in millimeters across the sensor instead of angular units in 

object space. The CMOS sensor measures 1.2mmx1.2mm with 400x400 pixels and 3µm 
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pitch. The full size 1.2 mm is considered as the full field. For finite conjugate systems, the 

image height can be converted to size of the colon being imaged using Lagrange invariant.   

𝑛𝑦 sin 𝑈 = 𝑛′𝑦′ sin𝑈′         (2.17) 

Where n,𝑦 and U refer to index, chief ray height and real marginal angle in object space 

while primed quantities refer to respective parameters in image space. However, severe 

deformation of the pupil with field limits the usage of Equation 2.17 to a small area around 

the optical axis.  

 

                 

 

 

 

 

 

 

 

 

Figure 2.4: Forward view design. Entrance pupil is moved to the front of the lens, shifted 

away from optical axis laterally and also compressed in size as the field is increased. For 

initial ray aiming the values of pupil shift and compression values were used. The location 

and size of the exit pupil did not change with field.  

 

Exit Pupil 

Entrance pupil shifted to 
the front, compressed and 
tilted with increasing field 
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Because the radial view design is derived from the forward view design by 

modifying first lens as a catadioptric lens, the latter is optimized over entire field of 

0.612mm required for forward and radial views. This way the starting design for radial 

view will be nearly optimized. For further improvement, the radial view design has radii 

R3 & R4 (Figure 2.1) on the catadioptric lens and aspheric coefficients A4 & A6 (Figure 

2.5) on the last PMMA lens (Lens5) as variables. 

The image space F-number (F/#) is controlled during the forward view design. In 

Zemax image space F/# is defined for infinite conjugates. For finite conjugates a working 

(F/#)w should be used. F-numbers for finite and infinite conjugates are related to each other 

through paraxial magnification. 

(𝐹/#) = (1 −𝑚)  𝐹/#               (2.18) 

Where the magnification m is given by ratio of objects and image space numerical apertures  

𝑚 =                           (2.19) 

With Equation (2.19) in Equation (2.18) and rearranging, the image space numerica l 

aperture (𝑁𝐴 )can be expressed in terms of F/# as below 

𝑁𝐴 = 𝑁𝐴 − /#                     (2.20) 

The present system works at F/# of 2.4. With 𝑁𝐴  of 0.006 in Equation (2.20) the image 

space numerical aperture 𝑁𝐴  is 0.21. 

Other aperture types in Zemax like float by stop size were used to restrict the pupil size. 

However, during the optimization the stop moved to the front where the entrance pupil is 

located in order to improve ray aiming. Because of this there was a little control on the 

resulting F/# of the system.  
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(a) 

 

(b) 

Figure 2.5:  (a) Magnified view of even aspheric surface. (b) Sag of even-aspheric surface 

on PMMA Lens. Fields below 0.43mm on the sensor correspond to forward view. These  

fields partially fill the aperture on the aspheric lens.  
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The coefficients of 4th and 6th order terms (Figure 2.5b) are only varied in improving 

the forward view design while 8th and 10th order terms (A8 and A10) are held at zero (Figure 

2.6a).  During the radial view design the coefficients of 4th and 6th order terms are held 

same as forward view design while coefficients of 8th and 10th order terms are varied.  The 

addition of 8th and 10th terms does not contribute much to the sag of the surface with in the 

zone on the even aspheric lens used by the forward view fields. However, these terms help 

to improve the performance of radial view fields by contributing to the sag of the surface 

in the outer zone of the lens (Figure2.5). As shown in the Figure 2.5, radial view fields 

corresponding to 0.432mm to 0.612mm on sensor occupy the annular aperture with radii 

0.35 to 1.0mm on the aspheric surface while radial fields lie with in clear aperture of radius 

0.50mm.  The slight overlap between the radial and forward views is tolerable during 

optimization because the sag variation is very small. However, the final optimized design 

will have better performance in radial and forward views with all the coefficients present 

simultaneously. Performance of the forward design with 4th and 6th order terms and with 

4th through 8th order terms are shown in Figure 2.6.  

  

2.1.5  Radial view design: Optimization  

 The same lens design is used in forward and radial views except that the first lens 

is converted to a catadioptric lens (Figure 2.1).  The sensor should be held in the same 

position in both of these views. This requires maintaining the same back focal distance and 

focal length (Table 1). The additional radii R3 and R4 in the radial view require to be 

changed to maintain the focal length. The initial radius of R4 is calculated by making R3 a 

flat surface and equating the power of the catadioptric lens in forward and radial views.  

     𝑅 = 2𝑛      ( )
( ) ( )

            (2.21) 

From forward view design data (Table 2) R2=11.945mm, R1=-0.887mm, t=2mm and 
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index n=1.491 for PMMA in Equation (2.21) gives initial value of R4 as 42.9mm. The 

optimized value of R4 is 40.598mm (Table 2). The slight difference in the calculated and 

  

 

(a) 

 

(b) 

Figure 2.6: Forward view design. (a) Optimized with fourth and sixth order even-aspheric 

terms. (b) With all orders of even aspheric terms: fourth, sixth, eighth and tenth orders 

terms. 
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optimized value is because the thickness (R1 to R4) of the catadioptric lens and focal 

lengths are optimized with the objective of better performance in same focal plane rather 

than keeping focal length same.   

Table1: First-order optical properties of optical system in forward and radial views 

Specification Forward   View Radial  View 

Focal   length   (mm) 0.68 0.66 

Object  distance   (mm) 20  (Along   axis) 20  (Perpendicular   to  Axis) 

Image   Space  NA 0.20 0.20 

Object  space  NA 0.006 0.006 

Image   height   (mm) 0-0.432 0.412-0.612 

Total   Length(mm) 11.24 11.24 

Back  focal   distance   (mm) 0.28 0.28 

 

 The luminal wall of colon imaged by the radial view design is parallel to the optical 

axis unlike many optical systems where the object fields are generally considered on a 

plane at right angles to the optical axis.  Because of this the rays originated from the lumina l 

wall arrive at the pupil at right angles and fail to enter the entrance pupil. A design method 

is developed to work around this problem. During final optimization of radial view design, 

the fields are arranged into multiple configurations and each field is converted into 

equivalent distance along the optical axis. Now the rays corresponding to each field appears 

to be coming from an object plane at right angles to the optical axis and the software will 

not have trouble locating the entrance pupil. Final radial view design is shown in Figure 

2.7. This design utilizes all (A4 through A8) aspherical coefficients.  The nominal design 

performance simulated with USAF 1951 resolution target is shown in Figure 2.8. On the 

resolution chart the line pairs are arranged into groups and elements. In each group, the 
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elements are arranged in pairs of three in vertical and horizontal directions and increase 

frequency from top to bottom. The first element in each group is arranged to the bottom 

right corner. The frequency due to each element can be expressed as: 2 [Group + (Element-1)/6]. 

A group 1 element 5 corresponds to a frequency of 3.5 cy/mm. 

 

 Table 2: Design data 

Forward Design Data  Radial Design Data 
Radius Thickness Material  Radius Thickness Material 

INFINITY 20.00 AIR  INFINITY 20.00  
-11.945 0.80 PMMA  INFINITY 0.67 PMMA 
0.887 1.30 AIR  40.598 -0.70 MIRROR 
-3.973 2.40 S-NPH2  -0.887 -1.30  
-2.395 0.00 AIR  3.973 -2.40 S-NPH2 

INFINITY 0.61 AIR  2.395 0.00  
9.395 1.03 S-NPH2  INFINITY -0.61  
1.400 1.00 S-LAL54  -9.395 -1.02 S-NPH2 
-3.530 0.14 AIR  -1.400 -1.00 S-LAL54 
2.292 2.40 PMMA  3.530 -0.13  

-1.342c 0.12 AIR  -2.292 -2.40 PMMA 
INFINITY 0.60 N-BK7  1.342* -0.12  
INFINITY 0.25 AIR  INFINITY -0.60 N-BK7 
INFINITY 0.00 AIR  INFINITY -0.25  
    INFINITY 0.00  

 
c Even-Asphere with coefficients: 
A4= 1.2700E-01 
A6= -9.800E-03  
A8=   5.055E-03 
A10= 6.747E-03  
*The sign of the coefficients is 
opposite in radial view data 
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(a) 

 

 

 

 

 

 

 

(b) 

Figure 2.8:  Image simulation of the USAF 1951 resolution target in (a) forward view (b) 

radial view at full filed. Field units changed from image height to angular units for 

simulation. The diagonal size is 1.2mm and the pixel pitch is 3µm same as CMOS sensor 

with 400x400 pixels. 

UNIVERSITY OF ARIZONA
COLLEGE OF OPTICAL SCIENCES
1630 E. University Blvd., Tucson, AZ 85721

Configuration 1 of 1

Bitmap Image Analysis

7/14/2014
Object height is 65.0000 degrees.
Field position: 0.00 (deg)
Percent Efficiency:  99.884 %
Surface: 14     Rays/Pixel: 40
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2.2 Illumination Design 

The dual field of view optical system requires illumination designs for imaging the 

colon. Due to its forward and backward views it requires illumination in all the directions 

that can look. A schematic of the illumination is shown in (Figure 2.9). Light from the 

illuminator is coupled to the optical fiber bundle. The output power from the fiber bundle 

is split into two halves. One half of the power from the fibers is guided by the quartz tube 

to illuminate regions of the colon viewed by the forward view design. The other half of 

optical power from the fibers is reflected by the annular mirror to illuminate the parts of 

the colon imaged by radial view.  

The function of the quartz tube is to provide forward illumination. However, the 

radial view imaging rays also has to transmit through it. Due to its cylindricity quartz tube 

introduces astigmatism and field curvature in radial view (Figure 2.10). However the 

forward field rays do not transmit through the quartz tube and no astigmatism or field 

curvature is introduced due to it. Since both field rays use the same optics (with an 

exception of catadioptric lens in rear view) balancing of these aberrations is critical. The 

magnitude of the off-axis aberrations increases as the inner diameter of the tube decreases 

and places a limit on the miniaturization of the entire system. Quartz tube with 4mm inner 

diameter and 6mm outer diameter is found to introduce less than 0.3O of astigmatism which 

gives acceptable aberration performance (Figure 2.10b).  However, the entire optical 

system can be scaled down if the additional lens components are used in the imaging design 

to balance the aberrations introduced by the quartz tube in the radial direction. This will 

increase the overall length beyond the current optical track length of 10.6mm and total 

mechanical track length of 19.5mm (Figure 2.11). 

Quartz has the high Abbe Number (𝑣 = 70.1) compared to most of the glasses. Axial 

color is inversely proportional to Abbe Number (∆∅∅ = ). Because of this quartz introduces 

negligible axial color into radial view and no additional color correction is required.  
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(a)                    

       (b)             (c) 

Figure 2.10: (a) Simulation of ray trace through Quartz tube using an auxiliary ideal lens 

for focusing tangential and sagittal rays. About 0.3 waves of astigmatism is introduced by 

the cylindrical glass tube in the radial view. OPD plots of optimized design (b) without and 

(c) with quartz tube at full field. 
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2.2.1 Mechanical design 

Several parameters of illumination channel depend on the mechanical housing design 

(Figure 2.11). Because of this illumination is considered after completing the mechanica l 

housing design and they are discussed here in this order for the same reason. 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 

(b) 

Figure 2.11:  Perspective view of mechanical housing design (2.11a). Fibers mirror 

and quartz tube are part of illumination channel (2.11b). 
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A complete mechanical design is included in Appendix A. The lens drawings are 

included in Appendix B.  Important requirements for the mechanical design are: (1) serve 

as a mount for all the lens, (2) provide supporting structure for the fiber bundle, (3) provide 

interface for the sensor and imaging optics, (4) be compact enough to fit inside the quartz 

tube and  still  be manufactured.  The mechanical design has the following components : 

main housing, spacer, retainer and inner and outer ring for fiber bundle. The main housing 

is a barrel with a tapered end and houses the lens, spacer keeps the Lens2 and Doublet at 

required air gap and retainer seals the assembly and also provides interface for the sensor 

and imaging optics. 

Continuing with the discussion of the illumination design, first considerations for the 

design of the fiber bundle are discussed. Fibers are arranged to straddle around the opening 

of the outer body of the mechanical housing. The fiber bundle is shown in Figure 2.19.  

2.2.2 Design of fiber bundle 

The plastic optical fiber (POF) is a step index profile with PMMA core and 

fluorinated polymer cladding [13] with indices n1=1.491 and n2=1.404 respectively. The NA 

of the fiber immersed in air can be defined as  

   𝑁𝐴 = 1 ∗ sin𝜃 = 𝑛 − 𝑛            (2.22) 

with values of indices from above in Equation (2.22) the NA of the fiber is 0.5.  

2.2.2.1 Transfer efficiency 

Transfer efficiency is defined as the ratio of flux transferred to the fiber bundle to 

the amount of flux emitted by the illuminator. For a uniform Labertian source the amount 

of flux emitted is P= L.A.:, where L is the radiance (w/m2/sr), A is the area of the source 

(m2) and : (sr) is the projected solid angle.  The product A: is known as etendue. For 

uniform Labertian source, the transfer efficiency can be written as 

   𝜂 = = ( :)
( :) =                 (2.23) 
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A source is said to be uniform Lambertian if its brightness does not change with position 

on the source and angle of viewing. The transfer efficiency is a maximum when the size 

and NA of fiber (bundle) and source match. 

2.2.2.2 Packing Fraction 

The diameters of the fiber are chosen to improve the packing fraction and provide 

equal power for radial and forward illumination (Figure 2.12 & 2.13). Packing fraction is 

defined as below. 

𝑝𝑓 =            
                                (2.24) 

The POFs are available only in diameters ranging fromm0.5 to 3mm in steps of 

05.mm [18]. Selection of larger fibers increases the pf however the overall diameter of the 

colonoscope will also increase. On the other hand smaller diameter fibers will reduce the 

pf.  With 1.5 mm diameter POF (Figure 2.14) the pf at the output end of the fiber bundle is 

75%. At 1.5mm diameter half of the area of the fiber bundle overlaps with the quartz tube 

and other half of the area with the annular mirror (Figure 2.13). 

       

 

 

 

 

Figure 2.12: Input and output end of fiber bundle. There are 19 fibers at the input end and 

only 15 at the output end. 4 fibers are left outside the bundle and not used in illumination.
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Fifteen plastic optical fibers with 1.5mm diameter can fit around the mechanical housing 

with outer diameter of 6mm at an angular spacing of 240 in 3600. For packaging purpose 

nineteen fibers (Figure 2.13) are used at the input end and four fibers are left outside the 

bundle. 

 

2.2.2.3 Transmission and bend losses 

Light coupled to the fiber undergoes losses due to absorption, scattering, bend and 

other mechanisms. The 1.5mm POF has 200dB/km or 0.2 dB/m loss. Power in mW and 

dBm can be related to each other using following expression, 

𝑃(𝑑𝐵𝑚) = 10𝑙𝑜𝑔 𝑃(𝑚𝑊)            (2.25)  

Using Equation (2.25), a 10dBm (10mW) flux incident on the fiber becomes 9.8dBm 

(9.55mW) due to 0.2dB loss over 1m length of the fiber. There is 4.5% fall of the output 

flux due to transmission loss. The fibers have 0.5dB of bend loss over a quarter bend around 

30mm radius. This means there is 10.8%   power loss due to bending. 

2.2.2.4 Heat Absorbing Filter 

In order to protect the input face of the fibers from the heat radiated from the 

halogen lamps, a heat absorption filter (Figure 2.14) is used. The filter transmits the visible 

light and absorbs the radiation from source in NIR and IR (0.8-13µm) [18]. The absorbed 

heat is dissipated into surrounding mechanical parts. This way the amount of heat reaching 

the fiber bundle is reduced. 
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Figure 2.14: Heat absorption filter to protect the input end of the fiber bundle from 

deforming due to heat radiated from the source. 

However, LED illuminator with high output power can be used instead of arc lamp 

as light source. The cool white light LED source on other hand can provide same flux 

without deforming the input end of fibers. However the LED illuminator should emit 

uniformly over 30o to match the 0.5 NA of POFs for better transfer efficiency.  

 

2.2.3 Illumination Design Model 

Non-imaging ray trace is done to check that the power from fibers can be split into 

two halves: one half of the power to illuminate the forward view and other half to illuminate 

radial view using an annular mirror. The mechanical CAD model is imported into FRED 

[19] for non-imaging ray tracing.  Ray tracing model is shown in Figure (2.15). In order for 

ray tracing through the CAD model, a source with 0.5NA was modeled consisting of fifteen 

small sources one for each fiber in the fiber bundle as shown in Figure (2.15a).  The power 

from all the sources is normalized to unity. The power from the source is coupled into the 

fibers. The output power reflected from the mirror is captured by the simulated cylindr ica l 

detector of 40mm diameter while the power propagated through the quartz tube is captured 

on another detector at 20mm away from the quartz tube. Distance to the detectors simula tes 

40mm nominal diameter of the colon. From the simulation of the non-imaging ray trace 

it’s confirmed that the concept of splitting power into two halves works. However, as can 

be noticed from the simulation, the irradiance is higher in the central part of the detector in 

forward view and also the intensity is not uniform across the detector in radial view.  
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Simulation also shows that the diameter of the circular area illuminated in forward direction 

is less than 20mm. This is less than the area of the colon the optics can image in forward 

view. Similarly, intensity is not distributed over the entire area viewed by imaging optics 

in radial view.  The goal of the illumination design is to improve the irradiance in forward 

view and intensity distribution in radial view by identifying and optimizing the parameters 

of the illumination channel at proximal end of colonoscope. The important parameters of 

the illumination channel are listed below Table (3). 

Table 3: Important parameters of the illumination channel 

  Quartz Tube Annular mirror Fibers Bundle 

Length (mm) 10.5 1 1000 

Inner Diameter (mm) 6 8  6 

Outer Diameter (mm) 8 10  9 

Orientation of 
reflective/transmitted 
face with optical axis 
(degrees) 

- 45 - 

 

Only the few parameters listed in Table 3 can be optimized to improve illumination 

of the colon.  The parameters of fiber bundle are not considered in optimization as its 

diameter is determined by the diameters of mechanical barrel and quartz tube, and its length 

is fixed at 1 meter. 

Illumination can be designed separately for forward and radial views because 

separate optics is used, flux is equally split between forward and radial views and also 

because transfer efficiency can be improved independent of each other. 

2.2.3.1 Illumination of Forward view 

A closer examination of the irradiance distribution in the forward view (Figure 

2.15b) shows that the there is an overlap region because the light from the quartz tube emits 
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into 300 (0.5 NA). The angle of emission is same as the NA of the fiber. This is because 

the etendue at the input and output end of the quartz tube is the same,   (A:) =
(A:) . The overlap region can be reduced by: 

1. Changing the inclination of the front face of the quartz tube with optical axis  

2. Making the front surface as a scattering surface instead of smooth optical 

surface. 
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Figure 2.16:  Illumination channel at proximal end of colonoscope showing overlap region 

in forward view where the irradiance is high.  

 

Changing the inclination of the front face of the quartz tube with optical axis 

Inclination of the front face of the quartz tube with optical axis is changed as the 

height  ‘h’   is changed as shown in Figure (2.16). We want to relate the inclination to the 

parameters of the quartz tube; annular area and incident and exiting angles at the front and 

rear faces using the etendue. Since etendue remains same across quartz tube: 

𝐴   𝜋  𝑠𝑖𝑛 𝜃 = 𝐴   𝜋  𝑠𝑖𝑛 𝜃              (2.26) 

where A1 and A2 are the areas of the front and rear annular surface of the quartz tube, 𝜃    
and 𝜃 are the incidence and emerging angles at the respective surfaces. Rearranging 

Equation 2.26 for  𝜃 , 

𝜃 = 𝐴 sin     [𝑠𝑖𝑛  𝜃 ]          (2.27) 

Fibers Quartz tube 

Mirror   (NURBs) 

Luminal   Wall 

Lambertian   surface 
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For a colon distance of 20 mm from imaging optics, the diameter of the circular overlap 

region in forward view can be written as, 

𝑑 = 40 ∗ tan θ − 6                      (2.28) 

𝐴 = (𝐷 − 𝐷 )             (2.29) 

𝐴 = 𝐷  +𝐷  𝐷 − 𝐷  + ℎ            (2.30) 

where D1 and D2 are inner and outer  diameters of the quartz tube (Figure 2.16). 

With θ = 30   in   Equation   2.28,  there is a circular overlap region of diameter 17mm in 

forward view design. As inclination ‘h’   increases, A2 increases reducing θ   and  the   area  of  

over-lap   region.     Irradiance   variation   is   plotted   in  Figure   2.17  as  a  function   of   inclinat ion.  

At  about   h=0.7mm of height and quartz tube of length of 10.6mm uniform   irradiance   was  

obtained. 

 

 

 

 

 

 

 

 

Figure 2.17: Irradiance variation in forward direction plotted as a function of inclina t ion 

of the front face of quartz tube  
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Front surface as a scattering surface instead of smooth optical surface 

Further uniform irradiance in forward view is obtained by applying Lambertian 

scattering model on the inclined front face of the quartz tube. A Lambertian scattering 

surface has the bidirectional scattering distribution function (BSDF) that does not depend 

on the angle of incidence of ray on the surface or direction of refracted ray. 

2.2.3.2 Illumination of Radial or Backward view 

The radial view illumination channel has only the mirror parameters to optimize the 

intensity distribution. The annular mirror is parameterized as a 2nd degree non-unifo rm 

rotational B-splines (NURB) surface.  

The Non-Uniform Rational B-Spline (NURBS) [20] is a standard parametric curve 

type broadly employed by Computer Aided Design (CAD) software to represent general 

curve shapes. A NURBS curve is defined by its order, a set of control points and a knot 

vector and is represented by a polynomial of degree one less than its order. The knot vector 

determines how and where the control points affect the curve, and the number of knots is 

always equal to the number of control points plus the curve degree plus one. The control 

points determine the shape of the curve. The general representation of a NURBS curve is 

given by the following equations,  

𝐶(𝑢) = ∑ ,
∑ ,

𝑃             (2.31) 

𝑁 , = 𝑁 , + 𝑁 ,          (2.32) 

where u is the parametric variable, ‘k’ is the number of knots, P are the control points, ‘w’ 

are the associated control point weights and N is a recursive basis function. 

The NURBs surface is created by revolving a NURBs curve 3600 in FRED. The 

NURB parameters of the surface are shown in Table 4. The control points of the curve are 

fixed while weights on the knot vectors are optimized to improve illumination in radial 
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direction. An optimized performance graphic Figure 2.18 shows the irradiance on plane 

detector surface in forward view and radial intensity distribution on an annular surface. 

Table 4: Parameters of the 2nd degree NURBs curve used for optimizing mirror surface   

Control Points P(x,y,z) Knot 
Vector 

(u) 

Weights 
(w) x y z 

0 4.04 -0.8 0 1 
0 5.04 -0.8 0 0.707 

0 5.04 0.5 0 1 

      1   
      1   
      1   

 

                        

 

 

 

 

 

Figure 2.18: Optimized Illumination system showing illumination in forward and Intensity 

in radial directions  
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Figure 2.19: Forward and radial Illumination  

The sag of the annular mirror was calculated in FRED embedded script. The code is enclosed 

below. The  sag of  the mirror a plane surface is plotted in Figure 2.20.  Surface of the mirror follows 

a plane surface very closely. 

 

 Script for calculating the sag of the annular mirror: 

'#Language "WWB-COM" 
 
Option Explicit 
Sub Main 
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    Const MaxIter=100 
    Dim dSag As Double 
    Dim x,xc As Double 
    Dim y,yc As Double 
    Dim z,zc As Double 
    Dim a,b,c,ac,bc,cc As Double 
    Dim nNode As Long 
    Dim nCrv As Long 
    Dim sEnt As T_ENTITY 
    Dim i As Long 
    Dim points() As Double 
    Dim nTerms As Long 
    Dim nOrd As Long 
    Dim dPoints() As Double 
    Dim nKnots() As Double 
    Dim ss As Boolean 
    Dim sc As Boolean 
    Open GetDocDir() & "\SagValues.txt" For Output As #1 
   nCrv=FindFullNameNoCase ("Geometry.mirror.Curve 3") 
   GetNURBCurve nCrv,sEnt, nTerms, nOrd, dPoints, nKnots 
    nNode=FindFullNameNoCase ("Geometry.mirror.Surf 4") 
    'GetSegmentedCurve nCrv,sEnt, points 
 
    x=0 
    For i=0 To MaxIter 
        'y=points(1,0)+i*(points(1,1)-points(1,0))/(MaxIter) 
        'y=4.04+i/(MaxIter) 
        'dSag= Sag (nNode, x, y) 
        ss = ExplicitSurfEval ( nNode, i/(MaxIter), 0, x, y, z, a, b, c ) 
        sc = CurveEval( nCrv, i/MaxIter, 0, yc, zc, 0, bc, cc) 
        Print x 
        Print y 
        Print z 
        Print #1,y;"    ";z;"    ";zc 
        'Print #2 
    Next 
    Close #1 
End Sub 
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Figure 2.20: Sag of Annular mirror optimized with NURBs description. Sag of annular 

mirror is very close the sag of a plane surface at the same slope. 

A light source is said to be uniform if its radiance is same the at any point on the 

source. Homogenizers are used to improve uniformity of non-uniform light source. Light 

from a non-uniform source coupled at the input end undergoes multiple reflections inside 

the homogenizer either by total internal reflection or at its reflective surfaces until it 

emerges outside creating uniform radiance on the output surface of the homogenizer. No 

additional homogenizers are required in the current illumination design as the fiber bundle 

itself acts as homogenizers to produce uniform illumination at its output end which is 

coupled to the quartz tube and annular mirror. 

  

3 Tolerancing the optical system 

3.1 Sensitivity and Monte Carlo simulation 

 

The goal of tolerancing an optical system is to perform the sensitivity and Monte 

Carlo analyses to establish a list of specifications for fabrication of optical and mechanica l 

components. 
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In the sensitivity analysis also known as finite difference method, each of the optical 

parameter like thickness of glass, curvature, etc., are perturbed, one at a time, around its 

nominal value and the effect of the perturbation on the desired criterion is evaluated. Spot 

size of the system is generally considered as the desired criterion. 

During Monte Carlo analysis all the optical parameters are perturbed between two bounded 

values of each parameter according to Gaussian distribution simultaneously and this 

process is repeated over a number of cycles. The effect of statistical perturbation of all the 

tolerances over specified number of cycles on the RMS spot size is evaluated. Each cycle 

in the simulation represents an actual unit in production environment. Generally, the 

parameters are perturbed with in two standard deviations around the nominal value. i.e, 

95.6% of the manufactured components� fall within the specified tolerances. Back focal 

length is used as a compensator during Monte Carlo analysis. The back focal length of the 

system is adjusted to within specified bounds to compensate for the tolerances, just as it 

can be done in a real system. This would offset some of the effects of tolerances and 

improve the performance. 

Table 5: Some of the parameters considered for tolerance analysis 

Parameter Tolerance Unit 
Diameter 0.02 mm 
Clear Aperture 0.02 mm 
Thickness 0.03 mm 
Tilt 4' arc minutes 
Decenter 0.02 mm 
Irregularity/form 
error 4 

fringes 
@623nm 

PV error 0.3 Pm�
RMS roughness 60 nm 
Bevels/Chamfer 0.02-0.03@450 mm 
Sag 0.01 mm 
Index 0.10% - 
Abbe Number 1% - 
Birefrengence 10 nm 

�
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Monte Carlo simulation is done on the system with tolerances listed in Table 5. The results 

are shown in Figure 4.1 There is 90% probability of obtaining 2µm RMS spot size with the 

tolerances applied to the system. 

�

�

Figure 3.1: Monte Carlo tolerance simulation results for 100 cycles. 90% probability RMS 

spot measures about 2Pm 

�

The even aspheric surface on PMMA lens 5 is toleranced by converting the surface 

into Zernike standard surface in ZEMAX [14] and using first 23 Zernike terms. The 

mathematical description of sag of this surface is similar to even asphere (Equation 2.16) 

except for the additional terms due to perturbation as given below: 

𝑍 = ( ) + ∑   𝐴 𝑟 +∑   𝐶 𝑍 (𝜌,𝜑)        (3.1) 

where U and�I�represents the normalized radius and azimuthal angle, ‘n’   represents   the 

number of Zernike terms used and Ci are the  coefficients of the Zernike terms. First two 
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terms in the above expression define the sag of even aspheric and the last term adds the 

rms roughness to even asphere. 

Zernike coefficients of the on the resultant perturbed surface and its surface sag are shown 

in Figure 3.2. 

    

(a)                                                                   (b) 

Figure 3.2: (a) Coefficients of Zernike terms, and (b) sag variation due to simulated 

irregularity 

 Since Zernike terms are orthonormal over a unit interval, the root-sum-square 

(RSS) of all the coefficients is 20nm which is equal to the RMS error used for simulation. 

4 Requirement of Optical coating coatings  

We need optical coatings on the lens of the colonoscope for two reasons: 

1. To reduce Fresnel reflection losses at each surface of lens 

2. To improve reflectivity at surface R4 on catadioptric lens 

When s- or p- polarized light interacts with a boundary separating two media of different 

refractive indices, reflection or transmission of respective polarizations depends on the 

angle of incidence and refractive indices as given by Fresnel coefficients [21]: 
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𝑟 =             (3.1) 

𝑟 =                (3.2) 

𝑡 =             (3.3) 

𝑡 =                (3.4) 

where 𝜃  and 𝜃  are angle of incidence and angle of refraction and 𝑛  and 𝑛  are the 

refractive indices across boundary. The intensity coefficient of reflection for s- and p-

polarizations can be written as: 

𝑅 = |𝑟 |              (3.5) 

     𝑅 = 𝑟             (3.6) 

𝑅 , and 𝑅  are plotted in Figure 4.1. s- polarization experiences more reflections as the 

angle of incidence increases compared to p-polarization. 

 

Figure 4.1: Intensity coefficient of reflection for s- and p-polarizations for PMMA and air 
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For PMMA material with index n2=1.491 and air boundary, for normal incidence of 

T� �T� �R� �there is about 4% of light loss due to reflection. With 5 lens or 10 surfaces in the 

current design of colonoscope the light transmitted to the sensor is about 0.9610=0.664 or 

66.4% of the input light reaches the sensor. This is significant loss due to reflections. The 

losses increase with the angle of incidence and index of refraction. Besides, the light 

reflected from a surface undergoes multiple reflections between optical surfaces or scatter 

from the mechanical housing and reaches sensor causing ghost images and noise which 

will reduce the image contrast.  

4.1 Requirement of anti-reflection coatings 

To reduce the Fresnel reflections losses and undesirable noise on the sensor due to 

reflected light, anti-reflection coatings are applied on the optical surfaces. Anti-reflec t ion 

(AR) coatings are a stack of thin layers of high and low index dielectric materials deposited 

on the substrate with each thin layer measuring approximately ¼ O at desired wavelength. 

In each pass through the layer of quarter wave thickness, the light accumulates odd 

multiples of S  phase shift in reflected path leading to destructive interference while light 

transmitted  thought the stack is in phase leading to constructive interference and net 

increase in transmission. However, the reflection and transmission of the coatings depend 

on the angle of incidence and design wavelength. The coatings on the lens were provided 

by the manufacturers (Table 6) according to the specifications on the ISO 10110 drawings 

of the lens (Appendix B). The durability of AR coatings was specified according to MIL-

C-675c standard. Durability specifications of the coatings include: salt solubility, adhesion 

and abrasions. Including other stringent environmental coating durability may not be 

required as the lens are sealed inside the mechanical housing and used in vivo. 
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Figure 4.2:  Reflectivity of AR coating curves at AOI of 00, 300 and 600 over visible range 

(AR coatings  curves provided by Visimax [21]). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Angle of incidence (AOI) of full field ray on surfaces R3 and R4. 
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4.2 Requirement of mirror coating on catadioptric lens 

When light propagates from a high index to low index material total interna l 

reflection (TIR) occurs if angle of incidence (AOI) is greater than critical angle. Critical 

angle at a boundary separating a material of index and ‘n’ and air is Tc=sin-1(1/n). For 

PMMA material with index n=1.491, critical angle is 42.10. As show in Figure (4.32), the 

AOI of all the rays in radial view incident on surface R4 are less than 350 and does not 

under go TIR. Because of this an aluminum coating is deposited on surface R4 in order for 

the rays from the radial view to be reflected off this surface and enter the system. 

 

 

5 Fabrication  

The optical system has five lens: three glass lens and two PMMA lens. The spherical 

glass lens is manufactured by OptiWorks [11] and plastic lens are manufactured on the SPDT 

machine [12] at UoA. Mechanical parts are fabricated by University Research Instrument 

Shop at UoA. 

 

5.1 SPDT Machining of PMMA lens 

In order to machine optical components using SPDT process, parameters like 

diamond tool tip radius, sweep angle of the tool, feed rate, and spindle speed are to be 

optimized. 

 Tool tip radius (R), feed rate (f) and spindle speed (s) can be related to the peak to 

valley (PV) error on the machined part (Figure 5.1). 
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(a)                                                            (b)              

Figure5.1: (a) Tool path for cutting the convex surface in SPDT and (b) showing PV error 

‘h’    

      h=  =              (3.1)  

For achieving less than 0.1µm of PV error (Rt) required feed rate was 5mm/minute 

and spindle speed was 2000RPM for a tool tip of radius 0.038mm. Higher spindle speeds 

with small tool tip radius gave better PV results on concave surface of PMMA lens.  

The tool sweep is the range of angles the normal drawn to the surface at the point of 

contact of tool makes with z-axis. This is same as the slope of the surface. The slope of the 

surface can be calculated by taking the first derivative of the sag expression z(r) of the 

surface, 𝜕𝑧/𝜕𝑟. Generally, tools have 120o span of external angles or 60o of half angle. For 

the deep radius R1-0.887mm (Figure 2.1) on catadioptric lens the maximum slope angle is 

63o. Since the slope angle is larger than 60o the tool cannot remove material over the enite 

surface. In order to cut this surface the tool was preset at 20o with z-axis in horizontal plane 

so that the sweep angles now ranged from -43o to 20o. 
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The tool offset from the center of work-piece in x-direction results in increased form 

error or irregularity while in y-direction results in a cone or rod-like island at the center of 

the work piece. Before cutting any part the tool is aligned to the center. First y-offset is 

removed by moving the tool downward if a cone appeared (Figure 5.3) or upward if a rod 

appears at the center of the convex test stud. The stud was tested for cone or rod at the 

center under optical profilometer, Wyko NT 2000[10], in VSI mode. Next the stud was 

aligned to the center in x-axis by testing the part under laser interferometer, Wyko 6000[10]. 

If the tool did not pass the center an M-like shape appears (Figure5.2)  and a W-like shape 

if the tool past the center on a convex surface; and vice versa on a concave surface. The 

tool is moved until the PV error (Rt) measured at the center of the part on Wyko 6000 is 

less than 0.1um after removing tilt, piston and power terms from the Siedel contribution. 

The following process outlined below was followed to cut the lens from the PMMA 

disc. The diameter of the lens to be cut is smaller than the separation of the holes on the 

vacuum chuck that supply the vacuum to hold the part. Because of this, the smaller discs 

are first glued to a larger PMMA fixture (Figure5.4). The fixture holds the part on the chuck 

while the disc is trimmed to the required diameter and top surface is cut for required radius 

of curvature.   
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(a)                                              (b)              

Figure 5.2: SPDT tool offset in x-direction and resulting cut surface shape for convex and 

concave surfaces (Figure 3.1a). Brass test stud convex surface measured on Wyko showing 

tool is not past the center. 

 

Figure 5.3: SPDT tool offset in y-direction. Cone shape at center of the part indicating the 

tool was above the center of the part. 

 

 

5.2 Fabricating the catadioptric lens 

(a) A matching surface is grooved 0.6mm deep into the PMMA fixture. 50µm of 

clearance is provided on the diameter between disc and fixture for glue to flow in 

to the gap and hold the part. 
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(b) The disc is held by the glue only at the edges. No surface contamination due to the 

glue is ensured. 

 

(c) A reference surface is cut on the edge of the fixture to ensure centering of the fixture 

to the center of the disc.  

(d) The catadioptric lens was cut in two stages. First the outer radius R4 -40.598mm is 

cut (Figure (2.1)). After this surface had been mirror coated the inner radius R2-

11.945mm was cut. The reference surface, described above at (c), helped alignment 

when the same part was mounted on the chuck second time to cut inner radius of 

curvature on the catadioptric lens. The same method was used for cutting the second 

PMMA lens (Table 2). 

(e) Part is released from the grove of the fixture by placing it on a hot plate at 60oC for 

3-5minutes.  

 

 

 

(a)                                              (b)              

Figure 5.4: (a) Small PMMA disc glued to larger PMMA disc. Lens is cut from smaller 

disc while the large disc serves as a fixture to hold the smaller disc on the vacuum chuck. 

(b) Small PMMA disc is cut while fixture is held onto the vacuum chuck. 
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Item
 

Q
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Supplier/source 
Price $ 
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N

um
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PM
M

A M
aterial 

  
2 

M
cM

aster 
16 

8528K34 
1 inch dia &

 1 ft long 
Plastic Rod 

Lens1 (PM
M

A) 
  

2 
SPDT at UoA  

- 
- 

Plastic Spherical Lens 

Lens5(PM
M

A) 
  

2 
- 

- 
Plastic Aspheric Lens 

AR Coating on Lens5 and Lens1* 
2 

Visim
ax Technologies, O

hio 
1250 

- 
AR coating on Plastics 

Lens 2 w
ith AR coating 

2 
O

ptiW
orks,Inc, Japan 

11000 
- 

Glass Lens 
Doublet w

ith AR 
coatings 

Lens3 
2 

          - 
Glass Doublet 
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istry &
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m

 O
D 
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m

 
M
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- 
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echanical housing 
1 

- 
2. Retainer 

1 
- 

3.Spacer 
1 

- 
Ring Fiber illum

inator 
  

1 
Fiber O

ptic System
s Inc 

800 
- 

Plastic Fiber Bundle 

Light Source(LED) 
  

1 
Prolux/Techniquip 

450 
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Color Tem
perature 5200K 

Hot W
ax glue 

10gm
 

UoA O
ptical Engineering 

lab 
- 

- 
Used for Fixtures on the 
SPDT 

SPDT m
achine 

  
1 

M
oore Technologies 

- 
- 

Fabricating PM
M

A lens 



64 
 

 
 

                                            

 

 

6  RESULTS 

The resolution of the colonoscope was tested with 1951 USAF resolution target 

printed inside of a hallow tube (Figure 6.1a).  Image of 1951 USAF resolution target 

captured with dual field of view colonoscope inserted into the hollow tube is shown in 

Figure 6.1b.  

 

 

(a)                                                     (b) 

Figure 6.1 (a) Set up to test the resolution of the colonoscope and (b) image of Air force 

target captured with dual field of view colonoscope. 
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7 CONCLUSIONS 

A dual field of view optical system designed as part of my thesis work can provide a 

colonoscope with simultaneous forward and radial or backward views of the colon to 

improve the detection of cancerous polyps. Illumination system was designed around the 

imaging optics to illuminate the parts of the colon viewed by colonoscope. The optical 

system limited only by the diffraction affects at the exit pupil over entire visible spectrum 

can provide high resolution and is also suitable for color imaging. The present optical 

system can be made as small as 6mm from present 8mm. Making even smaller optics is 

found to be possible if additional lens are used in the radial view to compensate for the 

aberrations introduced by the cylindricity of quartz waveguide. 
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