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ABSTRACT 
 

This dissertation presents the design of a miniature injection-molded 

objective lens for a fiber-optic confocal reflectance microscope.  

This is part of an effort to demonstrate the ability to fabricate low cost, 

high performance biomedical optics for high resolution in vivo imaging.  

Disposable endoscopic microscope objectives could help in vivo confocal 

microscopy technology mature to enable large-scale clinical screening and 

detection of early cancers and pre-cancerous lesions.  This five lens plastic 

objective has been tested as a stand-alone optical system and has been 

coupled to a confocal microscope for in vivo imaging of cells and tissue.  

Changing the spacing and rotation of the individual optical elements can 

compensate for fabrication inaccuracies and improve performance.  An 

optical-bench testing system was constructed to allow interactive 

alignment during testing.  The modulation transfer function (MTF) of the 

miniature objective lens is determined using the slanted-edge method.  A 

custom MATLAB program, edgeMTF, was written to collect, analyize, 

and record test data.  An estimated Strehl ratio of 0.64 and an MTF value 

of 0.70, at the fiber-optic bundle Nyquist frequency, have been obtained.  

The main performance limitations of the miniature objective are 

mechanical alignment and flow-induced birefringence.  Annealing and 

experimental injection molding runs were conducted in effort to reduce 

birefringence. 
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CHAPTER 1 - INTRODUCTION 

 

 

In the United States, cancer is responsible for 1 of every 4 deaths, trailing only heart 

disease as the nation’s leading cause of death.1  Because of the wide variety of cancers, 

current lack of understanding on the initial development and causes of many cancers, and 

an increasing need for faster results; there is a strong push in the biomedical community 

for new non-invasive and minimally invasive diagnostic capabilities.  Biopsy is a well 

developed invasive technique and currently the most trustworthy method available for 

diagnosis of cancer, but a physician must weigh carefully the biopsy decision with the 

risk of undue infection to the patient.  The standard biopsy histological diagnosis 

techniques are also time consuming.  Histology involves a biopsy tissue sample being 

removed from the body and analyzed in vitro (outside the body).  Typically the sample 

must undergo fixation, processing with paraffin wax, sectioning into 3-10 micron slices, 

staining, and mounting on a glass slide before analysis can be performed.  Non-invasive 

techniques show great promise for early detection capabilities not currently available to 

the medical community.  Early detection can significantly increase the success rate for 

most forms of cancer treatment.  It doesn’t appear that non-invasive technologies will 

totally replace standard histological techniques anytime in the near future as the definitive 

diagnosis method, but they show huge potential to allow doctors to target the best sites 

for biopsies and more efficiently and accurately determine cancer margins.  Annual 
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screenings of high risk patients with a non-invasive technology could dramatically reduce 

the number of biopsies deemed to be necessary.   

In 1998, a partnership between Prof. Rebecca Richards-Kortum (previously at The 

University of Texas at Austin, Biomedical Engineering Department; now at Rice 

University, Bioengineering), Michael Descour (The University of Arizona, College of 

Optical Sciences), and Ann M. Gillenwater (The University of Texas, MD Anderson 

Cancer Center) submitted a confocal microscopy research proposal to the National 

Institutes of Health.  Grant RO1-CA73920 titled "Fiber-Optic, In Vivo Confocal 

Microscopy" from the National Cancer Institute provided the initial three years of 

funding.  With this funding the partnership built a portable laser scanning confocal 

reflectance microscope, demonstrated successful image acquisition at 15 frames/sec, 

miniaturized the optical probe, and obtained in vivo (in the body) images of cervical and 

oral tissues.  An additional four years of funding was secured with the follow-on grant 

R01-CA82880 by the same title. 

The initial optical design work (scan lens, telecentric pupil relay optics, and miniature 

glass objective) formed a portion of the dissertation for Chen Liang2 who was working in 

the Descour group at that time.  The current dissertation has its roots in the work 

performed by Liang.  However, this new injection-molded plastic objective is an entirely 

different optical design with many unknowns.  The goal of this dissertation is to unravel 

some of the unknowns and demonstrate the feasibility of disposable high NA biomedical 

optics.  It is our hope that inexpensive single-use endoscope probes would help enable 
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confocal microscopy technology to mature into widespread pre-cancer screening clinical 

trials. 

The next Chapter provides a general background into confocal microscopy and 

presents some of the current cancer research being performed with confocal microscopes.  

The fiber-optic confocal reflectance microscope (FCRM) being developed for our 

collaboration is also presented.  In Chapter 3, the miniature objectives for our FCRM are 

previewed, discussing naming conventions and comparing the glass and plastic miniature 

prototype objectives.  The core issues involved with the design and analysis of the BETA 

plastic objective are presented in Chapter 4.  Chapter 5 discusses how these miniature 

plastic objective lenses are assembled and Chapter 6 discusses optical testing of these 

miniature objectives before they are sent to our collaborators for incorporation into the 

FCRM.  Unintentional localized birefringence seems to have adversely affected the 

optical performance of this injection-molded objective, and thus, Chapter 7 contains 

experiments conducted in effort to find the best way to reduce birefringence.  Chapter 8 

contains the results of one BETA objective coupled to the fiber-optic confocal reflectance 

microscope.  Chapter 9 presents the BETA II design recommendations.  Throughout this 

dissertation research, much effort has been put into writing the MATLAB optical analysis 

program named edgeMTF.  Chapter 10 can be read as a stand-alone reference discussing 

the technical issues concerning this custom optical testing code.  Users of the edgeMTF 

program should also consult the Appendix for the user’s guide that discusses more 

practical aspects of the program. 
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CHAPTER 2 - CONFOCAL MICROSCOPY IN CANCER 

RESEARCH 

 

 

2.1 Introduction to Confocal Scanning Optical Microscopy (CSOM) 

 

A conventional microscope can be thought of as a parallel imaging device since it 

collects information from the entire object field simultaneously.3  A confocal microscope 

on the other hand can be thought of as a serial imaging device.  In its most basic form, a 

point source is scanned over (or inside) the object building up the image point by point.  

The confocal microscope is first described in a 1961 patent by Minsky.4  The main 

advantages of confocal scanning optical microscopy (CSOM) over conventional epi-

illuminated light microscopy are:5 

 

(1) Depth discrimination enables imaging below the surface of objects. (Rejection 

of out of focus light) 

 (2) Rejection of stray light from inside optical systems. 

 (3) Multiple images can be combined to form a 3D image. 

 (4) Increased lateral and axial resolution. 
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For semi-transparent objects, the point imaging nature of the confocal microscope 

allows it to image below the surface by blocking out of focus light from the object, 

allowing this unique optical sectioning capability.  Figure 2.1 shows that the depth 

discrimination comes from the placement of a pinhole aperture in front of the detector.  

Almost all light from outside the object focal plane/surface is blocked by the detector 

pinhole and only a very little passes to add noise to the measurement.  In addition to 

blocking out of focus light from within the object, the confocal nature of the instrument 

blocks most stray light originating from inside the optical system as well.  A traditional 

microscope uses a CCD or CMOS array sensor to digitize the image, but in contrast a 

confocal microscope only needs a point sensor like a photodiode or photomultiplier tube 

(PMT).  Typically a computer, with the appropriate display algorithms, captures the 

rapidly fluctuating output signal from the detector and the user inspects the image on a 

monitor.  Depending on the scan rate of the confocal system, the monitor may display a 

single still-image or display at video rates for real time feedback.  Taking images over a 

series of known axial displacements a 3D image can be reconstructed.  Theoretically the 

confocal lateral and axial point spread function’s (PSF) full width half maximum 

(FWHM) is a factor of 1.4 smaller than conventional diffraction-limited imaging.5  

There are two main modalities used in cancer research with confocal microscopy.  

The first involves an agent being administered to the tissue that will fluoresce when 

illuminated with a certain range of wavelengths.  The emitted light is typically at longer 

wavelengths than the excitation wavelength and must be designed into the system with a 

dichroic mirror in place of the beam splitter shown in Figure 2.1.  The second modality 



 23

involves epi-illuminated reflectance signal which originates from the index mismatch 

between the nucleus and cytoplasm of the cell.  Lasers are the most common illumination 

sources used in CSOM; thus we further restrict our scope to the subset generally referred 

to as confocal scanning laser microscopy (CSLM).  Laser illumination sources lead to 

one of the main differences between these two modalities.  Reflectance CSLM typically 

maintains its coherence and has to deal with interference and speckle issues while 

fluorescence produces inherently incoherent emission.  Fluorescence CSLM is said to be 

the most popular method for biological applications.3  For a list of commonly used 

fluorochromes consult Table 5.1 of Sheppard and Shotton.5 
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Figure 2.1: Confocal microscopy depth discrimination. 

 

The three main scan mechanisms employed in CSLM are scanned-stage, scanned-

lens, and scanned-beam.5  The last option is by far the most common, especially on 

commercial units, but the first two scan mechanisms have certain benefits.  The scanned-
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stage method moves the object in three dimensions with respect to a fixed focus 

illumination beam.  This method yields constant illumination and a uniform response 

over the whole field of view (FOV) since there is no vignetting.  Since the beam doesn’t 

move inside the objective lens, only the on-axis performance of the objective is 

important.  In this respect, the optical performance requirements of the objective are 

much more lax than for the two other scan methods.  Without having to be concerned 

with off-axis aberrations, this allows use of a much simpler objective lens; possibly just 

an aspheric singlet or a gradient-index (GRIN)6 lens could be used.  This method also 

enables a much larger FOV since it is now not limited by the objective FOV.  The 

scanned-stage method is not widely used.  It is more difficult to incorporate as an add-on 

to most commercial microscope systems and it must operate at much slower scan rates.  

The scanned-lens method uses a fixed object, fixed illumination beam, and translates the 

objective lens in x, y, and z directions to move the illumination point source around the 

object volume.  This method seems to have the least amount of practicality since it has a 

very slow scan rate and would be expensive to convert a conventional microscope into a 

CSLM with the scanned-lens method.  Most scanned-lens CSOM are custom built for 

single purpose applications.  The scanned-beam method is the most popular choice of 

scanning mechanism, mostly due to the ease of converting a conventional microscope 

into a CSOM.  Most commercial add-on units do not sacrifice any of the microscope’s 

bright field or other imaging capabilities.  The scanned-beam method typically uses one 

or a combination of galvanometer mirrors, resonant mirrors, or acousto-optic deflectors.  

Acousto-optic deflectors are know to be quite fast (bandwidths of 500 MHz and higher7), 
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but cannot be used with confocal fluorescence imaging because the deflectors are 

wavelength specific devices that will not properly descan the beam due to the shift in 

wavelength from illumination to collection modes.  Resonant mirrors are also quite fast, 

but operate at a fixed frequency.  The galvanometer is the most versatile scanning device 

as it can be run over a large range of speeds.  According to Wolfe7 galvo mirrors typically 

have maximum operating frequencies of 1 to 25 kHz and can operate over fields from 5º 

up to 30º. 
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Figure 2.2: Scanned-beam CSLM showing typical placements of the scan mirrors. 

and relay optics. 

 
Figure 2.2 shows a typical schematic of a CSLM using the scanned-beam method.  To 

prevent beam wander during beam scanning the scan mirrors (or acousto-optic deflector) 
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must be placed at an image of the objective’s pupil.  Typically objective lenses are 

designed to be telecentric in object space which means the aperture stop is physically 

located at the objective’s rear focal plane.  The image of the aperture stop into object or 

image space is called the pupil and this is the location where the chief ray crosses the 

optical axis.  The dashed lines in Figure 2.2 show one possible configuration to image the 

stop onto both of the scan mirrors, ensuring proper beam scanning. 

 

2.2 Confocal Scanning Laser Microscopy (CSLM) Research 

 

A literature review was conducted to survey the current state of confocal scanning 

laser microscopy (CSLM) specifically geared towards cancer research.  One or two 

articles do not actually use a laser as the illumination source but are mentioned for 

breadth.  An attempt was made to group the discussion of journal articles by association 

with the most senior and recognized author.  This review is not meant to be exhaustive 

but to serve as a good foundation for anybody wanting to further investigate the subject. 

Colin J. R. Sheppard, formerly of the Department of Physical Optics at the University 

of Sydney (and now with the Division of Bioengineering, National University of 

Singapore 8) and D. M. Shotton from the Cell Biology Research Group at the University 

of Oxford together wrote an excellent introductory reference text titled Confocal Laser 

Scanning Microscopy.5  This short text provides a good foundation to aid in the 

understanding of the advanced confocal journal articles.  Sheppard is best known for his 

confocal work in metrology applications9 but also helped pioneer the image formation 
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theory for fiber-optic confocal scanning microscopes.10  Shotton has done much work on 

the digital image processing of confocal data sets.11  For a complete single reference 

source see the Handbook of Biological Confocal Microscopy edited by Pawley.12  The 

only draw back to this book is that it has been 10 years since the 2nd edition. 

Professor Tony Wilson is a recognized expert in the field of confocal microscopy.  He 

heads the Scanning Optical Microscopy group in the Department of Engineering Science 

at the University of Oxford.  He has written the book titled Confocal Microscopy13 and 

has over 60 papers listed at his group’s web site.14  His group’s focus seems to be on 

pushing confocal technology to new heights and is not heavily involved with clinical 

results.  He is still a major influence on the cancer research community since much of his 

group’s results are geared towards biomedical applications.  Wilson was one of the first 

to demonstrate that a single mode optical fiber could replace the pinhole detector in a 

confocal system.15  The observation was also made that the single mode fiber could be 

used as a point source as well as the point detector, which has major implications hinting 

towards endoscopic applications by allowing a fiber-coupled objective to move 

independent from the rest of the instrument.  Wilson also built a system with a two-mode 

fiber to perform confocal, differential amplitude or phase contrast imaging, and surface 

profilometry from the same optical system without any changes.16  One novel method 

developed by Wilson’s group rapidly scans a single mode fiber in front of an objective 

lens to form a confocal microscope that can be direct viewed without the need for a 

computer with the proper display algorithm.17  It achieves this by scanning the output 

fiber with the same x-y stage as the input fiber.  The output can go to a CCD, film, or 
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viewed directly with the eye.  Additionally, his group demonstrated a scanning objective 

approach with sub-micrometer lateral resolution for a device small enough to fit inside an 

endoscope.18 

One of the main figures in the commercialization of confocal technology is Martin 

Harris, currently Director of Fundamental Research at Optiscan in Notting Hill, Victoria, 

Australia.19  Harris won an R&D 100 award in 1991 for a bench-top confocal microscope 

and, according to the Australian government,20 has since been awarded 11 patents in this 

field.  Much of his early published confocal research also involved partner Peter 

Delaney.21  In 1994, these two founded Optiscan to begin commercialization of the 

technology.  In 1995, ‘Benchtop F900e’ was released to convert a conventional 

microscope into a 3D confocal scanning system.  Other major notables include the 

Stratum (2000), a hand-held scanner for dermatology and a miniaturized scanner (2001) 

small enough for use in an endoscope probe.  In 2002, Optiscan licensed their flexible 

confocal endoscope technology to Pentax Corporation, a world-wide company with a 

large U.S. medical division.22  In collaboration with Pentax, Optiscan is involved with 

flexible endo-microscope clinical trails in 8 different hospitals throughout the world (two 

are in the U.S.: University of Pittsburgh Medical Center and Massachusetts General 

Hospital). 

Milind Rajadhyaksha is the principal research scientist in the Optical Science 

Laboratory at Northeastern University in Boston.23  His research collaborations include 

Lucid, Inc., Wellman Laboratories of Photomedicine at Massachusetts General Hospital, 

and the Memorial Sloan-Kettering Cancer Center in New York.  In 1997, Lucid Inc.24 



 29

began commercialization of the VivaScope 1000, an in-vivo confocal reflectance 

microscope based on a prototype built by Rajadhyaksha.  An excellent reference for the 

design of a rapid-scanning CSLM with in-depth specifics about the optimum imaging 

parameters is the paper titled “Video-rate confocal scanning laser microscope for imaging 

human tissues in vivo.” 25  Rajadhyaksha backed by the group at Wellman Labs publishes 

much research on CSLM for in-vivo diagnosis of human skin abnormalities.26  They have 

conclusively shown than melanin (skin pigment) provides strong contrast for reflectance 

confocal microscopy.27  This allows non-invasive clinical detection of malignant 

melanoma skin lesions.  In addition, this technology is bridging a gap in the early 

detection of amelanotic melanomas.  These malignant tumors lack sufficient 

pigmentation to justify a biopsy; thus early detection is currently very elusive.  This 

group has demonstrated the potential for CSLM to detect these inscrutable tumors before 

metastasis puts the patient at risk for death.28   

Two interesting variations on traditional confocal microscope configurations have 

been presented in articles linked to R. H. Webb from the Wellman Laboratories of 

Photomedicine.  These variations include the spectrally encoded29 and fiber-coupled 

multiplexed30 confocal microscopes.  The spectrally encoded confocal microscope 

(SECM) uses a superluminescent diode as the illumination source with a certain 

bandwidth.  The non-monochromatic light is exploited through use of a grating to spread 

the wavelengths in one direction across the object and then physical scanning is only 

performed in the orthogonal direction.  The wavelength-encoded spatial information is 

decoded with heterodyne Fourier-transform spectroscopy and can be considered a 
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wavelength-division multiplexing technique.  Although quite intriguing, the quoted speed 

of 5 minutes to acquire a full image is not practical.  It is not known if the speed has been 

significantly increased since the publishing of this 1998 article.  The fiber-coupled 

multiplexed confocal microscope is a parallel scanning mechanism somewhat similar to 

slit scanning confocal microscopy.  This method intentionally uses a spatially incoherent 

fiber bundle to improve resolution and contrast.  The original image formed in this 

manner is a scrambled version of the object and must be reconstructed with a computer 

that has the fiber-bundle specific mapping algorithm. 

Professor Arthur Gmitro holds a joint appointment in the Department of Radiology 

and the College of Optical Science at the University of Arizona.  Gmitro is closely 

affiliated with the University of Arizona Cancer Center and is involved with magnetic 

resonance imaging as well as confocal imaging.31  Specifically in the field of confocal 

microscopy he is known for building the first confocal microscope to use a coherent 

fiber-optic imaging bundle.32  Use of a multimode fiber bundle allows the beam scanning 

to be done remotely from the objective lens/patient.  This directly leads to in vivo 

confocal imaging possibilities not previously implemented.  Fiber bundles typically 

degrade the image quality, but until the technologies develop to perform scanning at the 

miniature endoscope objective (coupled to a single mode fiber), this will be the method 

of choice for remote locations.  Gmitro’s group specialty is slit-scanning confocal 

fluorescence microscopy with microendoscopes.33, 34  Most notable about these referenced 

papers are the ingenious confocal scanning layout and the unique variable focus 
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miniature objective.  This group has also produced a paper on multispectral confocal 

imaging35 and a paper on reflectance confocal imaging of human skin.36 

There are a few important fiber-optic confocal papers that do not fit into any of the 

previous groups.  One of the earliest and most simple fiber-optic confocal microscopes 

uses a single mode fiber coupler and scans the distal end of the fiber in x, y, and z in front 

of a stationary objective.37  In certain applications, simple grin lenses have been 

successfully used as the objective at the end of a fiber bundle for in vivo CSLM.38  

Microelectromechanical systems (MEMs) is one technology that may be exploited in the 

future to do beam scanning inside miniaturized endoscopic objective probes.  These 

probes could then be coupled to a confocal microscope via a single mode fiber instead of 

the pixilated fiber bundle.  By scanning the beam at the objective, in vivo diagnosis will 

be helped by the increased resolution.  A prototype of one such device has already been 

designed and built by a group at Stanford University.39  

It needs to be noted that much of the earliest in vivo confocal research began for 

ophthalmic imaging of the human cornea.40,41  This work helped pave the way for CSLM 

in cancer research. 

 

2.3 Fiber-Optic Confocal Reflectance Microscopy (FCRM) at University of Texas-

Austin  

 

We are developing a laser scanning fiber-optic confocal reflectance microscope 

(FCRM) system for in vivo detection of cervical and oral pre-cancers.  Overall design and 
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operation of this custom microscope system has been previously reported.42,43  This 

system does not use fluorescent dyes; image contrast is provided by the index mismatch 

between the nucleus and cytoplasm of epithelial cells.  Normal cells have a nominal 

nuclear-to-cytoplasmic (N/C) ratio of 1:5.  Abnormal, possibly malignant, tumors have an 

N/C ratio approaching 1:1.44  Since image contrast is typically very low for epithelial 

tissues, our group has separately modeled and investigated sources of contrast 

enhancement for amelanotic tissues.45,46,47  Other clinical studies have helped add to our a 

priori knowledge for this current FCRM project.48  The preliminary FCRM investigations 

implemented a commercial microscope objective to develop the basic system and 

demonstrated imaging at 15 frames/sec.  In order to validate the ability for in vivo 

imaging, a 7-mm outer diameter (OD) glass-optics miniature microscope objective was 

successfully designed and implemented.   
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Figure 2.3: Laser scanning fiber confocal reflectance microscope (FCRM) layout. 

Drawing provided by Chen Liang, University of Arizona.2 

 
The FCRM layout diagram, with miniature objective, is shown in Figure 2.3.  The 

FCRM is a monochromatic, epi-illuminated, point-scanning optical imaging system.43  

The illumination source is a continuous wave (CW) Nd:YAG laser (Optomech Ltd.) 

operating at 1064 nm.  It is specifically designed to have a short coherence length to 

avoid speckle in the tissue and interference from the ends of the fiber bundle.  The laser 

light is spatially filtered, collimated, passes through the 2D scanning system, and is 

focused on the distal end of the coherent fiber bundle by the scan-lens optics.  The fiber 

bundle-coupled miniature microscope objective delivers the light to the tissue.  The 

objective has a fixed focal length.  To change focus the tissue is moved in and out with 
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hydraulic suction.  The depth of interest in epithelial tissues is typically up to 200 µm to 

reach the basement membrane.  As mentioned, light is reflected from the tissue due to 

sub-cellular variations in index of refraction.  This reflected light is collected by the 

objective and it retraces the same path in reverse until the beam splitter, where it is 

deflected through a pinhole and onto a high-speed avalanche photodiode (APD).  The 

confocal nature of the instrument comes from the fact that each fiber is instantaneously 

conjugate with the detector pinhole as the beam is scanned inside the tissue.  Lateral 

resolution of this FCRM system is limited by the coherent bundle fiber-to-fiber spacing.  

The miniature glass-optics objective, shown in the inset of Figure 2.4, interfaced with the 

FCRM was reported to have a lateral resolution of 2 µm and an axial resolution of 10 µm 

(FWHM).49  The design FOV of 250 µm allows more than 15 cells to be seen at once 

across the FOV.  Clinical cellular images have been obtained in vivo with this prototype 

objective.50  An in-depth description of the design process for this miniature glass-optics 

objective has also been reported.51  The whole system has been built on a cart; see Figure 

2.5, to facilitate moving the FCRM instrument from the research lab into the clinic 

quickly. 
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Figure 2.4: FCRM optical probe with the miniature all glass-optics objective lens 

(ALPHA design).  Photos provided by Kung-Bin Sung, University of Texas-Austin50 and Chen Liang, 

University of Arizona2 (insert). 

 

The refractive-index mismatch between the nucleus and the cytoplasm is 

approximately ∆n = 0.05.  This difference can be increased to approximately ∆n = 0.07 

by the application of a weak acetic-acid solution.46  A refractive-index mismatch of this 

magnitude yields very low reflected signal that results in low-contrast images.  Therefore 

the miniature microscope objective must be designed for a high NA and with efficient 

antireflection (AR) coatings to maximize signal collection and minimize background 

radiation. 
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Figure 2.5: Portable FCRM system.  Photo provided by Kung-Bin Sung, University of Texas-

Austin.52 

 

The current focus of this project (and more specifically this dissertation) is to 

demonstrate the ability to replace the glass-optics miniature objective lens with a 

disposable single-use injection-molded plastic objective lens with the same design 

specifications.  The initial conceptual design of such an objective was first published in 

the proceedings from the 2002 International Optical Design Conference.53  We have also 

published a paper showing successful images from a cervical biopsy and in vivo oral 

tissue using a miniature plastic objective lens.54  A paper covering the design and testing 

aspects from this dissertation has been submitted to the Applied Optics journal.55  
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CHAPTER 3 - MINIATURE FCRM OBJECTIVES 

 

 

Fiber-optic confocal reflectance microscopy (FCRM) couples an objective lens to a 

confocal microscope via an optical fiber (in our case a fiber bundle).  Miniaturization of 

the optics is one of the key aspects limiting FCRM technology from being more widely 

used to diagnosis additional types of epithelial cancers.  Currently our research focuses 

on oral and cervical cancers in part due to their ease of access.  If optics eventually can be 

fabricated small enough (without sacrificing performance) to fit inside a standard 

endoscope port or fit inside a catheter, then applications for this technology could expand 

to include bladder, ovarian, colon and esophageal types of cancer.  The miniature 

objectives designed and implemented so far are nominally 2X larger than is currently 

needed for these more invasive diagnostic procedures.  This factor of two miniaturization 

is already currently realized for glass-optics objectives with lower numerical apertures. 

 

3.1 Naming Conventions 

 

ALPHA: This is the miniature FCRM all glass-optics objective lens designed by 

Chen Liang.  This dissertation is currently the only place you will find the objective 

referred to by this name.  In Liang’s dissertation,2 the ALPHA objective is referred to as 

the second FCRM objective (the first objective was a full-size off-the-shelf commercial 
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objective).  ALPHA is being employed so that concise, unambiguous references can be 

made to this objective and will not be confused by the reader with the plastic miniature 

objective.  Two prototype objectives of the ALPHA design were manufactured and 

assembled by Optics Technology, Inc. (Pittsford, New York) in June 2001.  In-depth 

design discussions and results obtained with this objective can be found in the 

literature.2,49,50,51 

BETA: This is the name of the design given to the miniature injection-molded plastic 

objective that is the main focus of this dissertation.  This name was chosen because this is 

the second miniature FCRM objective design and something simple was needed to 

facilitate computer file storage and retrieval.  Fifty sets of these objectives were 

fabricated by Applied Image Group/Optics (currently Aurora Optical, Tucson, AZ) in 

December 2002.  Thirty of the fifty sets were sent to Evaporative Coatings Inc. (Willow 

Grove, PA) for anti-reflection coatings.  The remaining units were used for testing 

assembly techniques or kept as spares. 

BETA II: This is the name given to the redesign of the BETA objective.  Since no 

changes were made to the major specifications listed in Section 3.2, it seems more 

appropriate to continue with the same base name instead of giving it an entirely new 

name that would unintentionally create a disconnect between the two designs. 
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3.2 ALPHA/BETA Comparison 

3.2.1 Design Specifications 
 

The BETA objective was designed using the same initial optical specifications as the 

ALPHA objective described by Liang et al.51  The most important optical design 

specifications are listed in Table 3.1.  Although these specifications are identical in both 

cases, the design process is much different for the current injection-molded prototype 

than that which was completed for the glass-optics miniature objective lens.  First, in 

order to keep costs reasonable, the ALPHA design included only spherical surfaces; 

whereas, the BETA injection-molded version is free to incorporate aspheric surfaces with 

no additional cost.56  During the mold building process, electroless nickel-plated optic 

inserts are single point diamond-turned for each optical surface.  The process is computer 

controlled, and thus, an axially symmetric aspherical surface takes minimal additional 

effort to set up in the machine.  With set-up effort removed as a factor, the nominal cost 

for diamond-turning is proportional to the time it takes to remove material.   The ability 

to eliminate a lens (two surfaces) from the design reduces the overall diamond-turning 

and injection-molding time.  Due to the inclusion of two aspherical surfaces the injection-

molded design only required 5 lenses, compared to 8 lenses for the glass design.  The 

final optical designs for both miniature prototypes are shown in Figure 3.1a-b.  Even 

though the clear aperture (CA) for the plastic objective is larger, they both have 

nominally the same mechanical outside diameter of 7 mm.  Both designs are diffraction-

limited, and both underwent a complete tolerance analysis.   
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Table 3.1: FCRM miniature objectives’ design specifications. 

Specification Value 
NA at object/tissue 1.0 (water immersion) 
NA at image/fiber 0.3 (oil immersion) 
Working distance 450 µm 

Field of view (diameter) 250 µm 
Telecentric Object and image space 
Wavelength 1064 nm 

 

 

Figure 3.1: (a) Optical design layout for the previous 8 element glass-optics 

miniature objective (ALPHA). The overall object to image (OI) distance is 20.4mm 

and has a maximum clear aperture (CA) of 4mm.   (b) Current 5 element injection-

molded plastic design layout (BETA).  OI = 17.9mm and CA = 5mm. 
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3.2.2 Cost Analysis 
 

One of our main goals is to demonstrate the feasibility of disposable single-use 

biomedical optics.  ‘Disposable’ has been used in an ambiguously defined manner so far.  

Unfortunately, there is no clear cut criterion to tell us when we have reached this level.  

Although prototype costs can sometimes be misleading, a short cost comparison between 

the current BETA injection-molded objective with the previous ALPHA glass-optics 

objective is provided.  Keep in mind that these prototype costs are 2001-2005 dollars and 

are only included as a benchmark for the comparison.  In a prototype run of two 

objectives, for the ALPHA design; the unit fabrication cost was approximately $8,000, 

including assembly.  The unit cost for the current BETA prototype run of 50 plastic 

objectives is roughly $310.  This second value does not include assembly costs as that 

was performed by the author.   

To better compare on a larger scale, a hypothetical clinical study with 10 participating 

facilities, each performing 1,000 optical biopsies (10,000 inspections total), is created.  

Budgetary estimates were obtained from Optical Technologies (Rochester, NY) and 

Aurora Optical (Tucson, AZ) for the ALPHA and BETA miniature objectives, 

respectively.  The comparison is provided in Table 3.2.  This cost analysis only includes 

the direct optics cost (it does not include testing man hours or facility costs) and makes 

no attempt to include the cost of steps needed for both designs (like technician instrument 

calibration time).  The total cost for 20 ALPHA objectives was $6,125 each.  This 

arbitrarily assumes 2 objectives will last for 1,000 inspections at each location.  The cost 

for disinfecting is a gross estimate.  The $5 per inspection value attempts to factor in 
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chemical solutions and equipment.  Over 1,000 uses, total budgeted cost is $5,000 per 

facility or $2,500 per objective.   

The estimated total for 12,000 BETA units came in at under $16 each.  This quantity 

assumes 20 % of the BETA units are fabricated as spares.  Unfortunately the company 

would not quote assembly into the price; thus we will assume an assembly rate of 5 per 

hour.  This assumption is based on the new BETA II opto-mechanical slide together 

design, presented later in Section 9.1, and use of a commercial UV curing station.  A 

$50/hour assembly rate for the technician and overhead (includes shop supplies like UV 

curing adhesive), this equates to an assembly cost of $10 per objective.  This cost totals 

actually estimate the BETA plastic objective to be a more expensive choice.  This is not 

meant to be a definitive analysis, since undoubtedly certain unforeseen costs may have 

been left out, but is meant only to spur discussions.  The estimated values are clearly 

labeled in Table 3.2, and if better values can be found a more realistic cost estimate can 

be made in the future.  An estimated unit cost under $16 makes the BETA design an 

attractive option. 
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Table 3.2: Cost analysis for hypothetical clinical study of 10,000 inspections 

performed at 10 participating facilities. 

 ALPHA Glass Design BETA Plastic Design 
 Unit Cost 

($) 
Clinical Study 

Cost ($) 
Unit Cost 

($) 
Clinical Study 

Cost ($) 
Tooling (NRE) 125 2,500 1.04 12,500 

Optics 
Manufacture 

3,500 70,000 4.62 55,440 

Assembly - - 10* 120,000* 
Disinfection 2,500 (5/use)* 50,000* - - 

Totals 6,125 122,500 15.66 187,940 
* estimated values 

 

From Table 3.2, the difference in the total estimated cost for the hypothetical clinical 

trials is: 

 

∆ ≡ | BETA Total Cost – ALPHA Total Cost | = $65,440 

 

What changes are needed to occur such that ∆ → 0?  There are many possible changes 

for this simplified cost analysis.  The quoted manufacturing costs, disinfection, assembly, 

or the assumed quantity of needed objectives realistically could all possibly change.  To 

consider the effect of the most plausible changes a single perturbation sensitivity analysis 

is performed.  This analysis, see Table 3.3, takes four main categories and increases or 

decreases the unit cost (or per use cost) to obtain ∆ = 0 (i.e. total cost of both clinical 

trials are equal).  Each calculation is independent from the rest of the table.  Here it is 

shown that if the ALPHA objective manufacturing cost rose to $6772 a piece (and 
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everything else remained at the values provided in Table 3.2) the choice between plastic 

and glass objectives would not be financially driven.  It is very interesting to note that 

this $6772 value is less than the $8000 that was spent for the original prototype ALPHA 

objective.  It is unknown why the unit price dropped so significantly from the quantity of 

2 to 20.  It is not know how solid the budgetary quote of $3500 is, but this value is on the 

low end of commercially available NA = 1 water immersion objectives. 

 

Table 3.3: Single Perturbation Sensitivity Analysis for ∆ = 0.  Each row is an 

independent calculation that yields financial equality between the two hypothetical 

trials presented in Table 3.2. 

Perturbation Category Original Value New Value % Change 

ALPHA Objective $3,500/ea $6772/ea + 193% 

# of ALPHA Objectives 20 @ $3500/ea 38.7 @ $3500/ea + 193% 

ALPHA Disinfection $5/use $11.55/use + 231% 

BETA Assembly $10/ea $4.55/ea - 55% 

 

The original cost analysis assumed each objective would last for 500 inspections.  

With the proper care, a glass objective can last this long, but it is plausible that more than 

two objectives would be needed at each clinical location due to periodic cleaning of the 

objectives.  The perturbation analysis shows that if the total number of ALPHA 

objectives needed for the clinical trials rose from 20 to 39 then the two optical designs 

would again be cost equivalent.   
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To remove salt deposits from the saline solution (the tissue water immersion fluid), 

cleaning of the glass ALPHA objective should be done after every use.   This can be 

achieved with a quick soak in isopropyl alcohol and compressed air.   The first surface of 

the ALPHA objective is recessed inside a brass cylinder that makes cleaning challenging; 

thus, additional periodic cleaning may require the objective to be sent out of house and 

substantial extra costs, not previously considered, may be incurred.  It seems realistic to 

send the objectives to an optics house for proper cleaning to avoid untrained personnel 

from scratching the objectives.  Since cleaning will most likely be incorporated directly 

before or after the disinfection process, the cost of cleaning is lumped into the 

disinfection cost.  To obtain ∆ = 0, the disinfection/cleaning per use cost must increase 

from $5 to $11.55.  Deposit build-up on the first surface of the ALPHA objective is a 

known problem from our previous clinical testing, which makes these additional cleaning 

costs highly plausible if not certain.   

The final perturbation considered in Table 3.3 concerns the assembly cost of the 

BETA plastic objective.  In the original estimate a very conservative rate of 5 objectives 

per hour was assumed.  With the proper high volume UV curing equipment, curing the 

objectives in batches can substantially increase the average assembly rate.  Using a 

company that has automated robotic assembly equipment could further increase the 

average assembly rate.  Assuming the initial assembly value of $10 per BETA objective 

was realistic, the new value of $4.55 unit cost seems achievable. 

This cost analysis section is a necessary exercise due to the importance of 

disposability to the plastic BETA objective design.  The values provided are to induce 
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discussions and should not be interpreted as the total funds needed to conduct the 

proposed clinical trial.  Although an official ‘disposable threshold’ for biomedical optics 

is not known by the author, the estimated unit cost of $16 is less than a tank of gas and 

also falls below the price of an entrée at an upscale restaurant.  Clearly, this estimated 

unit cost of $16 clearly falls within the realm of disposability.  The comparison of the 

BETA plastic objective to the ALPHA glass objective employed some gross assumptions.  

The follow-on perturbation analysis helps identify four plausible changes to the original 

estimate.  If only two of the four perturbations were realized then the total costs would 

flip-flop and the ALPHA glass design would be $65,400 more expensive than the BETA 

injection molded design. 
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CHAPTER 4 - BETA DESIGN AND ANALYSIS 

 

 

4.1 Design Overview 

 

The general BETA design specifications are provided in Table 4.1.  ZEMAX optical 

design software57 was used to create this injection-molded plastic objective.  Preliminary 

designs were created using polystyrene because of its moldability and availability of 

index of refraction, n, data in the IR.  We decided that an optical plastic with lower 

moisture absorption would be more desirable to maintain dimensional stability.  

Currently, low moisture absorption is important because these ‘research’ water-

immersion prototype objectives are disinfected and re-used for longer periods of time 

than will be typical for a clinical setting.  In the future, dimensional stability may be an 

important issue for long-term storage.  Two highly engineered injection-molded plastics, 

Zeonex and Topas, both have water absorptions less than 0.01%.  In Table 4.2, these 

values are compared to common injection-molded plastics.  Zeonex is a cyclo-olefin 

polymer (COP) and Topas is a cyclic olefin copolymer (COC) developed by Zeon 

Corporation and Ticona Corporation, respectively.  Since at the time of design, neither 

had publicly available index of refraction data in the near IR; samples were obtained and 

several test prisms were fabricated.  The prisms were tested on a custom-built 

refractometer.  Zeonex E48R was eventually selected and n = 1.5200 ± 0.0005 (±2σ) at 
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1064 nm and 25°C was experimentally determined and has been used for this 

monochromatic optical design.53  This value, factoring in dn/dT to compare data points at 

different ambient temperatures, agrees with a recently published value to the fourth 

decimal place.58  A more in-depth description of these refractive index measurements is 

presented in Section 4.2. 

 

Table 4.1: BETA design specifications. 

Specification Value 
NA at object/tissue 1.0 (water immersion) 
NA at image/fiber 0.3 (oil immersion) 
Working distance 450 µm 

Field of view (diameter) 250 µm 
Telecentric Object and image space 
Wavelength 1064 nm 

Maximum clear aperture 5 mm 
Outer diameter 7 mm 

 

Table 4.2: Water absorption for selected injection-molding plastics.59 

Material Water Absorption (%) 
Zeonex <0.01 
Topas <0.01 

Polystyrene 0.1 
Polycarbonate 0.2 

PMMA 0.3 
 

 

To convert the initial polystyrene optical design to the Zeonex index of refraction, a 

ZEMAX macro was written to slowly change the index values for each lens.  Since all 

the lenses are the same material, all were stepped simultaneously.  Very small steps (∆n = 
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-0.00025) between optimizations allowed the overall performance of the design to 

nominally remain unchanged.  In a previous attempt, when the design was stepped 

manually by a moderate amount (∆n = -0.01), the optimization algorithm selected a 

different local-minimum merit function design and the performance worsened.  In 

addition to being automated, the macro helps avoid these extreme changes.  

 

 

Figure 4.1: 3D BETA model; inset shows a photograph of an actual miniature 

injection-molded objective. 

 

Compared with a standard glass-optics objective, which is typically housed in a metal 

barrel, the injection-molding process created new challenges, as well as opportunities.  

One advantage of injection-molded optics is the ability to directly incorporate the 

mechanical mounting structure (the flange) with the optical surface, since both can be 

fabricated at the same time.  In order to facilitate alignment and assembly of the optics a 

V-shaped alignment groove, concentric with the optical surface, is included in the 
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flange.2  The design calls for 500 µm diameter precision balls to be inserted into the 

groove in order to properly position the lenses relative to one another.  The balls and V-

groove allow the optics to be stacked and rotated during assembly of the objective.  

Figure 4.1 shows a partially exploded 3D model of the miniature injection-molded 

objective. This model was created in SolidWorks®.  The aperture stop is located between 

the third and fourth lenses.  The aperture at the end acts as a baffle to prevent light 

outside the clear aperture (CA) of the rear element from entering the objective during 

testing.  It is slightly oversized to avoid becoming the stop surface. 

 

Table 4.3: Coherent fiber-optic bundle specifications.42, 43 

Sumitomo IGN-15/30  
Outside diameter 2.5 mm 

Glass jacket diameter 1.9 mm 
Active diameter 1.37 mm 
Number of fibers 30,000 

Average fiber core diameter 4.1 µm 
Average center-to-center spacing 7.1 µm 

Nominal NA of fibers 0.3 
Allowable bending radius 75 mm 

 

 

For the design specifications, the diffraction-limited spot size (Airy disk) diameter at 

the image/fiber side of the objective is 4.3 µm.  This value is slightly higher than the 

average core diameter, 4.1 µm, of the coherent fiber-optic bundle used in the FCRM.  

Since the fiber diameter is smaller than the diffraction-limited spot size of the miniature 

objective any increase in spot size (due to aberrations) directly results in loss of 
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light/signal.  The complete fiber specifications are presented in Table 4.3.  The active 

diameter for the fiber is 1.37 mm, but for the current application, only a diameter of 0.830 

mm is being used for the design FOV.  It should be noted that these fiber-optic bundle 

specifications are slightly different from what is currently commercially available from 

Sumitomo.   

 

4.2 Refractive Index Measurements 

 

Attempts were made to obtain samples of both Zeonex and Topas.  Two hockey puck 

sized samples of Zeonex were obtained; unfortunately none of the Topas samples were 

thick enough to fabricate a prism.  Lack of a sufficient sample for refractive-index 

measurements is the main reason that Topas was eliminated from consideration for the 

BETA design.   

The Zeonex prisms fabricated by our optics shop were nominally one-inch tall with 

an apex angle of 37 degrees.  This is the size of prism required by our visible/IR 

Cryogenic Refractometer.  This instrument, named for its original purpose, was custom-

built under the supervision of University of Arizona Professor James Palmer.60  The 

current tests were all performed at room temperature.  The Cryogenic Refractometer uses 

a broadband source (Tungsten ribbon-filament lamp) focused into a grating spectrometer, 

which selects the output wavelength.  The output light from the spectrometer is 

collimated, passes through the prism, and is imaged onto a detector that is mounted on a 

rotary turntable.  The precision turntable is used to measure the displacement angle, δ, 
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between the undeviated and deviated beams.  The Cryogenic Refractometer uses the 

modified minimum deviation method as described by Platt, et al.61  The index is 

calculated via the following equation: n = sin (α+δ) / sin α.  The apex angle, α, was 

measured with the auto collimator of a Wild Model 79 Precision Spectrometer.  The Wild 

spectrometer was also used to double check (at 632.8 nm) the data obtained from the 

custom-built Cryogenic Refractometer.  The agreement between the two instruments was 

good, but data had to be taken the same day to ensure insignificant changes in room 

temperature.  The Wild spectrometer calculates the index of refraction via the standard 

minimum deviation method: n = sin [(α+δ)/2] / sin (α/2).62  

The two samples obtained were labeled as Zeonex grade E48R (Prism A) and 480 

(Prism B).  Figure 4.2 shows the experimental visible and near IR index data for each of 

the two sample prisms.  Comparing the experimental data with published visible data 

from the manufacturer, it was determined that the two samples were of the same grade 

(480) or of two very similar grades (480 and 480R).  It is obvious that Prism A is not 

grade E48R as intended.  A temperature of 22.8°C was recorded during measurements for 

Prism A.  To properly compare at this temperature, the manufacturer’s data was 

interpolated between the published values for 10 and 25°C.  The change in index with 

temperature was assumed to be linear within this region.  No temperature data were 

recorded the next day when Prism B data was tested.  It was conducted at room 

temperature, but there is no guarantee that it was exactly the same temperature.  To 

determine what effect temperature could have on the index measurements, an estimate of 

dn/dT = -0.00011 was calculated from the published data for Zeonex 480R (Zeonex grade 
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480R has one additional additive than normal grade 480).  This linear thermo-optic 

coefficient value was constant (within ± 5%) between 10 and 80°C over the entire visible 

spectrum.  Using this value a positive 3°C change in room temperature could account for 

the slight downward shift in the dispersion curve (∆nA-B = -0.00035 at 1064nm) between 

Prism A and B as shown in Figure 4.2.  This is definitely realistic with the known daily 

temperature variations inside the east wing of the Optical Sciences Center.  It should also 

be noted that the uncertainty in these measurements was calculated to be ∆n = ± 0.00034 

(±2σ), which also by itself could account for the difference between the two prisms.   

The difference between Prism A and the published data is ∆nA-480R = -0.0006 at 

786.5 nm.  Considering the absolute accuracy of the thermocouple probe and the 

measurement uncertainty, this value is only slightly larger than what is expected.  One 

source of error we have not yet considered is the lot-to-lot repeatability of Zeonex.  The 

manufacturer quoted the lot-to-lot index variation for Zeonex 480R to be ± 0.00012 (±2σ) 

and for E48R to be ± 0.00022 (±2σ).63  Lastly, this discussion has also implicitly made 

the assumption that Zeonex 480 and 480R have exactly the same index.  No index data 

directly comparing these related grades were available. 
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Figure 4.2: Experimental dispersion results for sample prisms with published visible 

data for two common grades of Zeonex. 

 

Since there was good experimental index data for grade 480, a design and tolerance 

analysis was conducted for this grade.  It was decided to switch back to Zeonex grade 

E48R due to its lower birefringence and higher index.  Zeonex grade E48R has one third 

of the intrinsic birefringence of grade 480.  Intrinsic birefringence, the difference in index 

between two arbitrary orthogonal planes, is important to the ability to effectively focus 

light into individual fibers of the fiber bundle that links the objective to the rest of the 

FCRM system.  A design refractive index value of 1.51997 ± 0.0005 (±2σ) was 

calculated for Zeonex grade E48R at 1064nm.  This value was extrapolated from the 
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published visible data for E48R at 25°C using the Conrady method.64  This extrapolation 

method was experimentally verified with the Zeonex 480 data, and the uncertainty value 

quoted comes specifically from the 480 data.  The actual ∆n value that the BETA design 

can handle will be provided later in Section 4.7, but it is large enough not to worry about 

this level of expected uncertainty.  Additionally, the thermo-optic coefficient, dn/dT = -

0.00009, was estimated for grade E48R from the manufacturer’s dispersion data.  This 

value was constant (within ± 10%) between 10 and 80°C over the entire visible spectrum.   

 

4.3 Tolerance Analysis and Design Selection 

 

Another challenge of the injection-molding process is to properly set-up and model 

the tolerance analysis.  The general tolerances applied during the BETA design are 

presented in Table 4.4.  These tolerances were obtained through discussions with the 

injection-molder.  Most of the tolerances are fairly standard, but an additional tolerance 

had to be added to account for the V-groove.  Decentration between two adjacent 

surfaces aligned via concentric V-grooves was selected to be 5 µm.2  This is different 

from the decentration value of ±12.5 µm between two surfaces of a single injection-

molded lens.  Most of these tolerances fall either within the ‘commercial’ or ‘state of the 

art’ classifications for injection molded plastic optics.59  During assembly, indentations 

are occasionally noticed in the V-grooves from the 500 µm balls due to moderate 
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clamping forces.  This effect was not modeled in the tolerance analysis, and care must be 

taken to avoid assembly error of this type. 

 

Table 4.4: Tolerance analysis injection-molding manufacturing tolerances. 

Tolerance Value 
Radius ± 0.5% 

Center thickness ± 25 µm 
Surface decenter ± 12.5 µm 

V-groove decenter ± 5 µm 
Element tilt ± 0.15 deg 

Surface wedge ± 0.15 deg 
Surface irregularity 3 fringes 

Index59 ± 0.001 
 

 

One specific difference for the current tolerance analysis, compared to one for a 

standard glass objective, is that decentration values must be vector summed.  Adjacent 

lenses must start from the local optical axis of the previous element; both decentration 

and tilt must be accounted for.  To illustrate, if all elements are sequentially 

“misaligned”, the resulting objective could look like the Leaning Tower of Pisa.  For a 

standard objective, the lenses are decentered from the global optical axis, defined by the 

center line of the metal housing, not from the center line defined by the previous optical 

element. 

The initial design goal was to meet the first six specifications shown in Table 4.1 

and, in addition, to keep the outside diameter (OD) of the optical probe as small as 

possible.  Using the manufacturing constraints listed in Table 4.4, an iterative process of 
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design and tolerance analysis was used to obtain an objective design that had a realistic 

chance of being successfully fabricated.  The design evaluations are based on the results 

of Monte Carlo statistical analyses, which yield random combinations of manufacturing 

errors for a given set of tolerances.  ‘Realistic’ was arbitrarily defined at the 50% Monte 

Carlo level as peak-to-valley (PV) error of less than 1 wave optical path difference (OPD) 

and a root-mean-square (RMS) spot radius of less than or equal to the Airy disk diameter.  

These two criteria were observed over all 9 design fields. 

During the tolerance analysis, variables called compensators are used to factor in 

adjustments that can be made during assembly to improve performance.  The 

compensators used during the initial tolerance analysis were working distance, object 

radius of curvature, and back focal distance.  Imaging along a slightly curved object plane 

in the tissue has produced acceptable results for FCRM systems.2  During design 

optimizations, we constrained the object surface radius in the tissue to be four times the 

field of view (FOV) diameter (4 x 250 µm = 1 mm).  The object radius of the final design 

(1.5 mm) is six times the FOV diameter, which translates to roughly 5 µm of sag at the 

edge of the FOV.  A unique property of a confocal microscope is that it automatically 

images the best focus slice of the 3D object even if it is a curved surface.  Since the 

working distance and curvature of the object surface adjusts without direct input of the 

user, these variables can be called automatic compensators.  The back focal distance to 

the fiber-optic bundle must be manually set, but an optical probe with an adjustable 

internal thread creates the ability to optimize the objective-to-fiber spacing during clinical 

use.  
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The preliminary designs for this objective started out with a CA of 3 mm and an OD 

of 5 mm.  A diffraction-limited, 5-element design was created, but after a comprehensive 

tolerance analysis with Monte Carlo simulations, it was decided to increase the CA of the 

design to aid manufacturability.  To convert this design, the working distance (WD) was 

changed from 450 to 300 µm and the CA was allowed to grow.  By controlling which 

dimensions are allowed to vary, multiple solutions can be obtained.  Several different 5 

mm CA designs were created.  To restore the design WD, a macro was created that 

increased the WD by 1 µm between optimization steps.  After a final round of tolerance 

analysis, a final design was selected for fabrication.  The worst offenders of the 

tolerances listed in Table 4.4 are surface wedge in L2 and L3.  The final CA of the design 

is 5 mm and, including the flange, the OD is 7 mm.  The OD is roughly the same as the 

diameter of a standard #2 pencil.  The final design layout was shown previously in Figure 

3.1b.  The objective was designed with a total of 9 field points, but only 3 are displayed 

for clarity.  The object/tissue side on the left of the layout has a water-immersion 

numerical aperture (NA) = 1.0.  The image/fiber side has an oil immersion NA = 0.3.  It 

is the author’s convention to label lens 1 (L1) as the lens in contact with the tissue.  The 

five lenses are then sequentially labeled from left to right.  Figure 4.1 shows the five 

BETA optical elements in combination with a long black spacer that contains no optical 

surfaces.   
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4.4 BETA Optical Prescription 
 

Table 4.5: Prescription data for BETA, the miniature injection-molded lenses. 

Surface Comment Radius (mm) Thickness (mm) ‘Glass’ (n1064nm ) 
Object  1.518 0.45 seawater (1.3308)

1 L1 100 1.3 E48R (1.520) 
2  -1.516 0.1  
3 L2 -16.61 1.4 E48R (1.520) 
4  -2.793 0.5368  
5 L3 -100 1.5 E48R (1.520) 
6* STOP -3.130 0.1515  
7* L4 6.549 1.4 E48R (1.520) 
8  11.62 6.273  
9 L5 3.836 1.4 E48R (1.520) 
10  100 3.389 

Image  Inf. - 
index matching 

fluid (1.480) 
 

*Even Asphere Coefficients64 

Surface Conic 4th 6th 8th 10th 12th 
6 -1 -2.549 x10-4 -1.203 x10-5 2.497 x10-5 -2.710 x10-6 2.167 x10-7 
7 -1 -1.333 x10-5 -8.529 x10-5 1.861 x10-5 -2.717 x10-6 2.264 x10-7 

 

4.5 Opto-Mechanical Design  

   

Traditional glass lens objective assemblies employ a highly engineered, precision 

metal housing.  Injection molding allows fabrication of the structural mounting fixture 

and optical lens element as a single unit.  We will refer to the non-optical components as 

the flange.  The BETA design uses a ball and V-groove alignment technique suggested 

by Chen Liang.2  A cross-sectional view, Figure 4.3, of the BETA design helps to  

demonstrate this hybrid lens concept.  Precision alignment is obtained by stacking the 
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elements using 500-micron spheres and a circular V-shaped alignment groove.  Using a 

stack and rotate method of assembly allows for the fabricated design to help correct for 

manufacturing errors.  In addition, ball size can be changed to help compensate for 

performance as well.  Ball size and rotational position of the elements have both been 

considered for compensation of optical performance and investigated during the optical-

bench tests. 

 

 

Figure 4.3: BETA cross-sectional drawing. 

 

This integrated hybrid optical design raises new stray light considerations.  Since the 

structural flange of the integrated lens elements is transparent, stainless steel apertures 

were laser machined for use between each pair of elements to avoid excess 

scattering/transmission of light.  Eventually, it was experimentally determined that only 

the two apertures shown in Figure 4.1 were required to obtain acceptable results.  The 

spacer between L4 and L5 was made from black ABS plastic, as a stray light precaution, 
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but in hindsight it should have been made from Zeonex as well.  Cleaning with acetone 

and the UV curing lamp both can break down the ABS plastic.  The weakest location, 

from a strength standpoint, of this opto-mechanical design is the interface between L4 

and the black ABS spacer.  Occasionally during testing, the objective would fail due to 

inadequate adhesive bonding at this interface.  

 

4.6 Stray Light and Ghost Analysis 

 

Stray light is sort of an ambiguous term in the field of optics.  A single universal 

definition does not exist.  In the most general definition, stray light is any unintentional 

light that reaches the image plane (or some other plane/surface of interest).  Optical 

design software tends to break up stray light into sequential ray trace, non-sequential ray 

trace, and physical optics components, as these all must be treated separately in a 

computer code.  Physical optics issues, like diffraction, utilize Fourier optics analysis and 

have not been considered in our current analysis.  A sequential analysis considers rays 

traced between optical surfaces in the order in which they were entered into the program.  

A non-sequential ray trace analysis is not limited to a specific order and is not limited to 

just the optical surfaces.  Non-sequential analysis is meant to consider all physically 

possible geometrical events like scattering, reflection, refraction, and absorption from 

optical and non-optical surfaces in all directions.   

A non-sequential stray light analysis was originally set-up in ASAP.65  The results 

were inconclusive. It was decided, that due to the stray light rejection capabilities of a 
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confocal system, stray light probably would not play an important role in the objective’s 

performance when integrated into the FCRM.  On the other hand, the optical bench tests 

conducted on the BETA objectives as a stand-alone device could suffer.  Since the optical 

bench tests turned out well, and the major causes of image degradation have tentatively 

been identified, I believe that stray light plays only a minor role.  If, in the future, we 

succeed to reduce the other known causes of image degradation then a non-sequential 

stray light analysis may need to be revisited.  

From here forth, ghost reflection analysis is defined as the sequential ray trace subset 

of the more general stray light analysis.  Fresnel reflections from the optical surfaces are 

included in a general non-sequential stray light analysis, but they can also be considered 

separately by themselves.  The lack of confidence in the ASAP model created a strong 

desire to obtain results, at least for ghost images, via an alternate method.  A ghost focus 

generator is a semi-automated analysis option included in most optical design software.  

This technique sequentially changes each surface (or pair of surfaces) in a design into a 

mirror to determine if reflected light from that surface could cause optical performance 

problems.  Individual files can be saved over a requested range of surfaces.  A coating 

can be associated with the surface to determine what percentage of incident light is 

reflected.  Typically if you are concerned with light reflected back into the object plane, a 

single reflection analysis is done; and if you are worried about the image plane, then a 

double reflection analysis is performed. 

Ghost reflections from optical surfaces are a legitimate concern for confocal optical 

systems; since this is the main method stray light can enter the collection cone angle of 
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the point image.  If this situation would occur then it would lead to a reduction of contrast 

in the confocal image.  Our application uses the objective for illumination and collection 

of the reflected light.  With such low levels of reflected light from human tissues, it is 

extremely important that light from the much more intense illumination beam does not 

create a ghost image at the fiber bundle.  Low reflectance anti-reflection (AR) coatings 

are extremely important.  To show just how important they are we will estimate the level 

of light reflected from the tissue and compare that to the AR coating data provided by our 

coaters.  Transmission losses by the system are ignored.  The quoted AR coating 

specification was < 0.25 % reflection (R) per surface, but the witness plate test results 

showed a ~0.06 % R per surface at 1064 nm.  The amount of incident light reflected by 

human tissue will be estimated with the basic Fresnel reflection equation.  Changes of R 

with angle of incidence are ignored in this simple calculation.  Angle of incidence is 

assumed to be zero and thus polarization is also ignored.  The index mismatch between 

the nucleus (n = 1.4 -1.45)66 and cytoplasm (n = 1.35 -1.37)66 of human epithelial tissue, 

∆ntissue, is typically 0.05 but can be increased to 0.07 with a weak acetic acid solution.46  

The calculation leads to a 0.064 % reflection as shown below: 
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A single ideal ghost image (loosely defined here as the same spot size image from the 

tissue) would have a very comparable level of intensity to that from the tissue.  Because 

of this concern, a ghost analysis was conducted with ZEMAX. 

A few modifications had to be made to the ZEMAX BETA design model to prepare it 

for a ghost analysis.  First, the design had to be flipped around to put the fiber bundle at 

the object plane.  Considering our application, the objective is used to illuminate the 

tissue and then to collect the light.  We call this illumination mode and collection mode.  

We are only worried about ghosts generated in illumination mode that focus back on the 

fiber bundle.  The reflected light levels collected from the tissue will be so weak that 

ghosts are not a concern in collection mode.  In addition, light coming from the tissue 

side would require two reflections to land on the fiber bundle, further reducing any 

concern.  To flip the optical design around, the ZEMAX ‘Tools/Miscellaneous/Reverse 

Elements’ option was used.  This command is intended to flip an element(s) in a design 

with out changing object or image space.  Because of this property, the object/image 

distance, radii, and index have to be manually switched around.  The field data must also 

be changed from object height to real image height to properly keep the same field of 

views in tissue and fiber space. 

The second modification to the design model is described on page 220 of the 

ZEMAX manual.64  It states that the ghost focus generator will not yield proper results 

for reflections from any surface before the system stop.  For the purpose of the ghost 

analysis only, the manual recommends to insert a dummy surface into the design at 

surface 1.  This dummy surface is positioned at the location of the entrance pupil and 
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then the stop is moved to this location.  The size of the stop is set equal to the diameter of 

the entrance pupil.  Rays are traced backwards with a negative thickness such that the 

first lens vertex is put back into its original location. 

The last modification, before running the focus generator, has to do with non-standard 

surfaces and how the ghost focus generator deals with them.  The ZEMAX manual warns 

that the results could be incorrect if non-standard surfaces are used in the analysis.  

Because of this statement, two different models are initially analyzed.  The first one 

leaves the two even asphere surfaces untouched in the model and second model converts 

those two surfaces back to standard surfaces, eliminating the higher order aspheric terms 

but still allowing the conic constant to be used. 

After running the focus generator, all of the simulated files are opened to change the 

image space to an index of 1.48 (fiber bundle sits in index matching fluid).  Each file 

creates an optical system up to the surface of interest and then attempts to retrace the rays 

back to the original object location (now called the image plane), but ZEMAX (release 

2/3/2005) has a bug that keeps the original image plane index (in this case seawater for 

the tissue).  This error has been reported and, hopefully, updated versions of ZEMAX 

will have fixed this bug by the time the reader attempts this type of analysis. 
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Table 4.6: Ghost analysis. 

Ghost Surface Original BETA Surface Ghost RMS Spot Radius (µm) 
S2 L5 rear 1000 
S3 L5 front 250  
S4 L4 rear 50 
S5 L4 front N/A 
S6 L3 rear N/A 
S7 L3 front N/A 
S8 L2 rear N/A 
S9 L2 front N/A 
S10 L1 rear N/A 
S11 L1 front N/A 
S12 object/tissue 0.3 

 

 

The results of the ghost analysis are shown in Table 4.6.  The ghost spot size is 

reported if the rays can be retraced successfully back to the object surface (fiber bundle).  

If the reflected rays miss a surface, the spot size is reported as N/A (not applicable) since 

the physically diverging light is unlikely to cause a ghost image.  The tissue, surface 12, 

was included in the ghost reflection analysis as verification that the model works 

correctly.  As expected, the tissue provides a “ghost” reflection that is diffraction-limited.  

The Airy spot radius at the fiber bundle is slightly over 2 µm, but the geometrical ghost 

analysis produced an RMS spot radius of 0.3 µm.  This is comparable to the original 

BETA final design and thus serves as verification that the ghost analysis was set up and 

executed correctly.  To achieve this, the model with the aspheric surfaces had to be used, 

seemingly against the advice provided by the ZEMAX software.  It turns out the advice is 

a blanket statement to avoid using this type of analysis for all of the non-standard surface 

types.  I have verified that using the ghost focus generator with even asphere surfaces 
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works correctly in this instance, but the importance of double checking and 

understanding what is going on cannot be stressed enough. 

Surface 4 is the only surface that appears capable of causing a significant ghost 

reflection in this optical design.  The RMS spot radius of 50 µm produced by surface 4 

does not seem significant compared to the 2 µm individual fiber core radius, but looking 

at a portion of the ghost ray trace, shown in Figure 4.4, this surface could obviously 

become a concern.  An optimization was done on the S4 file, GH004000.ZMX, and it 

was determined that a change in the design distance of 6.273 mm between L4 and L5 to 

5.916 mm could produce a diffraction-limited ghost reflection at the fiber bundle.  

Fortunately an error of 350 µm in the lens-to-lens spacing is 7 times larger than the 

expected tolerance between these surfaces.  Since the optical bench tests only test the 

collection mode, this type of ghost reflection will only show up when the BETA 

objective is interfaced with the FCRM.  Now that this surface has been identified as the 

most likely ghost reflection, it should be easy to avoid this ghost image with an adjustable 

control between L5 and the fiber bundle.  This near retro-reflection from the rear of L4 

signifies very little power in this element.  Since the BETA objective is a monochromatic 

design it may seem that this element could be eliminated, but L4 contains an aspheric 

surface and is determined necessary due to the manufacturing tolerances imposed during 

the design of this objective.  During initial alignment of the BETA objective to the 

FCRM, the location of maximum ghost reflected light can be used to precisely position 

the fiber bundle with respect to the objective. 
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Figure 4.4: Ghost reflection from surface 4, a.k.a. rear of L4.  Only the reflected 

light rays are shown. 

   

4.7  Thermal and Refractive Index Analysis 

 

It is well known that plastics experience larger changes in index with temperature 

than typical glasses.67  The thermal analysis capability of ZEMAX was employed to 

investigate the robustness of the design to a steady state temperature change.  The 

maximum temperature change (∆T) expected during normal use is from room 

temperature (~20ºC) to body temperature (37ºC), for a ∆T = 17°C.  The coefficients of 

thermal expansion were entered into the design software for the various materials 

involved.  A new ‘glass’ in the software catalog was created for Zeonex E48R to estimate 

its thermal-optic characteristics.  ZEMAX uses the thermal model developed by Schott 

Glass.  This model uses a complex formula with six coefficients to describe the thermo-

optic behavior of glasses.  The complete formula is not necessary for the current analysis.  
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Instead a first order estimate for the absolute change in the index of refraction, n, can be 

obtained with the linear thermo-optic coefficient dn/dT.  The simplified formula used by 

ZEMAX is shown below:64  
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This method ignores the higher order terms from the Schott model.  The Do 

coefficient is the only term required by ZEMAX to introduce a linear change in index 

with temperature.  A dn/dT value of -90x10-6/°C was previously estimated for E48R with 

vendor index data at 25 and 40°C.53  The value was fairly constant (within ± 10%) 

between 10 and 80°C over the visible spectrum.  The index of refraction of 1.5200 @ 

25ºC and 1064nm was used as the base value, and a Do value of -2.09x10-4 ºC-1 was 

inserted into the ZEMAX E48R ‘glass’ model.  Since the design is monochromatic, no 

estimated value for the ‘glass’ Abbe number was needed. 

The optical design was set-up in the multi-configuration editor to model the effect of 

a steady state increase in temperature.  A ∆T of 17°C corresponds to roughly a ∆n of 

0.0015.  Without any sort of compensation, the optical performance is very poor, but as 

discussed previously, the object working distance and curvature are two automatic 

compensators.  Allowing these two variables to change, with the increase in temperature, 
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brings the design back into diffraction-limited performance.  The automatic 

compensation shifted the WD from 450 to 457 µm and changed the sag at the edge of the 

field from 5.1 to 5.3 µm.  These relatively minor changes are expected to have no effect 

on the clinical diagnostic capability of the instrument. 

Now, holding the actual ambient temperature constant, the refractive index is slowly 

stepped away from the design value.  This was done to further push the design and make 

sure it can handle all possible errors in the design Zeonex E48R index value.  The 

experimental refractometer test data error (∆nexp = ± 0.0005) and the lot-to-lot variations 

(∆nlot = ± 0.0002) have already been discussed, but there is one additional source of error 

that must be considered.  It is known that the actual injection-molding process can also 

change the index of refraction in optical plastics, and it has been reported that ∆ninj = ± 

0.001 is a typical value.59  This value is assumed to be the ± 2σ value, where σ is the 

standard deviation of the error, so that it is directly comparable to the two calculated 

sources of error.  Combining these three sources of possible error via the root-sum-

squares method an overall ∆ntotal = ± 0.0011 is calculated.  Assuming a normal 

distribution, quoting the ± 2σ values for ∆n yields a 95.5% probability of the actual index 

being within the stated range.68   

Using only the automatic compensation, working distance and object curvature, the 

BETA design model can successfully bring a ∆n = ±0.005 back to near diffraction-

limited performance.53  In addition, by allowing the back focal distance to vary, a ∆n = 

±0.01 can be well corrected.  This value is an order of magnitude larger than the total 

expected ∆n calculated above.  This analysis provides good confidence in the design’s 
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ability to handle any reasonable steady-state temperature change or any other uniform 

deviation of index from the design value. 

 

4.8 ‘As Fabricated’ Design Model 

 

After delivery of the injection-molded lenses, a new ZEMAX model was created 

to incorporate any measurable manufacturing errors.  This model is called the ‘as 

fabricated’ design model.  The first attempt, model A, used the actual measured vertex 

radii of curvature and the center thicknesses.  The vertex radii of curvature for each lens 

were tested by the author on a white light interferometer in the VSI mode (WYKO 

NT2000).  The center thicknesses were measured with a digital length gauge (Heidenhain 

MT12).  Both sets of values were checked with quality control data provided by the 

manufacturer.  Model A identified the spacing between L3/L4 and rotation of L3 as the 

best variables for performance compensation during assembly.  It was not until after 

testing was finished that by comparison with the results the model was determined to be 

insufficient.   

‘As fabricated’ model B was created to provide a more realistic expectation of 

performance for the test optics.  In the model A, the two aspheric surfaces were left at 

their ideal values.  To improve on this, the modified aspheric surface profiles are now 

incorporated into the model.  The injection molder provided the sag departure for the two 

aspheric surfaces in graphical form.  The sag departure is estimated at 20 points along 

radius.  These values are saved to an ASCII data file and combined (in Matlab) with ideal 
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surface sag data points generated by ZEMAX.  Double checking to determine if the 

departure data should be added or subtracted from the ideal data, the modified aspheric 

radial sag values are saved to an ASCII data file and imported into ZEMAX as an 

extended cubic spline surface.  The quantity of data points needed for the extended cubic 

spline surface was initially verified by importing varying amounts of sag data points for 

the ideal aspheric surface until nominally the previous optical design performance was 

replicated.  It was determined that 12 to 15 data points were sufficient, but 20 points was 

selected out of convenience.  This method assumes axial symmetry.  Only a single trace 

was provided for each lens surface, but the half of the data that is discarded visually 

appears symmetric to the first half.  Degradation is observed but near diffraction-limited 

performance can still be obtained solely with auto compensation of the object surface and 

slight adjustments to back focus. 

To make the ‘as fabricated’ design model B even more realistic, tilts, decenters, and 

surface irregularity were incorporated.  These parameters are much more difficult to 

directly measure, and thus, were incorporated using ZEMAX’s Monte Carlo perturbation 

capabilities.  Tilt, decenter, and irregularity tolerance commands were loaded from the 

previously discussed tolerance analysis file.  The merit function is slightly different than 

that used in the initial tolerance analysis.  The main change was to switch back and forth 

from RMS spot size as the metric to the RMS wavefront.  It is helpful to look at both 

results.  Using the RMS wavefront criterion is better suited when optical systems perform 

close to the diffraction limit (less than 1 wave PV OPD).64  The other major change was 

to move the system aperture stop from the rear surface of L3 to the air gap between L3 
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and L4.  This was done for two reasons.  First, it allows the ZEMAX model stop to move 

with the physical stop aperture as the ball size between L3 and L4 is varied.  The stop 

only moves a total of 200 µm over the range of tests conducted and had no noticeable 

effect on the model compared to its previous location.  Secondly, and more importantly, 

this move allows for proper rotation of L3 when this is considered later.  To properly 

model axial rotation of an element, the object’s positive y-axis must remain aligned with 

the positive y-axis of the stop surface.  This is accomplished with two coordinate breaks; 

the second one being a pick-up surface with equal but opposite rotation.  Typically this 

second break is located directly in front of the stop.  Rotation of L3 is considered later as 

a possible compensation parameter. 

The ‘as fabricated’ model B provides a reasonable estimate of expected optical 

performance.  Each Monte Carlo run consists of 100 random perturbations of the original 

file.  All files are saved, but specifically the 50% and 90% confidence level results are 

used as the goal target range of performance during assembly and testing.  ‘Confidence 

level’ signifies the percentage of random perturbations expected to have similar or better 

performance.  The particulars for calculating the ‘as fabricated’ model reference data are 

discussed with the experimental results. 
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CHAPTER 5 - BETA ASSEMBLY 

 

 

The first miniature injection-molded objectives were assembled by simply stacking 

the lenses using the 500 µm balls and V-groove for alignment.  UV curing adhesive 

(Epotec OG146) was applied with a hypodermic needle around the interface of two 

adjacent lenses and then cured to fix the alignment.  In the inset of Figure 4.1, one of 

these objectives is shown next to a US dime for size perspective.  This simple unassisted 

assembly method is cumbersome by hand and allows for slight tilts and misalignments.  

A much better, but still relatively simple method of assembling two adjacent lenses 

involves a miniature mechanical screw-press, see Figure 5.1.   First, 3 balls are UV 

tacked to the V-groove of a lens and then the adjacent lens is mounted and clamped in 

place.  Small back and forth turns of the screw thread can verify proper seating of the 

balls in the top V-groove.  The miniature press exerts sufficient force to maintain 

alignment while adhesive is applied and UV cured.  Care must be used as over-tightening 

creates indentations in the V-groove that cause unintended alignment errors. 
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Figure 5.1: Mechanical screw-press assembly aid. 
 

A mechanical fixture, shown in Figure 5.2, was designed to hold the miniature 

objective during the final steps of assembly.  This fixture is only employed when 

rotational degrees of freedom during alignment and testing are needed.  The fixture 

consists of four interconnected rings encompassing the miniature objective.  The fixture 

contains set screws to hold the optics in place and slots designed for application of UV 

curing adhesive with a hypodermic needle.  Unfortunately, UV epoxy applied through the 

slots tends to cure the optics to the fixture causing them to be difficult to remove.  The 

fixture was originally designed to allow for individual rotation of three different lenses, 

but the ‘as fabricated’ design model A helped narrow the focus to the ball size between 

L3/L4 and the rotational position about this interface.  Unfortunately, due to the 500 to 

900 µm range of ball sizes to be presented, the usefulness of the current fixture is limited.  

It was necessary to fix the lenses on each side of the stop together and only allow for 

rotation between L3 and L4.  Lenses L1, L2, and L3 are initially assembled and UV 
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cured together.  Then L4, the spacer, and L5 are fixed separately with a UV cure.  The 

two sections of optics are inserted into their respective parts of the mechanical fixture for 

testing.  When the miniature objective is assembled and aligned for testing, the vertical 

upright end of the mechanical fixture serves as a small water reservoir for the ‘tissue’ 

side of the objective. 

 

 

Figure 5.2: Cross sectional drawing and 3D model of rotation fixture with miniature 

objective installed. 
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In Figure 4.1, the miniature laser-drilled metal aperture between L3 and L4 identifies 

the stop location.  This is also the location where differently sized balls are inserted.  

Other apertures were fabricated in case light scattering from the flange (non-optical 

surfaces) was a problem, but most of them are unnecessary.  During testing, it was 

determined that one of these apertures on the outside of L5 is necessary to block stray 

light.  The stainless steel apertures can be coated with a thin layer of flat black paint or 

chemically blackened.  For the current tests they were not blackened.  During assembly, 

it was found that the black paint tends to significantly increase the thickness of the 

aperture making it much more difficult for application of the UV curing adhesive.  In 

addition, black paint chips, due to flaking, were a problem.  Blackening chemicals were 

procured but never employed since the images were satisfactory.  A step-by-step BETA 

assembly guide is included in the Appendix.   
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CHAPTER 6 - BETA OPTICAL BENCH TESTS 

 

 

The term ‘optical bench test’ is used to clarify that this optical performance analysis 

is completed before this objective is physically incorporated into the fiber confocal 

reflectance microscope (FCRM) system.  Results for the BETA miniature plastic 

objective interfaced with the FCRM have recently been presented.54  The results 

presented here specifically explore the ball spacing and element rotation method for 

interactive alignment compensation.  Three different objectives were used to collect the 

data to be presented.  The respective objectives are identified by the ‘BETAxx’ naming 

convention.  There is no implied meaning behind this naming convention, except to 

identify the order in which they were first assembled.  This does not definitively identify 

the order in which they were tested, since many objectives are switched into and out of 

the test set-up as the methods and level of understanding improve.  Typically, a value is 

quoted directly after the objective name to identify the ball size between L3 and L4.  The 

design ball size between all lenses is 500 µm.  This single location is investigated in 

Section 6.3 for compensation of the optical performance. 
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6.1  Performance Metrics  

 

To distinguish performance among similar kinds of optical systems we must choose a 

metric.  A typical first step is a simple resolution test.  The traditional method uses a 

standard 1951 United States Air Force (USAF) resolution target.67  This contains 

groupings of vertical and horizontal bars with known spatial frequencies.  Usually, 

performance is quoted as the highest resolved spatial frequency, but this method is 

subjective as the value could vary slightly between different observers and also can vary 

with display performance.  A resolution test is needed to provide a good general feel for 

the level of performance, but a much more robust metric is desired for a more complete 

analysis.  One such metric is the modulation transfer function (MTF) of a system.  

Modulation (sometimes referred to as contrast or visibility) across an evenly spaced 

bright and dark lined object (or image) is the ratio of the difference between the 

maximum and minimum intensities to the sum of the intensities:69 
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Multiplying the modulation of the object by the MTF of the system gives the modulation 

of the image.  The MTF provides the normalized relative response of an optical system 

over a large range of spatial frequencies.  Typically, this range is from 0 to the system 

cut-off frequency.  For an incoherent-illumination system the cut-off frequency is:69  
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λ ≡ wavelength 

F /# ≡ f /DEP 

NA ≡ nsinθ 

 

F-number, F /#, is defined for an object at infinity, where f is the effective focal length 

and DEP is the entrance pupil diameter.  Numerical aperture (NA) is defined in the space 

of refractive index, n, containing the half cone angle θ.  For a given NA and a circular 

pupil, the diffraction-limited performance (considered to be the ideal classical optical 

system) can be determined by:69  
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The symbol ν is used here for spatial frequency, and typically has units of line pairs per 

mm (LPMM).  There are multiple methods to determine the MTF of an optical system.  

The first method involves imaging multiple sinusoidal patterned targets of varying spatial 

frequencies, building up a MTF curve point by point and fitting a curve to the data.  

Strictly speaking, MTF is defined for a sinusoidal object, but a similar method using 

square wave targets produces comparable results.  This second method is sometimes 

called the contrast transfer function (or simply the square-wave modulation transfer 

function) to differentiate between the two similar tests.  A mathematical formula can 

convert data between these two methods.69  The square-wave MTF was originally used to 

collect data for these plastic objectives as previously reported.53  Another way to obtain 

the MTF is by imaging a narrow slit to obtain the line spread function (LSF).  Taking the 

Fourier transform of the LSF yields the optical transfer function (OTF), and the MTF is 

the magnitude of the OTF normalized to zero spatial frequency.  This provides the 

performance of the system in the direction perpendicular to the slit.  To better 

characterize the system, the slit should be rotated 90 degrees and data should be taken in 

the orthogonal direction as well.  If the application requires it, more slit orientations can 

be imaged. 

It should be noted, interferometric methods can measure the transmitted wave front 

error, which in turn can be used to determine the MTF of a system.  This method was not 

selected due to the fact that it would be difficult to test a double immersion objective (one 

side immersed in water and the other in index matching oil) interferometrically. 
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6.1.1 Slanted-Edge MTF Method 
 

With the proliferation of affordable arrayed imaging sensors, a new technique has 

recently become accepted to estimate the MTF of an optical system with a single image 

of a straight edge.  One of the first descriptions of this technique calls it the modified 

knife-edge technique.70  It has also been called the angled-edge, tilted-edge or slanted-

edge MTF method.71,72,73  This method can be generalized as follows:  

 

(1) Obtain a 2D image of slightly tilted edge.   

(2) Theoretically fit a sub-pixel line to the edge.   

(3) Compress the 2D image into a 1D edge spread function (ESF).   

(4) Take the derivative of the ESF to get the LSF.   

(5) Take the Fourier transform of the LSF to get the OTF.   

(6) Take the magnitude of the normalized OTF to get the MTF in the direction 

perpendicular to the edge.   

 

The term ‘titled’ refers to the edge being slightly skewed with respect to the focal 

plane array.  Practically this is not a concern, since it usually requires intentional effort to 

align a real edge precisely enough not to cross over into more than one row or column of 

pixels.  The major distinction, among the various methods that estimate the MTF in this 

way, is the curve fitting method used to fit the ESF data.  The International Organization 

for Standards has adopted one such method for testing digital camera still images - ISO 

12233 “Photography – electronic still-picture cameras – Resolution measurements”.  This 
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standard specifically designates it the slanted edge method and calculates the spatial 

frequency response of the system.  The term spatial frequency response is similar to MTF 

but doesn’t factor in the modulation of the object.  Assuming a binary edge transition, it 

is generally accepted that this method provides an estimate of the MTF for a system.  If 

needed, a frequency by frequency division of the output SFR by the input object 

modulation will also yield the MTF. 

There is a MATLAB program, sfrmat2, which follows the essence of the ISO 12233 

standard and is readily available through the International Imaging Industry Association 

website.74   This program has been incorporated into the author’s custom MATLAB code, 

edgeMTF, which has a graphical user interface (GUI) that allows for interactive 

performance analysis and alignment modifications while the objective remains in the test 

set-up.  The test configuration is discussed later.  The author’s edgeMTF uses sfrmat2 as 

the core calculation engine to estimate system MTF for all the results presented in this 

chapter.  An alternate ESF fitting algorithm based on the hyperbolic tangent is introduced 

in Chapter 10 that can yield improved results in certain circumstances.  EdgeMTF, 

besides allowing interactive live performance feed back, calculates system magnification 

(using known resolution target spacing), adds the diffraction limited MTF curve (based 

on the design NA), and estimates the Strehl ratio. 
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6.1.2 Estimated Strehl Ratio 
 

The Strehl ratio (SR) is the ratio of the peak image intensity of a point source for an 

aberrated system to that of an unaberrated ideal system.69  An alternate method to express 

the Strehl ratio uses the area under the 2D OTF curve.75   
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Assuming small amounts of aberration, the optical transfer function will remain 

positive (no contrast reversal), then the MTF simply equals the magnitude of the OTF, 

and SR can be estimated from the ratio of the area under the test MTF curve to the area 

under the ideal diffraction-limited MTF curve.  EdgeMTF interpolates between the data 

points output by the sfrmat2 calculation engine so there are 100 data points between 0 

and the camera’s Nyquist frequency.  This helps increase the accuracy of estimating the 

area under the curve.  Many of the original data points outputted from sfrmat2 are 

discarded because they are above the system cut-off frequency.  In certain cases, the 

output from sfrmat2 contains some high frequency noise and needs to be removed from 

the SR calculations to avoid producing a false increase to the SR estimate.  In general, the 

data is cutoff at the frequency where the MTF first drops below 0.02.   This value can be 

raised to avoid magnifying noise when the relay MTF is divided out.i  Careful 

                                                 
i The MTF data cut-off can also be lowered for particularly well behaved edges, but this was not done for 
any of the BETA image analysis contained in this dissertation. 
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observation of the MTF curves, during the data analysis, determines when it is necessary 

to increase the cutoff value.  If two similar sub-images have the same uncorrected SR, but 

have significantly different corrected SR values then this is a prime indication that noise 

was a factor and the MTF cutoff value should be raised.  This was the case in only a few 

of the calculations reported here; even with thresholding the data in this manner, there are 

over 40 data points used to calculate the SR.  All images and sub-images are saved such 

that they can be reanalyzed if problematic noise was not identified during initial testing. 

For this application, performance at the design NA value (NA = 0.3 in fiber space 

where the resolution target is placed for the bench-top tests) is the most important 

criteria.  To estimate the SR of the miniature objective under a certain test condition, the 

test MTF curve is divided by the ideal MTF curve based on the design NA.  The overall 

system magnification, msys, is calculated separately for each group of tests and can vary 

slightly.  Any change in system magnification will affect the resultant test MTF curve.  

Since the ideal diffraction-limited MTF curve remains fixed during testing, these 

estimated SR values provide the desired relative metric needed during assembly to 

compensate for best performance.  This assumption, that the diffraction-limited MTF for 

all test conditions equals the design diffraction-limited MTF, is why the term ‘Strehl 

ratio’ is not forcefully used.  Instead, the term ‘estimated Strehl ratio’ seems more 

appropriate.  If the test conditions vary such that large changes in magnification occur, 

then this estimation method would not be valid.  To qualitatively validate this method, the 

scale of magnification change experienced will be briefly discussed.  Later, this 

variability in the magnification will directly factor into the error analysis. 
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The BETA optical design is double-telecentric, which makes it afocal.62  An afocal 

system used at finite conjugates will have a constant transverse (and longitudinal) 

magnification.  For this reason, the test system magnification, msys, is held constant over 

a given range of conjugates, but experimentally, there is a small magnification change.  

For BETA16 with 700 µm balls between L3 and L4, msys = 15.5 ±0.1.  This variability 

represents 1-1.5% change in the magnification and is a fairly typical result.  The test 

system magnification is recalculated each time the ball size between L3 and L4 is 

changed.  For BETA16 a typical range of msys is 15.6 to 15.3, associated with L3/L4 ball 

sizes of 500-900 µm.  This is only a relative change of 2% in the magnification, and thus 

the assumption of small changes in magnification seems reasonable. 

 

6.1.3 Relay MTF Correction 
 

The initial test MTF curve contains the performance of the entire test system, 

including the auxiliary relay optics used to transfer the image from the miniature 

objective to the CCD camera.  The ‘relay’ can also contain effects from the electronics 

which should be removed as well.  Any estimated SR value that has not factored out the 

relay optics/electronics is referred to as an uncorrected SR (SRun).  If the auxiliary 

optics/electronics performance has been removed then the data is referred to as the 

corrected SR (SRc).  Assume, unless otherwise noted, that all reported SR data has been 

corrected (SR ≡ SRc). 
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An interesting question arises when considering how to estimate the performance of 

an optical system when auxiliary optics are used in MTF testing.  It is fairly well known 

that MTFs from non-coherently coupled optical systems can be cascaded (multiplied to 

get a resultant MTF).  The traditional description of non-coherently coupled optical 

systems involves some sort of diffuser at an intermediate image plane such that the 

aberrations from one system do not cancel out or compensate for the other system.  In the 

current test set-up, obviously, there is no such diffuser between the two optical 

subsystems.  Typically, when testing two high performance optical systems designed 

separately, a cascade of geometrical MTFs is still a good approximation.75  Care must be 

taken to only factor in diffraction one time.  The value, MTFdiffraction, is the ‘diffraction 

limit’ or ideal performance based on the limiting NA of the optical space under test.  

Loosely following Boreman’s style,75 the physical MTF data is separated into 

geometrical MTF and diffraction MTF to avoid confusion.  Geometrical MTF (identified 

by the subscript ‘g’) can be thought of as a regular diffraction MTF curve normalized by 

MTFdiffraction.  To compare the ideal diffraction MTF with the test MTF, the system 

magnification must be calculated and factored in.  The most straight forward method is to 

divide the ideal MTF frequencies by the magnification of the system to compare with the 

test data, which are originally calculated in terms of the camera’s Nyquist frequency, 

υNyquist.  The magnification factors are left out of the equations for simplicity.  The total 

system MTF is labeled with the subscript ‘test’ and can be described as follows: 
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The MTF for the relay is obtained the same way as for the standard test system, except 

the miniature objective is removed.  The relay images are obtained in an optical space 

with an NA = 1, as set by the water-immersion commercial objective.  Unless specifically 

labeled with a subscript ‘g,’ the MTF value already accounts for diffraction.  To estimate 

the BETA miniature objective performance, the relay MTF is divided out with the 

following equation: 
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=     (10) 

 

The MTF curves are normalized to the CCD Nyquist frequency and can be projected into 

either space by using the correct magnification.  Thus, it is just as easy to calculate MTF 

performance at the object/tissue as it is at the image/fiber.  All MTF graphs will be 

present data at the fiber-optic bundle location, but effort has been made to report both 

values in the text description to avoid confusion. 
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6.2 Test Configuration  

 

Figure 6.1 is a schematic of the test layout used to obtain the results to be presented.  

Two lasers are shown in the test configuration.  With the help of two alignment apertures 

and a removable mirror, the system can be quickly switched between the two lasers.   The 

HeNe visible laser is used for alignment of the test system, and a small Nd:YAG IR laser 

(Amoco 1064-50P) is used to test at the wavelength of the FCRM system.  The IR laser 

has a fixed output power of 130 mW.  Since human tissue is a diffuse reflector, an 

attempt is made to illuminate with diffuse light and test the optics in collection mode.  A 

combination of two diffusers, with at least one of them spinning, are used to eliminate 

speckle and try to break up the coherence of the light as best as possible.  A single 

diffuser back-illuminated directly with the laser beam initially did not efficiently break up 

the coherence due to the small beam size, and coherent ringing from the edges affected 

the performance calculations.  The addition of an extra diffuser and lens effectively 

enlarges the focused spot on the last diffuser, but also provides redundancy during testing 

since the spinning diffuser dc motors (only $1 each) have a short lifespan.  Even with this 

two diffuser illumination scheme, faint background interference fringes can be seen in 

bright areas which signify that the illumination is still partially coherent.  For the most 

part, the current illumination works well for testing.  The fringes are averaged out in this 

test method and are not a significant issue.  Oddly enough, the faint interference fringes 

are still present during collection of relay performance data when the miniature objective 

is not installed.  The most likely cause of these fringes is the commercial relay objective.  
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It has tightly spaced optical surfaces with very broadband AR coatings since it is 

designed for the visible and near IR.  The spinning diffusers consist of IR holographic 

diffusers (10° and 40° from Edmund Optics, model # 55-438 and 54-503, respectively) 

and miniature DC motors driven at 3V.  The 40° scattering angle was originally picked to 

fully fill the 0.3 NA fiber side of the miniature objective.  Unfortunately, the bulkiness of 

the mounted spinning diffuser prohibited them from being placed directly under the 

resolution target.  The 0.3 NA side of the BETA objective was selected to face the 

resolution target because of the commercial availability of a NA 1.0 water-immersion IR 

objective (Olympus UM575) that matched the BETA tissue-side NA.  Because of this, 

the objective is actually tested backwards from the way it is discussed in the optical 

design section of the paper (with L5 of Figure 4.1 facing the resolution target).  The rear 

surface of L5 sits in an oil bath (Cargille Laser Liquid 5610) for testing since index-

matching fluid is used to prevent Fresnel reflections off the face of the fiber-optic bundle 

in the FCRM. 
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Figure 6.1: BETA optical bench testing diagram. 

 

Initial alignment of the miniature objective is done with the HeNe laser with the 

commercial objective removed (unscrewed from its mount).  Tip, tilt and x/y translations 

are performed on the objective until the back reflection from L5 is centered on the back 

of the alignment apertures.  Ideally the transmitted beam from the miniature objective 

will be centered on the camera’s rail apertures.  If the test BETA objective is fixed, then 

no more adjustments can be made, but if the rotation fixture is being used, then the top 

half should be rotated until the transmitted beam is centered on the camera’s alignment 

apertures.  With the commercial objective installed and coupled to the miniature 

objective (in water), final optimization is obtained by adjusting the x and y translation 
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stages of the miniature objective such that maximum light is transmitted to the camera.  

The commercial objective remains fixed and is not adjusted during normal testing.   

The infinity-corrected commercial objective, focal length = 1.8 mm in air (or 2.38 

mm in water at 1 µm wavelength), is designed to have 100x magnification with a 

standard tube lens, but the current tests use a 120mm focal length doublet as the tube 

lens.  This combination is calculated to have roughly a 50x magnification.  Dividing 

(since it is being tested backwards) by the magnification of the miniature objective, 

mBETA = 3.3, a 15x magnification is expected from the resolution target to the CCD 

camera.  The actual magnification is calculated in the edgeMTF program using a known 

bar target spacing and known camera pixel size.  The MATLAB image acquisition 

toolbox interfaces the software with a frame grabber (Data Translation DT3120) which is 

connected to a monochrome CCD camera (Pulnix TM-745E).  This camera is not 

specifically designed to work in the near infrared, but it has enough sensitivity to obtain 

images at the slowest shutter speeds.  Unfortunately, due to slight ‘bleeding’ in the 

vertical direction, the MTF for horizontal edges appear less sharp than vertical edges.  

The reduced MTF of the CCD in this direction is eventually factored out, since the MTF 

of the relay optics/electronics is calculated and stored separately for the vertical and 

horizontal directions.  The camera has 11 µm pixels in the horizontal direction and 13 µm 

pixels in the vertical direction.  EdgeMTF accounts for different orthogonal pixel spacing.  

The computer is a Dell 1GHZ Pentium 4 processor with 512 MB of RAM. 
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6.3 Results  

 

The BETA optical design uses a slightly curved object surface to take advantage of 

the confocal microscope’s ability to select the best focus surface inside a 3D volume, and 

thus, these optical bench tests, which use a flat object, are only conducted over the central 

portion of the field of view (FOV).  The design FOV, 250 µm at the tissue, multiplied by 

the objective’s design magnification, mBETA = 3.33, produces an image size of 832 µm at 

the fiber-optic bundle.  The horizontal size of the CCD is nominally 7040 µm (11 µm x 

640 active pixels).  Dividing by the test system design magnification, msys ~ 15, estimates 

that a 470 µm wide portion of the resolution target is imaged onto the CCD.  Comparing 

with the 832 µm design FOV (at fiber side), collected images contain up to 56% of 

design FOV diameter.  There is no attempt to collect over the full FOV since by design it 

should have defocus.  Defocus at the edges is quite obvious in some images, but when 

assembled accurately, the defocus effects do not dominate the image. 
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Figure 6.2: USAF resolution target image obtained with miniature injection-molded 

objective (BETA17, 800 µm balls between L3/L4).  Group 7 element 6 has a spatial 

frequency of 228 LPMM, corresponding to a resolution of 760 LPMM in tissue 

space. 

 

When the BETA miniature objective is incorporated into the FCRM instrument, it 

is assumed that the fiber-to-fiber spacing of the fiber-optic bundle will limit the 

resolution of the overall system.49  In order to achieve this, the objective needs to resolve 

the individual fibers of the fiber-optic bundle.  Two samples per period are needed to just 

resolve the individual fibers.  This translates into a minimum resolution of 141 LPMM 

required for the fiber side of the BETA objective.  This value is 2x the direct fiber-optic 

bundle resolution (71 LPMM).  A sample USAF resolution image obtained with the 

BETA objective is shown in Figure 6.2.  The miniature objective can resolve group 7 

element 6 (228 LPMM).  This particular BETA objective has an estimated Strehl ratio of 
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0.60.  Since this is the smallest 3 bar spacing, it is not possible to estimate the ultimate 

resolution with this target.   

All spatial frequency values reported graphically, unless specifically stated, are 

the values obtained as testing the objective backwards at the NA = 0.3 fiber side.  To 

convert to tissue space, the spatial frequency values must be multiplied by the 

magnification of the miniature objective.  The optical magnification of the miniature 

objective is estimated by the ratio of the NA at the object/tissue to the NA at the 

image/fiber; thus, as previously stated mBETA ~ 1/0.3 = 3.33.  Demagnifying the fiber 

spacing to object space, a lateral sampling of 7.1/3.33 = 2.1 µm (234 LPMM) at the tissue 

is expected for the miniature objective when attached to the FCRM.  Factoring in the 

magnification of the miniature objective, the group 7 element 6 corresponds to roughly 

760 LPMM in tissue space.  From this value, it is obvious that the performance of the 

FCRM will be limited by the fiber-optic bundle. 

 

6.3.1 Data Sample Selection 
 

As suggested by the ISO 12233 standard, four images were captured for every test 

conjugate.  The final test method sampled two sub-images for each best-focus edge, and 

each image contains both a vertical and horizontal edge.  Thus, four sub-images were 

analyzed for each image taken.  Figure 6.3 shows a test image with the nominal locations 

of the four sub-images.  The first sub-image of a particular edge is obtained close to the 

center of the field of view, and the center of the second sub-image is taken 60-80 pixels 
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away from the center of the first sub-image.  These two samples, along slightly different 

parts of the edge, allow for verification of the result in case noise is an issue, and also 

penalize the performance when field curvature is excessive.  The spacing between sub-

images is a fortuitous selection since this total range (220-240 pixels) covers roughly 1 

µm of sag at the tissue, corresponding to the Rayleigh focus criterion for diffraction-

limited performance.62  The slice through the 3D object could be more curved than the 

design value and still produce clinically useful images, but this test procedure will 

penalize images that exhibit any extra field curvature.    Thus, this test method is rather 

conservative, but according to the ‘as fabricated’ model B, the amount of change to the 

object-surface radius of curvature needed to compensate for performance is typically only 

1-5%.   

 

Figure 6.3: Four sub-images are selected, as shown, for each image.  A second image 

is taken here and then two images are collected at the opposite corner.  A total of 16 

sub-images from four different edge transitions combine to yield the test MTF curve 

which is used to calculate the estimated SR value (BETA17, 700 µm balls between 

L3/L4). 
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The exact same test and analysis method was applied to all the data for a given sub-

section.  As each test brought new insight, there were small changes in the test method 

between the different sections.  The slight differences are described where applicable.  

All data have been corrected by dividing out the relay optics/electronics performance.  

During these exploratory tests, the goal was to obtain as much data as possible during a 

single test period, which required the images to be saved and the sub-images 

selected/processed later.   The real-time slanted-edge alignment technique displays the 

uncorrected SR to consistently select the best focus edge(s).  This interactive alignment 

technique allows for quick compensation and alignment of objectives that can be used 

later in clinical studies.  Currently, most of the objectives are tested until failure, which 

most often happens from excessive handling and cleaning.  The MATLAB analysis 

program (edgeMTF) records all results to a data file (resultsSR.dat). 

 

6.3.2 System Response 
 

Initially, MTF data were collected from vertical edge data to understand the system 

behavior.  Each ‘group’ in this section represents only an average of 8 sub-images since 

the horizontal data has not been included (only this section).  In two or three cases, one 

image had noticeably worse performance than the other three and was discarded due to 

focus error.  This type of error was eliminated in later tests with implementation of real-

time alignment feedback to consistently select best focus.  Six sequential test groups were 
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obtained, numbered in order of acquisition.  Figure 6.4 shows a typical response for a 

small change in the z position of the miniature objective.  This 40 µm translation occurs 

in the design object space (NA = 1 side) where the tissue will be, but the graphical spatial 

frequency data are provided at the fiber (NA = 0.3).  The z position in object/tissue space 

is called the working distance (WD), and the z position in image/fiber space is called 

focus.  The USAF resolution target sits where the face of the fiber-optic bundle will be 

during clinical use of the objective.  Figure 6.5 shows results are insensitive to small 

orthogonal translations (in x and y).  Groups 4, 5, and 6 have the same z position but 

Group 4 had a -30µm translation in y and Group 6 had a +30µm translation in y.  Both 

translations are with respect to the position of Group 5.  Figure 6.6 shows good overall 

repeatability of the test method.  The value of ∆SR = |SRG5-SRG1| = 0.005 falls well 

within the relative uncertainty calculated later.  To determine the estimated SR in the next 

two sections, the horizontal edges are equally weighted into the analysis. 
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Figure 6.4: Conjugate sensitivity for a change in working distance of 40 µm 

(BETA16, standard 500 µm balls between L3/L4). 

 
 

 

Figure 6.5: Test method sensitivity to small (±30 µm) orthogonal translations 

(BETA16, standard 500 µm balls between L3/L4). 
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Figure 6.6: Test method repeatability (BETA16, standard 500 µm balls between 

L3/L4). 

 

6.3.3 Element Rotation 
 

Figure 6.7 shows the SR averages for three evenly spaced angular positions.  For this 

experiment, the bottom two lenses (L4 and L5) remained fixed, and the top three lenses 

(L1, L2, and L3) rotate as a single unit.  This figure shows two angular positions 

producing nearly the same result, but one position produces an increase of more than 0.12 

over all conjugates tested.  Each time the WD is changed the resolution target is also 

refocused.  If possible, fixing alignment for constant performance over a range of 

conjugates is advantageous.  This would allow a more relaxed tolerance on the position 

of the fiber-optic bundle with respect to the objective.   
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Figure 6.7: Estimated Strehl ratio at multiple conjugates for 3 rotations (BETA16, 

700 µm balls between L3/L4).  Note: When WD is changed in the NA = 1 ‘tissue’ 

space, the USAF target is refocused in the NA = 0.3 ‘fiber’ space. 

 

Due to the unexpected large dependence of performance on the rotation of the lenses, 

this experiment was repeated with a different group of lenses.  The results are shown in 

Figure 6.8.  Here, four different rotations are tested to help better determine trends in the 

performance.  Performance dependence on the rotational position of the lenses is still 

observed.  Some dependence between the data sets that are 180 degrees apart from each 

other is observed.  Both the 0 and 180 degree rotations perform noticeably worse that the 

90 and 270 degree positions.  Reasons for these large variations in performance with 

angular position point to two main sources, tilt and birefringence.  This will be discussed 

further in the results discussion section.   
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Figure 6.8: Estimated Strehl ratio at multiple conjugates for 4 rotations (BETA15, 

700 µm balls between L3/L4). 

   

It should be noted that all rotation data for a given conjugate (z position which is 

converted into working distance) are taken before the conjugate is changed.  This was 

done to avoid any unintentional changes to the system over time affecting the comparison 

between rotational positions.  Nevertheless, no such changes for either of these data sets 

were observed.  When the miniature objective is translated to a new working distance, the 

USAF target is refocused.  Between the different rotations for the same working distance, 

the test target is also refocused as needed.  The data for Figure 6.7 and Figure 6.8 were 

collected during a single test period. 
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6.3.4 Changing Ball Size 
 

The earliest version of ‘as fabricated’ design, model A, suggested the spacing 

between L3 and L4 will yield the largest correction in performance.  Based on this model, 

a large amount of data was collected over a range of ball sizes inserted between the third 

and fourth lens.  The current ‘as fabricated’ design, model B, does not show a significant 

link in performance with the space between L3 and L4.  Still, these tests provide valuable 

insight into the test system in general and helped verify the improvements to the ‘as 

fabricated’ model in particular.   

As mentioned previously, the space between L3 and L4 is also the aperture stop 

location.  Extra laser-machined aperture stops were fabricated to accommodate the 

different ball sizes.  Aperture stops were constructed for each of the following ball sizes: 

500, 600, 700, 800, and 900 µm.  Between individual tests, the top portion of the rotation 

fixture containing L1/L2/L3 was removed so that a new aperture stop with the next ball 

size could be inserted for testing.  The bottom portion of the miniature objective 

remained fixed to the translation stages at all times.  Ball size vs. WD result is shown in 

Figure 6.9.  WD is the on-axis distance from the front vertex of L1 to the desired object 

surface in the tissue.  Typically up to 200 µm of this distance can be tissue, but for the 

optical bench tests only water occupies the WD.  WD is selected by locating a speck of 

dust on the front surface of L1, and then subtracting that base value from the actual test 

conjugate micrometer value.  Only the z-micrometer of the miniature objective and the x-

y-z micrometers of the USAF target were adjusted during testing.  To simplify the 

comparison between the different groups of data, Figure 6.10 shows just the maximum 
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performance for each ball size.  Here, the peak performance appears to lie between 700 

and 800 µm diameter balls.  Care was taken to maintain the same rotational alignment of 

the lenses for each ball size.  Rotational alignment is critical for direct comparison 

between data groups, as demonstrated in the previous section.  The experimental data 

represented in Figure 6.9 and Figure 6.10 were collected over two separate four hour test 

periods. 

 

 

Figure 6.9: Estimated Strehl ratio at multiple conjugates for differently sized balls 

between L3 and L4 while maintaining the same rotational alignment (BETA17). 
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Figure 6.10: Estimated Strehl ratio maximums for different size balls between L3 

and L4 while maintaining the same rotational alignment (BETA17). 

 

6.3.5 Relative Error Analysis 
  

The rotation and ball spacing results presented so far have undergone the same 

analysis procedure; thus all have the same level of bias (absolute error), whatever it might 

be.  Chapter 10 contains an investigation into the absolute bias errors of the slanted-edge 

MTF method using simulated test images. 

A relative error analysis was conducted to determine what constituted a statistically 

significant change in SR.  Determination of system magnification was identified as one of 

the main source of relative uncertainty.  Some images experience distortion, and thus 

they have a slightly different magnification at the center of an image compared to at the 

edge of the image.  For testing purposes, magnification is assumed constant over a given 
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range of conjugates.  In reality the magnification can slightly change over a moderate 

range of conjugates.  These two sources of magnification error are estimated to contribute 

a standard deviation, σm, of 0.00254 to the relative uncertainty of the estimated Strehl 

ratio.  This value was calculated using BETA16 700um data collected on 12/18/2004.  

This set of data covers 8 test conjugates spanning a ∆WD of 140µm.  For each of the four 

images taken at each location, the magnification was calculated at the top of the image, at 

the middle of the image, and close to the bottom of the image.  The mean and standard 

deviation was calculated for each group.  Since the test magnification is held constant 

over the range of conjugates, the maximum error was found by adding (or subtracting) 

the standard deviation from the mean group magnification.  Four sub-images for each 

conjugate were re-analyzed at the test magnification (to double check) and then at the 

local mean plus (or minus) standard deviation value.  The difference in the Strehl ratio 

value obtained for the two different magnifications was averaged over all 32 images 

(4x8) to produce the previously stated relative standard deviation due to magnification 

error.  This standard deviation is nominally the same for the uncorrected and corrected 

SR calculations. 

There is also a random component of relative uncertainty due to focus selection, 

noise, and tilt error in the edge fit.  Fitting a sub-pixel line to the image edge could be a 

source of bias error, but there is currently no proof that the tilt always occurs to one way 

or the other so it is assumed to be included in this random portion of the error.  To 

calculate the standard deviation contribution from this small bit of randomness in the test 

method, 160 sub-image results were examined in pairs of two.  At each conjugate, two 
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images are taken at the exact same location.  The only difference between the two images 

is that the system is refocused.  Using the real time alignment capabilities of the 

edgeMTF program nearly the same focus is found each time.  These two images produce 

4 pairs of sub-images that should have been selected at almost exactly the same location 

in the image.  The difference in performance is averaged over the 80 sets of sub-image 

pairs and this value is taken to be the standard deviation due to randomness for a 

calculation from a single sample sub-image.  This value is reduced by the square root of 

the number of samples, 16, that are averaged together to yield each reported SR data 

point.  The standard deviation, σrandom, of 0.003131 and 0.004944 were determined for the 

uncorrected SR and SR, respectively.  This value was calculated using BETA17 700µm 

and 800µm data collected on 2/19/2005.   

The two independent sources of error are combined using the root-sum-squares 

method.  For the case of the corrected SR and N = 16, the total standard deviation is 

calculated below.  The ±2σ value is now defined as the relative uncertainty, ∆SR. 

 

00254.0=magσ   and 00494.0
16

==
σσ random  

00556.022 =+= randommagSR σσσ     (11) 

011.02 ±=±=∆ SRSR σ      (12) 
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A summary of the relative errors for the uncorrected SR and the SR calculations are 

provided in Table 6.1 and Table 6.2, respectively.  The % error values are calculated for a 

nominal SR of 0.5 and 0.6, respectively.  

 

Table 6.1: Theoretical relative uncertainty in the uncorrected SR for N Samples. 

 N = 1 N = 16 
∆SRun ± 0.026 ± 0.008 

% Error 5.1 % 1.6 % 
 

 

Table 6.2: Theoretical relative uncertainty in the corrected SR for N Samples. 

 N = 1 N = 16 
∆SR ± 0.040 ± 0.011 

% Error 6.7 % 1.8 % 
 

 

The idealized uncertainty calculation of Eq. (12) is most appropriate for best case data 

points selected from a larger group of data, like in Figure 6.10.  There are other possible 

sources of test error in the data, but these are not as easily quantifiable.  From a limited 

amount of rotation repeatability data, a ∆SR = ±0.035 has been observed due to 

alignment tilt issues with the rotation fixture.  This value can vary with each test, but it is 

intended to give the reader a confidence level for individual data points (compiled from 

an average of 16 sub-images).  This experimental rotation repeatability value is used for 

the error bars in Figure 6.7 and Figure 6.8. 
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(a)                 (b) 

Figure 6.11: Birefringence visualization for a typical BETA L1: (a) Image of the lens 

without an analyzer (light source\left-handed circular polarizer\lens).  (b) Analyzer 

inserted (light source\left-handed circular polarizer\lens\right-handed circular 

polarizer). 

 

6.3.6 Discussion 
 

Reasons for these large variations in performance with angular position point to two 

main sources: tilt and birefringence.  Changes in performance associated with lens tilt are 

consistent with the data in Figure 6.7.  If a zero-degree rotation coincides with the 

optimum rotation due to surface or element tilt, then the two other data sets lie evenly 

spaced away from it and this would account for their similar performance.  An additional 

data set, at 180 degrees, would have been able to confirm this theory if it had the worst 

performance of all.  The second test set in Figure 6.8 shows data at this additional angle, 

but it is clear that performance differences in this figure cannot be completely explained 
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by tilt alone.  We believe that partial reduction in performance observed at the 0 and 180 

degree orientations seen in Figure 6.8 is most likely due to flow-induced birefringence.  

The evidence for flow-induced birefringence is based upon observation of the individual 

lenses between crossed polarizers.  Four of the five BETA lenses have significant 

amounts of birefringence (>1 fringe).  Lens 5 seems to be exempt from these problems, 

but the other lenses have colored fringes that fill between ¼ and ½ of the clear apertures.  

The birefringence is typically localized to the area around the gate, as seen in Figure 6.11.  

A more complete discussion on birefringence is covered in Chapter 7. 

 

 

Figure 6.12: Combined test MTF (BETA17, 700 µm balls between L3/L4) with ‘as 

fabricated’ ZEMAX model data. 

 

The best performance level obtained thus far corresponds to an estimated SR of 0.61 

± 0.011.  The relative error analysis from Section 6.3.5 determined a ∆SR value of ± 



 111

0.011.  This group of data was obtained with 700 µm balls between L3 and L4 and 

represents the average of 16 sub-samples taken from 4 separate images.  The combined 

test MTF curve shown in Figure 6.12 evenly weights the performance from 4 different 

edge transitions.  The four main edges are dark-to-bright and bright-to-dark transitions 

for both horizontal and vertical edges.  Inclusion of data from all four edges is of extreme 

importance when comparing relative performance among optical systems that exhibit 

non-rotationally symmetric errors.  To better illustrate this with the current example, the 

four sub-image averages for each edge transition are: 

 

SRV1 = 0.73 

SRV2 = 0.65 

SRH1 = 0.70 

SRH2 = 0.36 

 

Obviously, the SR average value of 0.61 could have been quite higher if not for the 

second horizontal edge measurements.  Caution must be exerted not to judge/compare the 

overall performance of these objectives without a complete set of edge orientations.  We 

believe the dramatic drop in SR from one particular edge points to birefringence as the 

major culprit.  It should be noted that if the BETA objective is rotated, together as a 

single unit, then a different edge would show the image degradation.  Because of this we 

do not feel that the test set-up and or method contribute to this unbalanced result. 
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The ‘as fabricated’ model B data, presented in Figure 6.12, were analyzed under the 

same conditions as the test data.  The model MTF curves represent an average of on-axis 

and four off-axis fields [(± 52.8 µm, 0) and (0, ± 52.8 µm) in object/tissue space].  The 

distances were selected to match the experimental testing conditions.  The on-axis data 

were weighted by a factor of 4 to obtain an average that evenly considers on and off-axis 

performance.  The model data in Figure 6.12 was specifically obtained from the MC 50% 

and 90% confidence level files for the L3/L4 ball size of 700 µm.  The MC simulation 

produced 100 perturbed files for each run.  A MC run was performed on the ‘as 

fabricated’ design model for all ball sizes (500, 600, 700, 800, and 900 µm) between 

L3/L4, with the SR results shown previously in Figure 6.10.  These MC curves provide 

an estimate of performance using object curvature, working distance, and image focus as 

compensators. 

Figure 6.13 considers rotation of L3 as an additional compensator to the MC 50% 

file.  As can be seen from the graph, rotation of L3 demonstrates potential to increase the 

SR by over 0.1.  This level of result is fairly typical in half of all the MC files, but the 

other half shows no such improvement. 
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Figure 6.13: Effect of L3 rotation on ‘as fabricated’ ZEMAX model. 

 

The results presented help unravel the difficulties of building high NA miniature 

plastic optics.  Currently, the three main issues degrading the optical performance of the 

BETA miniature injection-molded plastic objective are:  

 

 

(1) Alignment methods (including opto-mechanical design) 

(2) Micro scratches on L1 

(3) Birefringence 

 

The last two items can be addressed through careful discussions with prospective 

injection molders.  We expect that, due to the extra specification constraints, the second 

injection-molded prototype objective will cost slightly more than the first; however, this 



 114

doesn’t detract from the large price reduction possible for a commercial production run.  

The scratches on the second surface of L1 may have been incurred during the mold 

ejection process.  The image, shown in Figure 6.14, was brought to our attention when 

the lenses were sent off for AR coating.  These scratches could have been prevented with 

a better opto-mechanical design that doesn’t leave any surface unprotected.    In addition, 

an improved opto-mechanical design can also help reduce the assembly time and allow 

better control during alignment. 

 

 

Figure 6.14: Scratches on rear surface of L1 cover 10-20% of the CA diameter. 

 

To run multiple tests, and especially while developing software code, a single 

objective may sit in the test set-up for days and sometimes weeks.  In general, the overall 

system remains repeatable between test periods with the exception of residue deposits on 

L1.  The deposits occur after substantial evaporation of the water immersion bath.  Since 
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the rotational fixture is made from A2 tool steel, the deposits are most likely iron oxide 

(rust) particles.  Emptying and blowing dry the water reservoir, before shutting down the 

system for the evening, helps reduce the formation of rust; but after an eight hour test 

day, L1 still typically needs to be cleaned before additional testing.  The deposits clean 

easily enough with IPA or acetone.  The main danger with excessive cleaning is 

scratching or dropping the lenses, which has already rendered a few data sets incomplete 

and sent promising objectives to the ‘display unit’ box.  As a short term solution, the 

water immersion portion of the fixture is coated with a very thin layer of acrylic enamel 

(clear fingernail polish) which successfully reduced the frequency of cleanings. 
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CHAPTER 7 - BIREFRINGENCE REDUCTION EXPERIMENTS 

 

 

Birefringence has been targeted as a possible reason limiting the optical performance 

of the BETA miniature objective.  It is unclear how large of an effect the current amount 

of birefringence has on the optical performance of the optics. In the future, we hope that 

the injection molders will be able to significantly reduce the amount of birefringence 

during the molding process through careful observation and tweaking of the various 

molding parameters.  We have conducted two design of experiment (DOE) trial runs to 

demonstrate what is possible.  In addition, a series of annealing trials was also conducted 

on the original and DOE BETA lenses. 

I gratefully acknowledge University of Arizona Professor Russell Chipman for 

helpful discussions and use of various lab supplies needed for these experiments. 

 

7.1 Stress-Optical Effect 

 

When an optical material is sufficiently stressed (by one of many ways) the index of 

refraction becomes directional, also known as birefringent.  This basically means that two 

orthogonal polarization components of light will travel through the medium at two 

different speeds.  When exiting the medium the two orthogonal components will have a 

phase lag between them, which is referred to as retardance.  The stress-optical effect, also 
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called the photoelastic effect, provides a simple linear relationship between stress, σ, and 

refractive index, n.  In the linear regime, the difference between the orthogonal principal 

stresses, σ1 and σ2, l is related to the change in the index of refraction by the stress-optical 

constant, C.  The stress-optical rule provides a simple expression for birefringence and 

retardance. 

 

Birefringence: 

 

σ∆=∆ Cn       (13) 

or    

( )2121 σσ −=− Cnn      (14) 

 

Retardance (in radians):  

 

( ) ( )
λ

σσπ
λ

πδ tCtnn 2121 22 −
=

−
=     (15) 

 

Retardance (in nm):  

 

( ) ( )tCtnnR 2121 σσ −=−=      (16) 
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Typically birefringence is measured with respect to the maximum and minimum 

orthogonal stress directions.  This is easy to do in an intrinsically birefringent crystal 

where the crystal lattice has a uniform structure with constant directional stresses.  In this 

case, birefringence is usually quoted in the form of retardation per thickness and will not 

change much over a large surface area.  In general, any sort of unwanted, non-uniform, 

and sometimes highly localized, directional variability of the refractive index is grouped 

under the term ‘stress birefringence.’  This is sort of a catch-all term, and can be broken 

down into more descriptive sub-classifications.  In the case of injection-molded plastics 

the principal stresses are locally influenced by the molding conditions (temperature, 

pressure, part geometry, etc.).  This can lead to very non-uniform flow-induced and 

sometimes thermally-induced birefringence effects.  Other common sources of 

birefringence, not mentioned above, are externally stress-induced and residual stresses 

left behind from machining.  For anything considered to fall under the term stress 

birefringence, it is constructive to realize that retardance has three degrees of freedom 

(DOF), and can be described by a retardance vector:76 
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The subscript ‘H’ stands for horizontal, and thus δH represents the retardance induced by 

the differential stress between the 0º and 90º orientations.  Accordingly, δ45 and δR 

account for differential stresses in the 45º/135º and the right/left-handed circular 

orientations, respectively.  Birefringence, in general, can be expressed in vector form. 
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This section represents a simplified overview to provide the reader with a basic 

understanding of birefringence in optical components.  There are many references that 

cover this topic; one of the more rigorous is by Theocaris and Gdoutos.77    

 

7.2 Birefringence Visualization  

 

The most common method to qualitatively view birefringence is to place a lens 

between two linear polarizers.  If the transmission axes are positioned orthogonal (90º 

with respect to each other) then the common ‘crossed-polarizers’ configuration is 

obtained.  This is also referred to as a plane polariscope.77   An alternate method uses a 

pair of circular polarizers.  The circular polariscope has an advantage of showing both the 

horizontal and 45º retardance components in the same image. 
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7.2.1 Plane Polariscope 
 

A linear or plane polariscope, shown in Figure 7.1, contains a sample between two 

crossed linear polarizers.  The intensity of the output Stokes vector is:77  

 

2
sin2sin

2
1 22 δβ=I      (21) 

 

This equation assumes a birefringent plate with a retardation, δ, whose fast axis makes an 

angle, β, with respect to the transmission axis (typically assumed to be horizontal) of the 

output linear polarizer (analyzer).  
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Figure 7.1: Plane polariscope. 
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7.2.2 Circular Polariscope 
 

A circular polariscope consists of a linear polariscope with a quarter wave plate 

(QWP) inserted between each of the linear polarizers and the test specimen.  The quarter 

wave plates have their fast axis oriented at ±45º angle with respect to the transmission 

axis of the linear polarizers.  The standard ‘dark-field’ configuration, shown in Figure 

7.2, is obtained when both the QWP fast axes and the polarizer transmission axes are 

oriented 90º with respect to one another.  The output intensity of the Stokes vector from 

the dark-field configuration is:77  

 

2
sin

2
1 2 δ=I       (22) 

 

If the circular polariscope had the second QWP rotated by 90º (Q-45 → Q45) then a second 

standard configuration called the bright-field would produce an output intensity of:77   

 

2
cos

2
1 2 δ=I       (23) 

 

Both of these configurations have output intensities that are independent of the 

birefringence fast axis.   
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Figure 7.2: Circular Polariscope, dark-field configuration. 

 

7.2.3 Comparison Between Polariscopes 
 

It is standard optical shop practice to use crossed-polarizers, i.e. two linear polarizers 

with the transmission axes rotated 90º with respect to each other, to qualitatively inspect 

optics for birefringence.  This practice is simple and virtually foolproof; but, 

mathematically, the images usually don’t contain all of the useful information in a single 

snapshot.  To better illustrate what has been discussed in the previous two sections, a 

BETA L1 lens is analyzed in a plane polariscope and then in a circular polariscope.  The 

results for the plane polariscope are shown in Figure 7.3.   
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(a)                 (b) 

Figure 7.3: Two plane polariscope images of BETA L1.  The linear polarizer’s 

transmission axes are positioned (a) 0º and 90º and (b) 45º and 135º. 

 

Here an image of the lens was taken with crossed polarizers and then a second image was 

taken with the two polarizers rotated together by 45 degrees.  The dark Maltese cross 

provides verification for the orientation of the polarizers.  Comparison of the 

birefringence between the two images demonstrates that the fringes change shape with 

rotation of the two polarizers as a single unit.  This verifies that the plane polariscope is 

sensitive to the local orientation of the birefringence stresses in the plane of the image.  

The same result would have been obtained if the test part would have been rotated instead 

of the set of polarizers.  This was mathematically described previously in Section 7.2.1.   
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(a)                 (b) 

Figure 7.4: Two circular polariscope images of BETA L1 in ‘dark-field’ mode.  The 

fast axes of the quarter-wave plates (QWPs) are positioned (a) 0º and 90º and (b) 45º 

and 135º. 

 

The same lens imaged with a circular polariscope in the ‘dark-field’ configuration is 

shown in Figure 7.4.  Here the two images have the same fringe shape when both 

polarizers are rotated together by 45 degrees.  A circular polariscope provides 

birefringence information that is independent of the test part orientation, and that is why 

it is superior to a linear polariscope for birefringence visualization.  The naming 

convention for the file provided in the upper left-hand corner of each image is described 

later in Section 7.3.1. 
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Figure 7.5: Two circular polariscope images of BETA L1 in the ‘blue-field’ 

configuration.  Here the polarizers’ transmission axes are lined up.  The fast axes of 

the QWPs are positioned (a) 0º and 0º and (b) 45º and 45º. 

 

If a circular polariscope does not have independent rotation of the rear QWP, it is not 

possible to get bright-field and dark-field images from the same test set-up.  If one of 

these fixed circular polarizers is rotated 90º with respect to the other then a new non-

standard configuration, which we refer to as the ‘blue-field’, is obtained.  Figure 7.5 

shows that this configuration also provides fringe information that is independent of the 

polarizer (or test part) orientation.  We take data in the blue-field configuration to have 

redundancy in our test method, but most of these images will not be discussed since it is 

not currently an accepted standard configuration. 
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7.2.4 Standard Test Configuration 
 

The dark-field circular polariscope has been selected as the standard configuration for 

collection of birefringence images, and a schematic of the set-up is shown in Figure 7.6.  

A small fluorescent light box provides illumination from below the test lens.  The test 

lens sits on top of a left-handed circular polarizer (LHCP), which is basically a 

combination of a linear polarizer sandwiched together with a QWP.  A right-handed 

circular polarizer (RHCP) is placed above the lens as the analyzer.  To ensure a proper 

test configuration, the polarizer side of each circular polarizer (CP) must face away from 

the test lens.  If needed, a spare linear polarizer (LP) can be used to identify each side of 

the CP by holding the LP to your eye and rotating the CP.  When the polarizer side of the 

CP faces the LP then light can be extinguished, but if the QWP faces the LP the 

transmitted light will change colors (grey to a brownish tint using fluorescent lighting) 

but will not extinguish.  This particular configuration was selected in order to see the 

horizontal and 45 degree components of birefringence at the same time.  Red and blue 

color filters are optional, but can be used to provide a semi-quantitative ability to count 

birefringence fringes. The hardware shown in Figure 7.6 is positioned under a stereo 

zoom microscope (M2 Associates M2-Z4-T) with a camera port for data collection.  Data 

is obtained with a camera (Kodak MDS 100) coupled to a computer.  The images 

obtained are of relatively low quality (640 x 480 pixels), but are sufficient for general 

observations. 
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Figure 7.6: Standard birefringence visualization configuration.  Color filter is 

optional. 

 

When imaging a part with significant residual stresses, the standard configuration 

produces images with different fringe colors corresponding to different levels of stress.  

Qualitative analysis can be done on these images, but it usually takes a well trained eye to 

properly determine the fringe order.  Table 7.1 assigns a retardance value to the different 

fringe colors.  Typically this table is only used to determine the location of maximum 

retardance and then a compensator plate is used to precisely quantify the value. 

Light Box 

Lens 
RHCP

LHCP

Color 
filter 
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Table 7.1: Color vs. retardation78 

Color Retardation (nm) 
Black - 
Gray 150 

White-yellow 250 
Yellow 300 

Orange (dark yellow) 450 
Red 500 

Indigo-violet (1st-order fringe) 570 
Blue 600 

Blue-green 650 
Green-yellow 750 

Yellow 850 
Orange (dark yellow) 950 

Red 1050 
Indigo-violet (2nd-order fringe) 1140 

Green 1300 
Green-yellow 1400 

Pink 1500 
Violet (3rd-order fringe) 1700 

Green 1750 
 

 

7.3 Original BETA Images 

7.3.1 Filename Convention 

 
In December 2002, 50 sets of BETA objectives were manufactured by Applied Image 

Group/Optics in Tucson, Arizona.  This group of 250 lenses (and 50 spacers) is referred 

to as the original BETA molding run.  The lenses that get assembled into complete 

objectives never get individual names, they assume the name of the objective like lens 1 

(L1) of BETA04.  The lenses that are set aside for individual testing are assigned a lower 

case letter, like L2_a or L5_c, to distinguish them for data analysis purposes.  The file 
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naming convention example provided below is in the most general form.  Most of the 

images will have the optional components excluded.  Variations of the naming 

convention using linear polarizers were used in Section 7.2.3. 

 

BETA filename example: ‘L1_a_un LHCP 0 RHCP 90 Red.tif’ 

• L1_a  unique part identifier. 

• _un  uncoated (optional, AR coated otherwise). 

• LHCP 0  left-handed circular polarizer (LP\QWP45) with quarter-wave plate’s 

fast axis aligned with arbitrarily selected horizontal x-axis. 

• RHCP 90  right-handed circular polarizer (QWP-45\LP) with quarter-wave 

plate’s fast axis rotated 90º from arbitrarily selected horizontal x-axis. 

• Red  color filter (optional). 

 

7.3.2 Results 

 

Benchmark images were taken for uncoated and AR coated BETA lenses.  A 

comparison between the AR and uncoated BETA lenses shows no noticeable polarization 

effects from the AR coating process.  Since they are identical, only results for AR coated 

lenses will be shown in this section.  Figure 7.7 shows a complete set of birefringence 

images for a typical BETA lens #1 (L1).   
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                      (a)                 (b) 

 

            (c)                 (d) 

Figure 7.7: Complete set of birefringence images for BETA L1: (a) Light 

source\LHCP\L1 (b) Light source\LHCP\L1\RHCP, non-standard ‘blue-field’ mode 

(c) Light source\LHCP\L1\RHCP, standard ‘dark-field’ mode (d) Light 

source\LHCP\L1\RHCP\Red. 

 

Image (a) shows what the lens looks like without an analyzer.  This is the least important 

image and was, in general, not taken for a lens unless there was an interesting defect that 
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can be seen without the analyzer.  Image (b) is the ‘blue-field’ configuration for the 

circular polariscope.  Image (c) is the ‘dark-field’ configuration.  Image (d) is a dark-field 

image with a red color filter placed in front of the camera.  This extra image is sometimes 

helpful for semi-quantitative analysis to determine the fringe order.  Although the circular 

polariscope images are not expected to be sensitive to misalignment of the polarizers, 

still, effort is made during data collection to maintain a consistent test procedure and 

alignment.  The dark field image (c) has been selected as the standard image for the rest 

of this chapter.  Only in certain cases, deemed educational, will the other images be 

shown. 

Figure 7.8 shows typical birefringence for BETA L2, L3, L4, and L5.  It is obvious 

that all lenses, but L5, show significant amounts of birefringence.  The birefringence is 

generally localized around the gate where molten plastic is injected into the mold during 

fabrication.  Faint circular rings can be seen within the CA of some of these lenses; these 

are back reflections from the polariscope structure. 
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                      (a)                 (b) 

 

                      (c)                 (d) 

Figure 7.8: Typical birefringence images for other BETA lenses: (a) L2 (b) L3 (c) L4 

(d) L5. 
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7.4 Injection-molding Design of Experiment (DOE) for BETA L1  

7.4.1  DOE Overview 
 

Two different design of experiments (DOE) were conducted at Aurora Optical 

(formerly Applied Image Group/Optics) on 07/08/2005 (DOE I) and on 8/25/2005 (DOE 

II).  DOE II is an exact repeat of DOE I, but with a mechanical rotational correction of 

the optical molding insert to position the pin (for the water channel) opposite from the 

gate.  The DOE, in general, has a two-fold mission.  First, we want to see if by carefully 

selecting the molding conditions we can significantly reduce the amount of flow-induced 

birefringence in the current BETA optical design.  Secondly, we hope to gain design 

recommendations that give the proposed second optical design iteration (BETA II) a 

better chance for significantly reduced birefringence.  To accomplish this we need to gain 

a better understanding of any possible trade-offs between the manufacturing tolerances 

and achieving reduced birefringence. 

The DOE concerns only BETA lens #1 (L1).  This lens was selected because it has 

the minimum edge thickness (0.5 mm) and the largest curvature of the entire BETA 

design.  These two items gives us reason to believe this is the hardest BETA lens to 

fabricate with low flow-induced birefringence.  There are 16 distinct trial runs performed 

for each DOE.  The main variables under consideration are the packing pressures, fill 

rates, and hold times.  Ten samples were saved from each trial.  Three samples were 

taken back to the University of Arizona to obtain birefringence images consistent with 

the convention introduced in the previous section.  The remaining 7 samples of each run 
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remained at Aurora Optical for radii and center thickness (CT) data collection.  

Eventually all of the lenses were provided to the University of Arizona.  Some of the 

DOE lenses were sent away for AR coatings to be used in a follow-up optical bench test. 

 

7.4.2 Naming Convention 
 

If it is ever required to go back through the hundreds of individual images generated 

during these birefringence experiments, it will be most helpful to understand the file 

naming conventions employed.  An example for a DOE I injection molding run is 

provided below.  This example builds off of the naming convention established for the 

original BETA lenses in Section 7.3.1.  To differentiate, DOE II use capital letters for the 

sample #. 

 

DOE I filename example: ‘L1 01-01 LHCP 0 RHCP 90 Red.tif’ 

• L1  BETA lens #. 

• 01-01  trial run - sample # (01-A for DOE II). 

• LHCP 0  left-handed circular polarizer with quarter-wave plate’s fast axis lined 

up with horizontal x-axis. 

• RHCP 90  right-handed circular polarizer (analyzer) with quarter-wave plate’s 

fast axis rotated 90º from the horizontal x-axis. 

• Red  color filter (optional). 
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7.4.3 DOE Parameters 
 

The initial conditions listed in Table 7.2 and the testing trial parameters listed in 

Table 7.3 are the same for both DOE I and DOE II.  The barrel temperatures, 

injection/packing transition pressure, and the 2nd stage hold time were all kept constant 

throughout each DOE. 

 

Table 7.2: DOE Initial Conditions. 

Barrel Temperatures Pressures Other 
Nozzle 550 F Inj./Pack trans. 6000 psi Fill Speed 0.5 in/sec 
Zone #1 530 F 1st Pack 8000 psi 1st Hold Time 2 sec 
Zone #2 520 F 2nd Pack 5000 psi 2nd Hold Time 5 sec 
Zone #3 500 F     

 
Table 7.3: DOE Parameters. 

Trial # Injection 
Speed (in/sec) 

1st Stage Pack 
Pressure (psi) 

2nd Stage Pack 
Pressure (psi) 

1st Stage 
Hold Time 

(sec) 
1 0.5 8000 5000 2 
2 0.5 8000 7000 5 
3 0.5 10,000 5000 2 
4 0.25 10,000 5000 2 
5 0.25 8000 5000 2 
6 0.5 10,000 7000 5 
7 0.25 10,000 5000 5 
8 0.25 10,000 7000 2 
9 0.5 8000 7000 2 
10 0.5 10,000 7000 2 
11 0.25 8000 7000 2 
12 0.25 8000 5000 5 
13 0.5 10,000 5000 5 
14 0.5 8000 5000 5 
15 0.25 10,000 7000 5 
16 0.25 8000 7000 5 
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7.4.4 Results: DOE I 
 

Birefringence images were taken of two samples from each of the 16 trial runs.  To 

avoid showing examples for every trial, we will exclude some of the trials based on the 

radii of curvature and CT data.  The design values for BETA L1 with the most important 

tolerances are presented in Table 7.4.  In general, any trial whose dimensions exceed the 

previously presented manufacturing tolerances by a factor of two was automatically 

eliminated.  The one exception to this rule is surface 1.  The tolerance analysis has shown 

that the design is very insensitive to this dimension.  Only a surface 1 radius of curvature 

(R1) significantly shorter than the design value would be cut, a negative error larger than 

10% for example.   All positive R1 radius errors (up to planar) will be kept.  Surface 2 

radius of curvature (R2) is a very important specification.  The tolerance provided by the 

injection molders on this surface was ±0.5%, thus anything greater than a 1% error was 

discarded.  All of the center thickness measurements turned out to be smaller than the 

design value.  This is most likely the better direction to miss (missing in the other 

direction the NA begins to decrease), but still any lenses that missed the design value CT 

by larger than 50 µm (twice the tolerance value of ±25 µm) were eliminated.  Data 

collected by Aurora Optical for sample #4 from each of the 16 trials are presented in 

Table 7.5.  The dimensions that are out of spec large enough to eliminate the lens are 

labels with a red ‘X.’  None of the eliminated trials had birefringence images 

significantly better (or different) than the rest of the group.  Birefringence images for the 

remaining nine trials are shown in Figure 7.9.  It is interesting to note that all of the 

eliminated trials missed on two different dimensions, showing the interdependence of the 
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injection molding process.  In case it is not clear, based on the naming convention, the 

radii and CT data presented is from sample 04 of each trial and the birefringence image is 

provided for sample 01 of each trial.  In general, sample 02 for each trial produced almost 

identical birefringence images to those of sample 01, confirming what we expect; the 

injection molding process is very repeatable.   

Based on the birefringence images, we can obtain an additional level of distinction.  

The level of distinction is identified in the last column of Table 7.5, but is only relative 

among the lenses in that specific table.  The designation levels are:  (X) eliminated, (?) 

unsure, (√) good, (√√ ) best.  Any of the trials that produce more turbulent fringes are less 

desirable.  These are trials 03, 06, 10, and 13.  These trials show evidence of a more non-

uniform cooling/solidification process which we would expect to worsen the MTF 

results, but in general the lenses are still good.  The five best trials are 01, 02, 09, 14, and 

15.  These trials all have very similar birefringence fringe patterns and comparable radii 

and CT data.  Currently, there is no way to further scrutinize this final grouping. 

 

Table 7.4: Radii and CT design values for BETA L1 

 Radius 
(mm) 

Clear Aperture 
(mm) 

Center Thickness 
(mm) 

Surface 1 100.00 1.40 1.300 ±0.025 
Surface 2 1.5162 ± 0.5% 

(1.509 - 1.524) 
2.70  
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Table 7.5: Radii and CT data for the DOE I. 

Trial # - 
Sample 

# 

Surface Radius 
(mm) 

Error 
(%) 

Center 
Thickness 

(mm) 

Error 
(%) 

P-V 
Error 
(µm) 

Rating
 

01-04 1 104.9 4.9 1.253 3.6 0.14 √√ 
 2 1.514 -0.1    0.28  

02-04 1 104.4 4.4 1.251 3.8 0.22 √√ 
 2 1.514 -0.1    0.29  

03-04 1 116.4 16.4 1.265 2.7 0.13 √ 
 2 1.517 0.0    0.36  

04-04 1 2.036 X -98.0 1.167 X 10.2 59.47 X 
 2 1.514 -0.2    0.30  

05-04 1 2.150 X -97.9 1.164 X 10.5 63.88 X 
 2 1.513 -0.2    0.31  

06-04 1 114.3 14.3 1.265 2.7 0.12 √ 
 2 1.516 0.0    3.64  

07-04 1 101.9 1.9 1.210 X 6.9 0.12 X 
 2 1.594 X 5.1    17.32  

08-04 1 101.7 1.7 1.212 X 6.8 0.10 X 
 2 1.601 X 5.6    20.12  

09-04 1 105.4 5.4 1.251 3.8 0.11 √√ 
 2 1.515 -0.1    0.34  

10-04 1 115.6 15.6 1.265 2.7 0.12 √ 
 2 1.517 0.0    2.96  

11-04 1 2.454 X -97.5 1.156 X 11.1 60.22 X 
 2 1.522 0.4    2.48  

12-04 1 2.005 X -98.0 1.149 X 11.6 83.15 X 
 2 1.513 -0.2    0.58  

13-04 1 111.5 11.5 1.264 2.8 0.10 √ 
 2 1.515 -0.1    0.26  

14-04 1 109.5 9.6 1.250 3.8 0.13 √√ 
 2 1.514 -0.2    0.39  

15-04 1 125.5 25.5 1.252 3.7 0.27 √√ 
 2 1.514 -0.1    0.34  

16-04 1 101.2 1.2 1.215 X 6.5 0.12 X 
 2 1.585 X 4.5  3.6 17.55  
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   (a) 01-01      (b) 02-01      (c) 03-01 

 

   (d) 06-01      (e) 09-01      (f) 10-01 

 

   (g) 13-01      (h) 14-01      (i) 15-01 

Figure 7.9: Birefringence images of sample 01 for select DOE I trial runs (from files: 

L1 xx-01 LHCP 0 RHCP 90.jpg). 
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7.4.5 Results: DOE II 

 

DOE II produced improved birefringence results over DOE I.  Lining up the optic pin 

such that the water channel is opposite from the injection molding gate seems to be 

important for this particular lens/geometry.  These results show a more uniform 

distribution of the residual birefringence and an overall reduction in the magnitude and 

area of CA affected.  Unfortunately, this second DOE seems to have had a harder time 

meeting the mechanical dimensions.  The radii and CT data for DOE II are provided in 

Table 7.6.  Any mechanical dimensions outside the acceptable tolerances already 

established for DOE I are identified with a red ‘X.’  The overall rating of each lens is 

provided in the last column of the table.  The six groups of the lenses have their 

birefringence images shown in Figure 7.10.  Due to the large peak-to-valley (P-V) errors 

(order of magnitude larger than DOE I), the otherwise good radii data are questionable 

and thus none of the DOE II lenses qualify for the ‘best’ designation (√√). 
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Table 7.6: Radii and CT data for the DOE II. 

Trial # - 
Sample 

# 

Surface Radius 
(mm) 

Error 
(%) 

Center 
Thickness 

(mm) 

Error 
(%) 

P-V 
Error 
(µm) 

Rating 

SU-D 1 254.99 155.0 1.280 1.5 0.47 √ 
 2 1.5163 0.0   4.32  

01-D 1 19.33 X -80.7 1.259 3.2 4.15 X 
 2 1.5189 0.2   3.91  

02-D 1 24.12 X -75.9 1.265 2.7 3.15 X 
 2 1.5193 0.2   2.83  

03-D 1 77.374 -22.6 1.285 1.2 3.15 √ 
 2 1.5150 -0.1   3.30  

04-D 1 3.051 X -96.9 1.170 X 10.0 30.26 X 
 2 1.5154 -0.1   3.41  

05-D 1 2.241 X -97.8 1.167 X 10.2 45.26 X 
 2 1.5154 -0.1   3.93  

06-D 1 150.93 50.9 1.280 1.5 1.99 √ 
 2 1.5163 0.0   3.82  

07-D 1 2.369 X -97.6 1.168 X 10.2 40.05 X 
 2 1.5155 0.0   3.42  

08-D 1 3.944 X -96.1 1.210 X 6.9 23.17 X 
 2 1.5158 0.0   3.75  

09-D 1 42.24 ? -57.8 1.260 3.1 1.92 ? 
 2 1.5163 0.0   4.71  

10-D 1 310.75 210.7 1.280 1.5 0.39 √ 
 2 1.5162 0.0   3.93  

11-D 1 2.214 X -97.8 1.165 X 10.4 52.82 X 
 2 1.5147 -0.1   4.81  

12-D 1 2.435 X -97.6 1.170 X 10.0 37.77 X 
 2 1.5142 -0.1   3.35  

13-D 1 289.18 189.2 1.287 1.0 0.67 √ 
 2 1.5158 0.0   3.55  

14-D 1 32.12 ? -67.9 1.268 2.5 2.17 ? 
 2 1.5195 0.2   3.65  

15-D 1 1.861 X -98.1 1.170 X 10.0 55.87 X 
 2 1.5143 -0.1   4.45  

16-D  2.564 X -97.4 1.170 X 10.0 40.78 X 
  1.5150 -0.1   4.80  
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(a) 03-A      (b) 06-A      (c) 09-A 

 

(d) 10-A      (e) 13-A      (f) 14-A 

 
Figure 7.10: Birefringence images of sample A for select DOE II trial runs (from 

files: L1 xx-A LHCP 0 RHCP 90.jpg). 
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Figure 7.11: Select Birefringence Images of BETA L1 with Overlay of CA: Original 

BETA L1 (top) DOE I (middle) DOE II (bottom). 
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7.4.6 Direct Comparison: DOE I & II vs. Original 
 

To semi-quantitatively compare the results from DOE I and II with the original 

BETA L1 lens manufactured in Dec. 2002 we insert an overlay of the clear aperture 

(CA).  The results are shown in Figure 7.11.  The 2.7 mm CA, for L1 surface 2, was 

scaled proportionally based on the known 7 mm OD.  All images were collected with 

nominally the same magnification setting on the zoom stereoscope.  Using this 

visualization technique helps identify exactly how much birefringence falls within the 

optical portion of the lens.  Although some residual birefringence is still apparent, the 

DOE I and II show significant improvement over the original BETA L1 lenses. 

 

7.4.7 Discussion  
 

Following the DOE runs, we had follow-up meetings with the injection molders to 

discuss the results.  The most apparent result from DOE I is the strong interaction 

between fill speed and 1st stage packing pressure.79  The original fill speed for BETA’s 

initial run was 1.0 in/sec; the DOEs used two slower fill speeds, 0.5 and 0.25 in/sec.  Four 

of the five best DOE I trials used 0.5 in/sec.  The 2nd stage packing pressure and the first 

stage hold times do not seem to be a factor in the DOE I results.  One obvious 

shortcoming of theses lenses, the DOE I CT values are too thin.  This can be easily 

corrected by what is called ‘restacking’ the mold.  CT was not checked during set-up of 

DOE I, thus they were all slightly off.  Restacking is considered a standard practice and 

should not change any of the DOE results.79  The DOE I results nominally show a 50% 
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reduction in area covered by the birefringence fringes.  In addition, the best results show 

one continuous fringe instead of the turbulent fringe pattern from the original L1 shown 

in Figure 7.11.   

DOE II was an attempt to completely redo DOE I with only a change to the rotational 

position of the optic insert.  For the new run, the pin (for the endoscope’s water channel) 

is intentionally positioned opposite from the injection gate.  The expectation was that if 

the mechanical constriction of the pin was rotated away from the gate that the 

birefringence would flow around the outside of the CA.  The expected result was almost 

fully obtained.  As seen in the bottom third of Figure 7.11, only a small amount of color 

fringes seep into the CA.  Unfortunately, DOE II has unexpected deteriorations 

dimensionally, as illustrated by comparing the contents of Table 7.5 with Table 7.6.  

DOE II was conducted on a different (though the same model) injection molding 

machine.  This unknown may account for the dimensional differences between the 

respective trial runs.  The overwhelming dimensional change between DOE I and II is an 

order of magnitude increase in P-V departure from an ideal spherical surface, most likely 

from under packing the mold.  This surface irregularity may have been prevented with a 

slight increase in the packing pressures; but the goal was to repeat DOE I exactly, and 

thus, no in-process optimizations were attempted because the entire process parameters 

were already laid out.  It is standard practice to perform in-process metrology to verify 

the mechanical dimensions of a lens before a production run,80 but for our DOEs the 

metrology was done after the fact.  DOE II has a slightly more desirable birefringence 
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fringe pattern, but DOE I lenses are deemed to be superior due to the better mechanical 

dimensions.   

Both DOE I and DOE II lenses have been successfully assembled (using the other 

four original BETA lenses) into objectives.  Results are shown in Section 7.6.  I believe 

that if DOE II had been conducted on the same molding machine it would have produced 

a similar fringe pattern as the actual DOE II lenses, but with mechanical dimensions 

comparable to DOE I.  It is my opinion that obtaining high quality injection molded 

plastic lenses depends largely on molding experience, well-maintained equipment, and a 

little bit of luck.  It is recognized in the molding community that all new plastic optical 

systems must go through a design-build-test cycle,59 and multiple cycles are not 

uncommon.  Without any a priori molding knowledge about a particular design it is 

unreasonable to expect the theoretical performance for a complex optical system on the 

first iteration.  The results presented represent the first complete design-build-test cycle 

for our research group with high NA injection molded plastic optics.  Much has been 

learned and we are pushing forward to expand our core knowledge in this area. 

One additional parameter that may reduce birefringence further: an increase in the 

melt temperature.  The molders wanted to avoid any extra unknowns, but during the next 

complete molding run this extra degree of freedom is available. 
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7.5 Annealing Trials 

7.5.1 Overview 
 

Annealing of plastics has been defined as “the process of relieving stresses in 

molded plastic articles by heating below deformation temperature, maintaining this 

temperature for a predetermined length of time, followed by controlled cooling.”81  A 

series of annealing runs were conducted to determine what effect post-processing has on 

the injection molded-in stresses (and thus birefringence) in Zeonex.  Zeon Corporation 

recommends annealing Zeonex E48R at 120 ºC for two hours, but provides very little 

extra information.  Zeonex E48R has a heat distortion temperature, Td, of 122 ºC and a 

glass transition temperature, Tg, of 138 ºC.  A few websites82,83 were consulted for 

suggestions concerning annealing plastics.  Most companies maintain specific cycle 

information as proprietary, but the websites helped determine a starting point for the 

annealing tests.  There were 11 annealing runs performed in all, but only the last three 

have a complete set of images (before and after images) that follow the standard test 

configuration presented in Section 7.2.4.  The preliminary annealing runs (A1 to A8) will 

be discussed initially and then the final three annealing runs (A9 to A11) will be 

presented. 
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7.5.2 Naming Convention 
 

There have been hundreds of the individual images generated during these 

birefringence experiments.  A general example for the annealing run naming convention 

is provided below. 

 

Annealing filename example: ‘L1 01-01 A1 LHCP 0 RHCP 90.tif’ 

• L1  unique part identifier (L1_a for original BETA lenses). 

• 01-01  DOE trial run - sample # (DOE II uses a capital letter for sample #). 

• A1  annealing run #. 

• LHCP  left-handed circular polarizer. 

• RHCP  right-handed circular polarizer. 

• 0, 90  these numbers identify the relative rotational alignment of the fast axis of 

quarter-wave plates. 0º,90º is the standard ‘dark-field’ configuration and 0º,0º is 

our non-standard ‘blue-field’ configuration. 

 

7.5.3 Preliminary Annealing Runs 

 

The first few annealing attempts (A1-4, A6) used a high temperature ceramic oven.  

This device has a programmable controller but is problematic for use at low temperatures.  

In fact, the very first annealing run totally melted the lenses down to amber colored dots.  

This occurred because the oven shot up way past its set point and cooked the lenses at 
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over 250 ºC for 5 minutes.  None of the high temperature ceramic oven annealing results 

showed any promise and, at best, a large ± 5 ºC cyclic variability around the set point 

temperature was experienced.  These process controls were not acceptable, so a low 

temperature oven was procured from University of Arizona Professor Tom Milster.  The 

new oven is a Blue M Stabil-Therm gravity oven (model OV-8A).  This oven must be 

manually controlled but can maintain temperatures to ± 0.5 ºC accuracy.  This oven was 

used for the A5 and A7-A11 annealing runs.  The A5 annealing run soaks the lenses at 

the heat distortion temperature of Zeonex (Td = 122 ºC) for 3 hours, but unfortunately the 

results don’t show much noticeable decrease in birefringence.  A7 takes the same lenses 

from A5 and anneals them again with a 9 hour soak at 122 ºC.  The end results from the 

A5/A7 runs are unremarkable and very similar to those to be presented for A9.  

Annealing run A8 pushes the maximum anneal temperature up to 134-136 ºC, which is 

intentionally right below the glass transition temperature of Zeonex (Tg = 138 ºC).  The 

end result is shown in Figure 7.12.  Extreme physical warping is evident.  Unfortunately 

the reduced birefringence seems to come from partial re-melting of the plastic.  The 

‘sucking in’ effect around the molding gate also seems to indicate that this area of 

birefringence also has a localized lower density than the rest of the original lens.  This 

seems to agree with the simulation results presented by Wimberger-Friedl.84  The 

‘before’ images for these lenses were taken with an old polarizer configuration, and thus 

are not shown.  They would have had very similar fringe patterns to the images shown in 

Figure 7.8.  



 150

 

Figure 7.12: Group photo from A8, a three hour anneal just below the glass 

transition temperature of Zeonex E48R.  The physical warping of the lenses, with 

some birefringence still visible, does not provide a promising outlook. 

 

7.5.4 Select Annealing Run Schedules 
 

The following are the annealing run temperature schedules for the cases that will be 

discussed in further detail.  Under the ramp column, ‘N/A’ signifies that the ramp time is 

included in the soak time. 
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Table 7.7: A9 Annealing Run Schedule 

Set Point Temp (ºC) Soak (hours) Ramp (hours) 
Initial Ramp room-85  0.5 

SP1 85 1 0.5 
SP2 100 1 0.5 
SP3 110 1 0.5 
SP4 120 8 0.5 
SP5 110 1 N/A 
SP6 100 1 N/A 
SP7 85 1 1 
SP8 room  total time = 17.5 

 

Table 7.8: A10 Annealing Run Schedule 

Set Point Temp (ºC) Soak (hours) Ramp (hours) 
Initial Ramp room-85  0.5 

SP1 85 1 0.5 
SP2 100 1 0.5 
SP3 115 1 0.5 
SP4 130 10 0.5 
SP5 115 1 N/A 
SP6 100 1 N/A 
SP7 85 1 1 
SP8 room  total time = 19.5 

 

Table 7.9: A11 Annealing Run Schedule 

Set Point Temp (ºC) Soak (hours) Ramp (hours) 
Initial Ramp room-100  0.75 

SP1 100 4 0.5 
SP2 118 17 0.5 
SP3 125 43 0.5 
SP4 118 2 0.5 
SP5 110 2 0.5 
SP6 100 3 2 
SP7 room  total time ~ 76 
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7.5.5 Results 

 

The A9 run schedule was selected to gradually increase the annealing temperature to 

avoid any chance of thermally shocking the lenses.  It was not known if this was 

extremely important, but it was thought best to remove any possible unknowns to this 

experimental process.  The maximum temperature was selected to be the heat distortion 

temperature of 122 ºC and this temperature was held for eight hours.  The 4 1/2 hour 

cooling process was almost symmetrical to the initial 5 hour heating schedule.  The A9 

annealing run involved nine different lenses, one sample of the five original BETA lenses 

and two samples from each DOE.  There are some slight color changes, but the results do 

not show any significant reduction in birefringence.  Pre and post-anneal images for the 

original BETA lenses are shown in Figure 7.13 and Figure 7.14.  The same pairs of 

images from DOE I and II and shown in Figure 7.15 and Figure 7.16, respectively.  The 

only pair of lenses that had a noticeable change inside the clear aperture was L2_f.  The 

center spot went from green to purple (violet); which after careful consideration using 

Table 7.1 shows a reduction of ~150 nm of retardance (1300 nm reduced to 1140 nm).  

This estimates a 10% reduction in the retardance for that particular lens, but the rest of 

the results seem to be less than that. 
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(a)      (b) 

Figure 7.13: A9 annealing run, BETA L1-L3: (a) Pre-A9 birefringence images. (b) 

Post-A9 images. 
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(a)      (b) 

Figure 7.14: A9 annealing run, BETA L4 and L5: (a) Pre-A9 birefringence images 

(b) Post-A9 images. 
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(a)      (b) 

Figure 7.15: A9 annealing run, DOE I: (a) Pre-A9 birefringence image (b) Post-A9 

image. 

 

 

(a)      (b) 

Figure 7.16: A9 annealing run, DOE II: (a) Pre-A11 birefringence image (b) Post-

A11 image. 
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The A10 annealing run pushes the maximum soak temperature up to 130ºC.  This 

temperature was selected since it is halfway between Td and Tg.  It is not encouraged to 

anneal Zeonex above its heat distortion temperature.  We must now worry about 

maintaining the proper radii and center thicknesses, but due to the extremely 

discouraging A9 results we are forced to push the envelope.  This annealing run also 

consists of 9 different lenses from each of the original and DOE molding runs.  

Unfortunately, most of the A10 results did not turn out much better than what has already 

been presented for A9.  The A10 lens with the greatest change is presented in Figure 

7.17.  This unique fringe pattern has two central pink dots that change to green and the 

overall ‘wingspan’ shortens slightly.  

 

 

(a)      (b) 

Figure 7.17: A10 annealing run, BETA L2: (a) Pre-A10 birefringence image (b) 

Post-A10 image. 
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Since we noticed a few instances where slight changes in color occurred for the A9 

and A10 anneals, the A11 annealing run was added to determine if an extraordinary long 

anneal would produce any further changes.  Six lenses from the A9 and A10 runs were 

selected for A11.  One set of pre and post-anneal A11 images are shown in Figure 7.18.  

The slight change of color noticed for L1 04-03 after A9, shown previously in Figure 

7.15, did not change further.  Even with 76 hours of total annealing time and almost 2 full 

days (43 hours) at the maximum soak temperature of 125 ºC, none of the A11 lenses 

showed any changes. 

 

 

(a)      (b) 

Figure 7.18: A11 annealing run, BETA L1 04-03: (a) Pre-A11 birefringence image 

(b) Post-A11 image. 

 

Since the A10 and A11 lenses were submitted to temperatures above Td, a few of the 

post-A9, A10, and A11 lenses were measured by Aurora Optical and showed no 

significant change in the mechanical dimensions.  All second surfaces that initially began 
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in spec stayed within the ± 0.5% tolerance of the design value, 1.5162mm.  The one A10 

lens that had an out of spec R2 only changed its value by 0.1%; this was typical of the 

other lenses as well.  Even though there was no detectable change to the radii (or CT) the 

A10 anneal introduced noticeable cracking in the AR coatings.  This is referred to as 

crazing and an example is shown in Figure 7.19.  It is unknown whether the A9 annealing 

run would have done this as well since all of those lenses were uncoated. 

 

 

Figure 7.19: Crazing on L2_g after A10 annealing run. 

 

7.5.6 Discussion 
 

Previously we have mentioned that the two most common causes of injection molded 

birefringence are thermal and flow-induced.  It has been reported by others85 that the 

thermally induced stresses are negligible, compared to the flow-induced stresses, when a 

plastic’s stress-optical coefficient in the solid state (Cs ≡ C) is much lower than it is in the 
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melt state (Cm).  This is the case for Zeonex where Cs = 2.3 x 10-12 m2/N (Pa-1) and Cg = 

1200 x 10-12 m2/N.86  The fact that we see some color changes, after the A9 and A10 

anneals, but no further change after the A11 anneal (which uses lenses from A9 and A10) 

signifies that if there is a pure thermally induced component it anneals out in the first run.  

The flow-induced component, on the other hand, remains unchanged through both 

annealing runs.   

The primary goal of these trials is to determine if any reasonable anneal at or below 

the heat distortion temperature can reduce molded-in birefringence.  If this was possible, 

then we would be confident that the lenses would properly hold their mechanical 

dimensions.  Unfortunately, we had to push the process up to the point of partially re-

melting the lenses.  It is obvious from the small amounts of birefringence that still exists 

after the excessive deformation seen in Figure 7.12 that annealing away the molded-in 

birefringence is a tough task.  Admittedly, the current set of experimental runs have not 

been exhaustive, but from the results presented for annealing runs A9-A11, we have to 

conclude that with the current methods it is not possible to successfully anneal these 

lenses.  From our experience, reduction of molded-in birefringence in Zeonex must be 

performed upfront during the molding process. 
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7.6 DOE BETA Follow-up Optical Bench Test 

 

A few of the DOE L1 lenses were sent for AR coatings and built into objectives using 

the original BETA L2, L3, L4, and L5 lenses.  Three of these lenses still have substantial 

amounts of birefringence, but it is our hope that this improvement to L1 will have a 

measurable improvement to the combined MTF and SR.  The position of L1 away from 

the aperture stop (located between L3 and L4) should allow a reduction in birefringence 

to show up as a more uniform performance across all four edges considered for the 

combined MTF.  Any sort of improvement, gives us additional confidence to repeat the 

full molding run of the BETA objective.  Three DOE BETA objectives were built and 

tested according to the methods presented in Chapter 6.  A general feel for performance 

of these objectives is provided by the USAF resolution images shown in Figure 7.20.  

BETA18 was assembled with a DOE II L1 as a fixed objective before testing.  This 

objective produces a noticeably inferior image (more blurry) than the next two objectives 

that make use of rotational alignment/compensation.  BETA20 employs an L1 from DOE 

II and BETA21 employs an L1 from DOE I.  From the images in Figure 7.20, the image 

resolution and overall quality of BETA20 and 21 look very comparable.  These two 

optical systems share the same back half of the objective (L4/spacer/L5), which remained 

fixed throughout the testing of both objectives.  This is done in an attempt to compare 

DOE I L1 to DOE II L1.  This test only has limited validity since the second and third 

lenses (L2 and L3) are different in the two cases.     
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Figure 7.20: USAF resolution target images using DOE BETA L1 lenses.  BETA18 

(top) BETA20 (middle) BETA21 (bottom). 
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Figure 7.21: Combined MTF: BETA20 (DOE II L1) vs. BETA21 (DOE I L1).  These 

objectives share the same L4/Spacer/L5 backside. 

 

The combined MTF data for each objective are graphed in Figure 7.21.  Both of these 

data sets use the standard 500 µm balls in the aperture stop located between L3/L4.  The 

previous optimum ball sizes of 700 and 800 microns were unable to be successfully 

tested in rotation this time due to loss of alignment for the non-standard ball sizes.ii  Still, 

this result provides some evidence for the argument that the DOE I lenses are superior to 

the DOE II lenses.  The results are not conclusive, but it definitely points to the fact that 

the mechanical dimensions of the lenses should not be sacrificed for such a slight 

                                                 
ii A data set was obtained for the 700 µm ball size, but is not reported.  That data set had lower performance 
than expected and upon subsequent investigation the cause was determined to be the loss of alignment of 
the objective to the test system optical axis.  Loss of alignment is determined by shinning the HeNe laser 
directly into the miniature objective.  If rotation of L1/L2/L3 does not allow for the exiting laser spot to be 
aligned to the test system’s optical axis then alignment is said to be lost. 
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decrease in birefringence (between DOE I and II).  From the MTF curves presented in 

Figure 7.21, BETA21 definitely has a statistically significant increase in SR over 

BETA20, but it is tough to reach this conclusion solely from direct observation of the 

resolution images in Figure 7.20.  Typically one would expect to be able to easily detect a 

∆SR of 0.08, but in this case the MTF curves are identical at the lower spatial frequencies 

where the human eye is most sensitive, and may lead to the incorrect perception that the 

images were produced from objectives of similar SR.  This example helps solidify the 

importance and usefulness of MTF analysis as an optical performance metric.  BETA21 

has a SR value of 0.64, which now becomes the largest value obtained.  This value easily 

eclipses the previous best SR value of 0.57 for the 500 µm ball spacing results and just 

nudges out the best overall SR value of 0.61 that was obtained with 700 µm ball spacing 

between L3/L4 (both reported values are from BETA17).  This leads to the belief that the 

reduced birefringence did have a small but noticeable improvement on the performance 

of the objective.  By itself, this argument is not fully convincing.  A large range of ball 

sizes were not tested, and thus it is impossible to rule out that the standard ball size is 

now the optimum choice with the new DOE L1.  Assuming that was the case, then 

increasing from 0.61 to 0.64 is right on the edge of being a statistically significant 

improvement.iii  From the numerous polariscope images shown in this chapter, the 

existence of localized birefringence has firmly been established.  Exactly what affect the 

birefringence should have on the performance metrics it much less clear.  Our strongest 

                                                 
iii Under ideal testing conditions the relative error is ∆SR (±2σ) = ±0.01.  This is the minimum change in 
performance needed to be labeled as statistically significant.  Experimental repeatability data from the 
rotational testing has identified a ∆SR = 0.03 as the statistically significant level for comparison within 
small groups of data. 
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argument, laid out previously, for the evidence that birefringence has a negative impact 

on performance (SR and MTF) of the BETA objective comes in the breakdown analysis 

of the SR values for each edge.  Recall that for BETA17 with the 700 µm ball spacing, 

three of the four edges had one level of performance and the fourth edge had nominally 

one half the SR.  We have been unable to hypothesize any other realistic explanations for 

this effect, other than birefringence.  The same breakdown analysis has been done for the 

BETA21 objective and is shown in Table x next to the previous result presented for 

BETA17.  We believe the poor performance of a single edge for BETA17 comes from 

the birefringence localized to the area around the injection molding gate and from the fact 

that the injection molding gates for each of the lenses were all aligned (clocked) 

vertically for that data set.  This effect is not noticed for BETA21, whose performance in 

much more uniform.  An attempt was made to assemble the first three lenses of BETA21 

with the gates clocked to the same location, but the assembly method of using the 

mechanical screw press can slightly rotate the lenses.  After assembly it is difficult to 

discern exactly the locations of the individual gates.  Although quite compelling, the 

breakdown analysis shown in Table 7.10 for BETA21 is not concrete evidence for our 

case against birefringence.  There is a chance that the remaining birefringence spread out 

its effect between all of the edges.  If this is believed to be true, then one has made the 

underlying assumption that birefringence does have a measurable degradation of 

performance.  Since we only attempted to reduce birefringence in one lens (L1) we did 

not expect to obtain a large improvement in performance.  The design-build-test cycle of 

injection molded plastic lenses in an incremental process.  These results convince us that 
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it is worth the time and money required to remold the entire BETA design, and that was 

the primary goal of the injection molding DOE experiments. 

 

Figure 7.22: Combined MTF: BETA17 (700 µm between L3/L4) vs. BETA21 (500 

µm between L3/L4).  Results show slight improvement for post-DOE performance.  

 

Table 7.10: Breakdown edge analysis for the best pre-DOE (BETA17, 700 µm 

between L3/L4) and post-DOE (BETA21, 500 µm between L3/L4) results. 

SR Edge BETA17, 700 µm BETA21, 500 µm 
V1 (left) 0.73 0.63 

V2 (right) 0.65 0.69 
H1 (bottom) 0.70 0.61 

H2 (top) 0.36 0.62 
Combined SR Average 0.61 0.64 
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CHAPTER 8 - BETA FCRM TESTS 

 

 

In October 2003 I traveled to the University of Texas at Austin (UT-A) to help collect 

the first images with the BETA injection-molded plastic objective coupled to the fiber-

optic confocal reflectance microscope (FCRM).  The objective employed in this chapter, 

BETA08, does not have as good of optical bench test performance as objectives BETA17 

or BETA21.  During this trip, my role was secondary support for graduate research 

associate Kristen Carlson from UT-A’s Biomedical Engineering Department.  I gratefully 

acknowledge Kristen Carlson for collecting the BETA and ALPHA FCRM images.  

Some of these images have already been published in Kristen’s Applied Optics journal 

article; these are identified with a reference in the figure caption.  The BETA reflective 

grating images were taken during my trip and the tissue images were taken shortly 

afterwards.  For those interested in a more in-depth description and discussion of the 

biomedical/clinical applications of the BETA plastic objective please consult Carlson’s 

dissertation.87 
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8.1 Reflective Test Target Images 

8.1.1 Preliminary Images 
 
 

The FCRM instrument is built on a cart to facilitate movement to and from the clinic.  

During my visit to UT-A the FCRM was in a research lab.  Our first objective was to 

couple a BETA plastic objective to the instrument and image different highly reflective 

targets.  The fiber bundle was held vertically in a mount secured to the optical table and a 

separate mount held the miniature objective 3-5 mm away.  Minimal alignment was 

performed before taking images.  We imaged gratings from 5 LPMM all the way up to 

200 LPMM, as this was the limitation imposed by our selection of test targets.  Images of 

the grating were taken for both horizontal and vertical orientations.  The images from the 

highest spatial frequency are shown in Figure 8.1.  The grating was resolved in both 

cases, but it is obviously close to the Nyquist sampling limit of the fiber bundle, predicted 

to be ~234 LPMM in tissue space (for a rectilinear fiber packing configuration and ~268 

LPMM for hexagonal-close packed).  These images give good confidence that the system 

is performing as expected.   

To confirm the resolution of the objective via a second method, Kristen later imaged 

a standard US Air Force Bar target similar to that used in Chapter 6 for the optical bench 

tests.  The resultant image is shown in Figure 8.2.  The familiar group 7 element 6 bar 

patterns are barely resolved.  This corresponds to 228 LPMM and is nominally the 

resolution we expect based on the fiber-to-fiber spacing in the fiber-optic bundle. 
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         (a)              (b) 

Figure 8.1: BETA FCRM 200 LPMM Grating Images: (a) BETA08_H_200_rs.bmp 

and (b) BETA08_V_200_rs.bmp. 

 

 

Figure 8.2: BETA FCRM Image of a USAF resolution target.54 
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8.1.2 BETA FCRM MTF Analysis 
 

As an extra investigation, two of the BETA FCRM grating images were run through 

the slanted-edge analysis program (edgeMTF).  “Strictly speaking, imaging through a 

coherent fiber bundle is a shift variant imaging system; thus the MTF is not well defined, 

but an ‘average’ MTF performance can be defined.”88  The 5 LPMM grating images, 

shown in Figure 8.3, were selected for analysis.  These images produced a combined 

MTF plot, shown in Figure 8.4, with an estimated CR1 of 0.26.  CR1 is the new 

designation for SR, since the Strehl ratio is technically not well defined for a shift variant 

imaging system.  CR1 is one of four new metrics I define specifically for performance 

analysis of images obtained with coherent fiber bundles.  The method used to calculate 

the ideal FCRM MTF, shown in Figure 8.4, is derived and discussed in Section 8.3. 
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         (a)              (b) 

Figure 8.3: BETA FCRM 5 LPMM Grating Images: (a) BETA08_H_005a_rs.bmp 

and (b) BETA08_V_005_rs.bmp. 

 

 

Figure 8.4: Combined slanted-edge MTF results for BETA08 FCRM grating 

images.  Data reported for NA = 1 tissue space. 
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The four new metrics each represent a ratio of areas under two uniquely defined MTF 

curves.  The first two metrics, CR1 and CR2, consider all of the spatial frequencies out to 

the cutoff frequency of the optical sub-system coupled to the fiber bundle.   
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For our application the diffraction-limited performance is calculated for the ideal water-

immersion NA = 1, at the tissue-side.  In this case, the FCRM MTF spatial frequencies 

have already been multiplied by the objective’s magnification to properly compare the 

two data sets in ‘object space’.   

The bundle fiber-to-fiber spacing introduces a Nyquist sampling limit that is much 

less than the cutoff frequency, νcutoff, of the objective.  Spatial frequencies above the 

Nyquist limit are considered aliased (not properly reproduced).  Our fiber bundle is most 

closely related to a hexagonal-packed array of circular elements.  The two main 

orthogonal directions of this packing configuration have different Nyquist sampling 

limits.75  To avoid all partially or fully aliased data points, the lower Nyquist limit, 

ηNyquist, is used as the new cutoff frequency for the definition of CR3 and CR4.   
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The BETA08 FCRM combination produced a CR3 = 0.67, see Figure 8.5.  The Nyquist 

limits for rectilinear and hexagonal packing configurations are provided in Section 8.3 

with the derivation of the ideal FCRM MTF curve. 

 

 

Figure 8.5: Combined slanted-edge MTF results for BETA08 FCRM grating images 

for frequencies up to the fiber bundle Nyquist limit (~268 LPMM).  Data reported 

for NA = 1 tissue space. 
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The four new metrics are defined using MTFFCRM and MTFFCRM Ideal in the notation, 

but in general any MTFTest and MTFIdeal obtained from a pixilated image with a known 

Nyquist sampling limit could be substituted into the equations.  The observant reader may 

notice that these definitions could be applied to any focal plane array (ex. CCD camera 

images).  In most cases this would yield very little additional information, since quite 

often the Nyquist sampling limit of the focal plane array is larger than the diffraction-

limited cutoff frequency  ηNyquist > νcutoff).  In this case CR1 = CR3 = SR (as previously 

defined) and CR2 = CR4.  For ηNyquist >> νcutoff, MTFIdeal  MTFDiffraction and then CR1 = 

CR2 = CR3 = CR4 = SR. 

This small BETA08 FCRM sample set only consists of two main images, one with 

horizontal edges and one with vertical edges.  Ten sub-image samples are used to obtain 

the combined MTF curves, but only one set of conjugates is analyzed.  Although there is 

no guarantee that the system was fully optimized, we don’t expect it could improve 

substantially since CR2 for the FCRM with BETA08 was 0.46.  The BETA08 produced a 

SR in the range of 0.45-0.5 during its optical bench testing, which as expected agrees 

with the value determined for CR2.89  The relative errors previously calculated in Section 

6.3.5 do not apply to these images.   

Some extra assumptions (compared to the optical bench tests) had to be made for 

slanted-edge MTF analysis with the FCRM images.  The first obstacle, unique to the 

FCRM images, is that the images come from a point detector and are built up point by 

point with a computer display algorithm.  This means there is no physical pixel spacing to 

look up or measure, because there is no arrayed image sensor.  The BETA08 bitmap 
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FCRM images are 432 x 460 pixels.  These images are sine-wave corrected to rectify the 

spacing errors introduced by the scan mirrors (the original raw images are 512 x 460).  

Since we are imaging a precisely fabricated ruled grating with a known line width, this 

allows us to determine a ‘virtual’ pixel size at the object.  The pixel spacing is determined 

iteratively by entering different pixel sizes until the magnification calculation in both 

orthogonal directions converges to 1.  The pixel size at the object was determined to be 

0.53 µm (H) x 0.66 µm (V).  This yields an object FOV of 230 µm x 300 µm for the 

images shown in Figure 8.3. 

The BETA FCRM images show some image distortion.  Slanted-edge MTF analysis 

in the presence of distortion has been discussed by Burns.72   In that article it was shown 

that ripple and barrel types of distortion both cause the slanted-edge method to 

underestimate the overall MTF, falsely lowering the SR value.  We note this, but it will 

now be ignored since this calculation is only meant to be a ballpark estimate.   

The ISO slanted-edge method (edgeMTF uses sfrmat2.m as the ISO calculation 

engine) will not properly evaluate an image degraded by the fiber bundle; instead the 

hyperbolic tangent analytical fitting function was used for this estimate.  This fitting 

function will be discussed further in Chapter 10.  An option for manual edge selection 

was added to edgeMTF because all of the standard MATLAB edge detection algorithms 

are fooled by the pixilated image.  Also, to help deal with the pixilation, the data are 

binned with the median filter option provided in edgeMTF.  The standard re-bin option is 

400 bins, currently there is no control via the GUI for this value.  Certain fibers from 

these images were saturated, which is also known to cause errors in the slanted-edge 
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MTF results (referred to as signal clipping72).  It is currently unknown whether or not the 

binning process properly eliminates this signal clipping issue, but the re-binned data are 

not significantly clipped.  

 

8.1.3 FCRM MTF Comparison: BETA vs. Past Objectives 
 

The main goal of the previous section was to develop a quantitative method to 

compare the relative FCRM performance between BETA objectives.  This method can be 

used as an alignment tool to help optimize endoscope performance or as verification that 

nothing has changed in the FCRM system between clinical tests.  Currently this method 

(unlike the optical bench tests) is not automated and analysis must be done offline. 

This technique also allows us to conduct a relative comparison between different 

objectives previously used on the FCRM instrument.  Two FCRM grating images for the 

ALPHA miniature glass objective and the original proof of principle commercial 

objective (40x, NA = 1.15), shown in Figure 8.6 and Figure 8.7 respectively, were 

processed via the same method discussed in Section 8.1.2.  The FCRM system MTF 

curves for all three objectives are shown in Figure 8.8 and Figure 8.9.  A summary of the 

new CR metrics for all the objectives is provided in Table 8.1.  
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Figure 8.6: ALPHA FCRM 10 LPMM Grating Images. 

 
 

  

Figure 8.7: Commercial Objective FCRM 500 cy/in (~20 LPMM) Grating Images.42  
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Figure 8.8: Combined slanted-edge FCRM MTF results for BETA08, ALPHA, and 

commercial objectives.  Data reported for NA = 1 tissue space. 

 

 

Figure 8.9: Combined slanted-edge MTF results for BETA08, ALPHA, and 

commercial objectives for frequencies up to the fiber bundle Nyquist limit (~268 

LPMM).  Data reported for NA = 1 tissue space. 
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Table 8.1: Summary of FCRM objective results. 

FCRM 
Objective 

CR1 CR2 CR3 CR4 

BETA .26 0.46 0.67 0.70 
ALPHA .24 0.43 0.65 0.68 

Commercial 0.32 0.57 0.77 0.80 
 

 

The FCRM ALPHA images were taken in a clinical lab under non-ideal conditions.  

The probe of the ALPHA objective is obviously designed to image tissue; this allows the 

object plane to be recessed for the hydraulic channel which selects the focal plane inside 

the tissue.  The recessed object plane requires a small piece (< 4mm x 4mm) of grating to 

be positioned inside the probe walls.  These non-ideal conditions caused the tilt/distortion 

seen in the horizontal edge image of Figure 8.6, yet one decent horizontal edge sample 

was obtained for this comparison.  The results for the ALPHA combined MTF produced 

an estimated SR of 0.24.  Additional ALPHA 5 LPMM grating images were obtained 

with less image tilt, but these images were significantly over saturated and had coherent 

edge ringing effects and thus the images in Figure 8.6 represent the only data currently 

available for the ALPHA FCRM MTF. 

The commercial objective operates at a larger NA (1.15) than either of the miniature 

objectives, thus dividing the area under its MTF curve by that of the area under the NA=1 

diffraction limited curve violates the definition for CR1, which is based on the SR.  The 

calculations for the commercial objective were done using the diffraction limit for NA =1 

to have a ratio that can be directly compared to the respective ALPHA and BETA values.  
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The commercial objective produced a CR1@NA=1 of 0.33, where the subscript is a 

reminder that we have significantly deviated from the standard definition of CR in this 

case.  The two images analyzed, shown in Figure 8.7, are those that were reported in Fig. 

2 of the Journal of Microscopy article by Sung.42 

The FCRM instrument has adjustable parameters for the scan mirrors and a limited 

zoom control.  Each set of images were taken under slightly different conditions.  Image 

size, ‘virtual’ pixel size at the object, and FOV for each set of images is estimated in 

Table 8.2. 

 
Table 8.2: Dimensional specifications for the FCRM grating images. 

FCRM 
Objective 

Image Size 
(pixels) 

H Pixel Size 
(µm) 

V Pixel Size 
(µm) 

FOV 
(µm) 

BETA  432 x 460 0.53 0.66 230 x 300 
ALPHA 432 x 460 0.5 0.5 216 x 230 

Commercial 578 x 480 0.37 0.36 214 x 173 
 
 

It should be noted; BETA08 produced an estimated SR of 0.45-0.5 as a stand-alone 

objective during its optical bench tests.  That performance is less than the SR > 0.6 

currently being obtained.  The best of the BETA plastic objectives have not yet been 

interfaced with the FCRM instrument; to properly do this, an optical probe to hold the 

BETA objectives for clinical trials needs to be designed and built. 
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8.1.4 Comments: FCRM MTF Analysis 

 

Slanted edge MTF analysis of images sampled by a fiber bundle has not been 

previously attempted to the knowledge of the author.  There is good reason for this; the 

bright regions have alternating regions of bright and dark that give most slanted edge 

MTF methods fits.  The mathematical calculations used in the ISO 12233 standard 

slanted edge method are not adaptable to this new class of images.  To perform the 

FCRM MTF system analysis the hyperbolic tangent fit to the edge spread function (ESF) 

data is used.  For consistency, all data previously reported in this dissertation has used the 

ISO 12233 algorithm, but the edgeMTF program has always had other ESF fitting 

options.  I created the hyperbolic tangent ESF fit during the early development of the 

edgeMTF program.  This fitting method is discussed further in Section 10.3.  In order to 

successfully process an FCRM image a manual edge selection option was added to the 

edgeMTF program.  The standard edge finding algorithms provided in MATLAB all fail 

to correctly find the edge in a fiber-sampled image.  In addition, it is critical to use the 

median filter option in edgeMTF to rebin the data, effectively removing the dark regions 

between the fibers.  This FCRM MTF analysis is an experimental method that has not 

been subjected to peer review in the optics community; it has been developed solely as a 

relative metric to compare performance between FCRM objectives.  This tool can be used 

to quantify the performance of an existing objective, help align and assemble a new 

objective, or monitor a particular objective over time.  The miniature plastic BETA 

objective has been designed as a disposable probe.  During initial clinical trials it is most 
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likely that the BETA objective will be expected to work for an extended period of time 

(much longer than a single use).  Since plastics are easily scratched and difficult to clean, 

it may be critical to check the BETA objective’s performance before each exam.  With a 

small dedicated test fixture and the appropriate MATLAB software, this analysis 

technique could be added and provide FCRM performance feedback in the clinic. 

 
 

8.2 Tissue Images 

 

Several test images with the BETA-coupled FCRM were taken of human tissue.  

Images from a cervical biopsy and in vivo human lip are shown in Figure 8.10 and Figure 

8.11, respectively.  The scale bar in the upper left hand corner is 20 µm.  These images 

have been corrected for the scanning motion of the mirrors, but have not been enhanced.  

Much work at the University of Texas at Austin is being conducted to post-process these 

images and find new algorithms to properly extract the nuclei of the cells. 
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Figure 8.10: BETA FCRM cervical biopsy image.54 

 

 

Figure 8.11: BETA FCRM in vivo image of lip.54 
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8.3 Ideal FCRM System MTF 

 

To understand and calculate the ideal MTF of the FCRM system it is imperative to 

break it down into the individual component MTFs.  We will make use of the cascaded 

MTF technique to obtain the final result.75  Previously, a rectilinear fiber array had been 

assumed to estimate the system resolution.  This was done for simplicity.  Now, in this 

chapter, the actual hexagonally packed structure of the coherent fiber bundle is factored 

into the calculation.  The implications from the previous assumption will be discussed 

and a more accurate estimate of the imaging Nyquist limit will be provided. 

By convention, the term ‘coherent’ means that the individual fiber arrangement is 

preserved between the input and output faces of the bundle.  The MTF for a coherent 

fiber bundle is the product of the fiber footprint MTF and the sampling MTF.  The 

footprint MTF provides a spatial averaging effect, since there is no resolution inside a 

single fiber, and the sampling interval determines the ultimate system cut-off frequency 

(and the Nyquist limit is one half that value).  To obtain the most general solution to the 

FCRM system MTF, the performance of the objective and the scan lens that relay the 

output of the fiber bundle to the tissue and detector, respectively, must be factored in.  

Since this calculation is for the ideal case, the individual optical sub-systems are assumed 

to be diffraction-limited.  The ideal FCRM can be described by the following expression: 
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ndiffractiosamplingfootprfiberFCRM MTFMTFMTFMTF ××= − int   (28) 

 

Specific equations will be presented for each of the individual components and a 

comprehensive expression will be compiled.  For notation purposes, recall FT{PSF(x,y)} 

= OTF(ξ,η). 

 

8.3.1 Fiber Footprint MTF 
 

Footprint MTF physically accounts for the finite detector size and shape.  The FCRM 

system uses a point detector optically coupled to the fiber bundle, and thus the bundle 

effectively becomes the detector.  The size and shape of the individual fiber core creates 

the footprint MTF.  Most optical fibers are round and the Fourier transform of a circular 

aperture yields a Bessel function of the first kind, J1.  The MTF footprint with a fiber core 

diameter of D1 is provided below:75 

 

( )
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πν

=−      (29) 

 

The symbol ν represents spatial frequency in the radial direction.  It can be broken down 

into orthogonal components via ν = [ξ2 + η2]1/2.  Since an individual fiber, shown in 

Figure 8.12, can not distinguish between two points both falling inside its active area (the 

core) the footprint MTF accounts for this spatial averaging effect.  
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Figure 8.12: Fiber dimensions. 

 

8.3.2 Sampling MTF 
 

The next component is the sampling MTF, which comes from the fiber-to-fiber 

spacing, D2.  Rectilinear and hexagonal packed configurations are shown in Figure 8.13.  

A rectilinear packing structure is commonly assumed for estimation purposes, but most 

fiber bundles employ hexagonally packed fibers, since this is more efficient and provides 

better resolution.  Comparison between the sampling intervals and its effect on the 

imaging Nyquist limit is shown in Table 8.3.  A hexagonal packed array can have up to a 

factor of 2 improvement to the Nyquist limit in one spatial direction and about a 15% 

improvement in the other direction.  Practically speaking, one can not assume a factor of 

2 improvement unless the orientation of the fiber bundle is known to line up correctly 

with the object, but it is safe to assume at least a 15% improvement over the rectilinear 

based estimation.  The original estimated Nyquist frequency of 70.4 LPMM (234 LPMM 
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at object) becomes 81.3 LPMM (268 LPMM at object) for our actual coherent fiber 

bundle. 
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√3D2/2
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xsamp = D2/2xsamp = D2

ysamp = D2
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√3D2/2
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√3D2/2
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xsamp = D2/2
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Figure 8.13: Rectilinear and hexagonal fiber packing configurations. 

 

Table 8.3: Fiber bundle imaging Nyquist limits for two packing configurations. 

Packing Structure xsamp ysamp ξNyquist ηNyquist 

Rectilinear D D 1/2D 1/2D 
Hexagonal D/2 √3D/2 1/D 1/√3D 

     

 

We consider two different cases for the sampling MTF.  Case 1 assumes unity all the way 

out to the cutoff frequency as determined by the objective’s numerical aperture (νcutoff ): 

 

MTFsampling = 1   0 < ν < νcutoff     

 = 0          ν > νcutoff    (30) 
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Case 2 assumes a sampling MTF of unity only out to the smaller of the two orthogonal 

fiber bundle Nyquist limits: 

 

MTFsampling = 1   0 < ν < ηNyquist     

 = 0          ν > ηNyquist    (31) 

 

This removes all data considered to be partially or fully aliased by the fiber bundle.  

Optical performance above the onset of aliasing is of much less importance to our 

application.  For case 2, new metrics, CR3 and CR4, were established specifically to 

consider the areas under the MTF curves only up to the lower Nyquist limit of the fiber 

bundle. 

An alternate form for the sampling MTF of a hexagonal packed fiber bundle is 

provided by Boreman.90  I could not fully determine how this equation was derived for 

circular fibers/pixels; and, thus questions have been raised about its validity.88  

 

8.3.3 Diffraction MTF 
 

The expression for the diffraction limited performance of an optical system with a 

circular aperture was previously provided on page 80; an alternate form is repeated here 

using Boreman’s notation.75 
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In tissue space, our FCRM has a NA = 1 and λ = 1064nm.  This is all that is needed to 

calculate the diffraction MTF. 

 

8.3.4 Ideal FCRM MTF 
 

All the components have expressions, but the magnification of the objective must be 

factored in to convert fiber bundle MTF components into tissue space.  To obtain the 

proper solution the fiber bundle dimensions need to be divided by mBETA = 3.33.  Putting 

the component MTFs back into the general equation, the solution for the ideal FCRM 

MTF in tissue space is: 
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D1’ = D1/mBETA 
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All of the ideal FCRM MTF components are shown in Figure 8.14. 

 

 

Figure 8.14: MTF components forming the ideal FCRM MTF.  Spatial frequency 

data provided for NA = 1 tissue/object space. 
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CHAPTER 9 - BETA II DESIGN SUGESTIONS 

 

 

Flow-induced birefringence, surface scratches, and assembly issues were identified as 

the weakest areas of the BETA miniature injection molded objective.  With the success of 

the design of experiment (DOE) injection molding trials, the birefringence problem of the 

original BETA lenses seems possible to correct without changing the optical design.  A 

new opto-mechanical design has been created that is less likely to allow surface 

scratches.  The new overlapping flange design should also be much easier and quicker to 

assemble.  In addition, alternatives to Zeonex E48R are investigated. 

 

9.1 Modified Opto-Mechanical Design 

 

A new flange design for BETA II is needed to better protect the optical surfaces and 

increase ease of assembly.  The original BETA design left two surfaces unprotected (rear 

surfaces of L1 and L3), but only L1 had consistent damage.  Based on observations and 

conversations during the design of experiment (DOE) trials at Aurora Optical, the most 

likely cause for these surface scratches is pre-molding damage to the optic pin insert or 

packaging the lenses while still warm.  The BETA L1 lenses molded during the DOE 

trials did not show any damage to the rear surface of L1.  When the molding tooling is 

being made, it is typical for two optic pin inserts per surface to be single point diamond 
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turned.  It is thus possible for the DOE lenses to have been fabricated from different 

inserts than the original BETA L1 lenses.  The second optic pin inserts were not made 

available for inspection.   As the hot injection molded part is robotically removed from 

the molding machine it is placed on an elevator-type system that allows the part to cool.  

The operator must manually remove any good product before it is dumped into a scrap 

bin.  The parts are typically placed on a table with an air blower and allowed to cool.  It is 

quite possible the original lenses were packaged up before they were allowed to 

sufficiently cool.  Conventional wisdom is that plastic optics are most susceptible to 

scratches during the first 24 hours after molding.91  During the first DOE test, the lenses 

were allowed to cool nominally one hour before the first sample of each trial run was 

degated and packaged up in waxed paper bags similar to the original BETA lenses.  

Intentional light pressure was applied to the bagged lenses to determine if the wax paper 

would scratch the lenses.  Upon inspection the next day, no significant surface damage 

was observed to any of the lenses.  The other two samples, of each trial run, were taken 

back to the Optical Sciences Center with the gate and sprue still attached and used for 

comparison.   

Even though surface scratches were not a problem with the DOE lenses, a flange 

design that protects the surfaces is still desirable.  But more importantly, a new flange 

design must increase the speed and accuracy with which the BETA II objectives can be 

assembled.  The original BETA objectives required 2-3 hours of lens prep (deburring and 

then ultrasonic cleaning) and 8 hours of assembly time for each group of two miniature 

prototype objectives.  The ball and V-groove design looks great on paper, but practically, 
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it is very time consuming.  The UV curing ‘lamp on’ time accounts for three hours of this 

8 hour assembly time.  By eliminating the extra time required to individually tack down 

the 500 µm balls, the UV curing ‘lamp on’ time will be cut in half.  The new proposed 

opto-mechanical design, shown in Figure 9.1, will employ overlapping flanges to replace 

the ball and V-groove assembly method.  This design still has rotational degrees of 

freedom and precision spacers can be diamond turned for performance compensation 

similar to the changing of the ball size in the original design. 

 

Figure 9.1: BETA II opto-mechanical design. 
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9.2 Alternative Injection-Molding Plastics 

 

With the three key items (flow-induced birefringence, scratches, and assembly issues) 

already addressed, there are currently no required modifications to the optical 

prescription.  Future investigations may eventually suggest a change to the optical design; 

thus, it is good to have a few options lined up.  It is nearly impossible to predict where 

the BETA design will eventually lead, but it seems prudent to revisit the topic of material 

selection.  To be considered as an alternative to Zeonex E48R for the BETA II design, an 

optical plastic must meet the following criteria: 

 

(1) Index greater than 1.52 at 1064nm. 

(2) Lower birefringence than E48R. 

(3) Good moldability and low moisture absorption.  

 

The index must be greater than or equal to E48R in order to maintain the tissue-side NA 

of 1.0 without increasing the maximum CA or decreasing the 1st element thickness.  

Although it looks like the birefringence can be controlled to less than a fringe, it would 

be nice to use a material that is even less sensitive to the molding process.  Two 

promising injection molding plastics have been identified as alternatives to Zeonex 

E48R; these are Topas 5013 and Apel 5014DP, manufactured by Ticona and Mitsui, 

respectively.    These plastics were around in 2001, but now, in 2005, there is more 

publicly available information on properties of optical plastics in general.  There is good 
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property data for these plastics (and E48R) in the Handbook of Plastic Optics by 

Bäumer.59  The key parameters are listed in Table 9.1.  Only Zeonex E48R has reported 

index of refraction data past 1064nm.  The refractive index reported for E48R at 1064 nm 

and 25 ºC (n = 1.5213, via linear interpolation) is different than what was experimentally 

determined previously (n = 1.5200).  As previously mentioned, the index data from 

Section 4.2 agrees to the fourth decimal place with a recent journal article.58  The 

manufacturer was referenced by Bäumer for the new data; but Zeon Corp. was either 

unwilling or unable to provide an explanation for this difference.  It is should be noted 

that this new index data for E48R appears to be from the same source currently being 

used in the 7/1/2005 release of ZEMAX.  To estimate the index of refraction for Topas 

5013 at 1064 nm and 25 ºC, the ZEMAX glass ‘COC’ in the MISC catalog was used 

since the visible index data agrees to the 4th decimal place with the visible data from 

Bäumer.59  To obtain the same index data point for Apel 5014DP a Conrady 

extrapolation64 of visible index data was done.  This is the same method previously 

verified with the Zeonex index data and discussed in Section 4.2. 

 

Table 9.1: Key properties of possible optical plastics for BETA II design.59 

Property Zeonex E48R Topas 5013 Apel 5014DP 
Index 587nm (nd), 25ºC 1.5311 1.5333 1.5434 
Index: 1064nm, 25ºC 1.5213* 1.5236** 1.5331*** 
Birefringence (nm)  32.7 14.8 2.0 

Water absorption (%) <0.01 <0.01 <0.01 
Moldability 

(1-poor, 5-best) 
4 5 5 

* from ZEMAX version 7/1/2005 ‘ZEON’ glass catalog for E48R 
** from ZEMAX version 7/1/2005 ‘MISC’ glass catalog for COC 
*** from Conrady extrapolation of visible index data 
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CHAPTER 10 - OPTICAL TESTING WITH MATLAB edgeMTF 

PROGRAM 

 

 

10.1 Overview 

 

EdgeMTF is a highly flexible and evolving MATLAB program written to implement 

image performance analysis via the slanted-edge modulation transfer function (MTF) 

method.  This technique presents itself well to image analysis from digital images.  The 

main performance outputs of the program are the test system line spread function (LSF), 

modulation vs. spatial frequency curve (a.k.a. the MTF), and Strehl ratio (SR).  The 

program offers the user the option to divide out the relay optics/electronics influence 

from the test results, providing the best estimate for the performance of the optics under 

test.  The program can obtain live images through the use of an external frame grabber or 

analyze file images.  The unique live interface allows this program to be used as a real-

time alignment tool and/or to consistently select best focus.  Analysis results are recorded 

into the data file.  To use the whole range of capabilities of this program it is necessary to 

have the additional ‘Image Processing’ and ‘Image Acquisition’ MATLAB toolboxes 

installed.  For additional practical help using the program please consult the edgeMTF 

User’s Guide in the Appendix. 
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10.1.1 GUI Description 
 

The graphical user interface (GUI) for the edgeMTF program is shown in Figure 10.1.  

The GUI is laid out to proceed from top to bottom with the four main action buttons 

clearly labeled (1) to (4).  At the top, the test system specifications are entered, including 

horizontal and vertical arrayed sensor pixel sizes, test wavelength, test optics numerical 

aperture (NA) in object space, and the overall system magnification.  The test system 

magnification, defined as the lateral magnification from the test object to image sensor 

plane, can be calculated with the GUI if an object with a known physical size is imaged.  

The program is specifically geared towards testing with a US Air Force resolution target.  

The default values provided correspond to the nominal values used during the BETA 

objective testing. 

The live image option allows for an image name to be provided and will save the last 

acquired image to that filename.  During image acquisition a pop-up window will provide 

options to select a sub-image from within the main image.  Each sub-image option will 

save the final two images with a unique prefix.  The live alignment feature quickly 

calculates the uncorrected SR and outputs that value to the monitor superimposed on a 

live image of the edge under analysis.  The “Align” button is designed to work on any 

single vertical edge and the “II” button outputs a SR average from two edges using a 

corner of a box on the USAF test target.  This second option allows best focus to be 

selected while considering the performance of both horizontal and vertical edges 

simultaneously. 
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Figure 10.1: EdgeMTF GUI. 
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The edgeMTF program has three main options for processing the ESF data.  The first 

is using a Fermi Function fit.  This analytical sum of functions was developed by Tzannes 

and Mooney.70  For the suggested sum of three functions there are 10 parameters that 

have to be initialized.  The suggested starting values don’t always lead to a good solution 

and this fitting method requires much more tinkering than the other more robust 

algorithms.  Currently this algorithm is used very infrequently and is only included as a 

legacy item (it was the first method implemented during construction of the edgeMTF 

program).  This algorithm may eventually be improved or replaced with something else.  

The sum of hyperbolic tangent functions to fit to the ESF data is processed by the exact 

same internal coding commands as the Fermi function fit.  On the other hand, the ISO 

ESF fit utilizes an external stand-alone MATLAB code named sfrmat2 written by Peter 

Burns for the International Imaging Industry Association.74  Processing an image with 

this fitting algorithm does not require the user to push the GUI ‘(2) Find Edge’ button.  It 

contains its own algorithm to find the edge.  In general, accidentally pushing the (2) 

button has no adverse effect on the ISO fit method.  Both the ISO and hyperbolic tangent 

fitting methods will be described in greater detail later.  For a description of every button 

and option on the GUI, consult the edgeMTF User’s Guide in the Appendix. 
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10.1.2 Slanted-Edge MTF General Description 
 

The slanted-edge MTF method is graphically shown in Figure 10.2 and can be 

described generally as follows: 

 

(1) Obtain a 2D image of slightly tilted edge.   

(2) Theoretically fit a sub-pixel line to the edge.   

(3) Compress the 2D image into a 1D edge spread function (ESF).   

(4) Take the derivative of the ESF to get the LSF.   

(5) Take the Fourier transform of the LSF to get the OTF.   

(6) Take the magnitude of the normalized OTF to get the MTF in the direction 

perpendicular to the edge.   
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Figure 10.2: Slanted-edge MTF illustration. 

 

EdgeMTF uses two main algorithms to fit the ESF data.  The first is based on the ISO 

12233 standard method and the second was developed by the author using a sum of 

hyperbolic tangent functions.  Each algorithm has its advantages and these will be 

investigated with a series of simulated test images that have a predetermined MTF 

solution to compare with the output results.  The example shown in Figure 10.2 used the 

hyperbolic tangent ESF fitting algorithm. 
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10.1.3 Bias Errors Using Slanted-Edge Method 
 

Many sources of error contribute to the overall ‘absolute’ accuracy (or bias error) of 

the slanted-edge MTF method.  These include but are not limited to: 

 

(1) FFT sampling  

(2) Skew MTF 

(3) Discrete derivative or ESF function fit 

(4) Image noise 

(5) Signal clipping 

(6) Data record length 

(7) SR summation sampling density 

 

These errors contribute different amounts of bias, and in some cases is highly image 

dependent.  In general, the two different algorithms we present to perform the slanted-

edge analysis have highly different sensitivities to the items in the list above.  This is 

advantageous when you understand which method is superior under a given set of 

imaging conditions.   

Computers inherently calculate discrete Fourier transforms (DFT), and typically this 

is most efficiently done with the fast Fourier transform (FFT) algorithm.  When the line 

spread function is Fourier transformed to get the OTF/MTF, the FFT sampling interval is 

a known source of error.73  A Fourier transform converts physical distance space into 

spatial frequency space.  The sampling rates are inversely proportional and thus there is 
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always a trade off between sampling resolution in one space verses the inverse space.  

Compared to other sources of error, this one is most likely negligible for moderate 

sampling rates, and is almost undetectable if you resample in frequency space.  Skew 

MTF error has to do with fitting a theoretical line to a noisy edge in the image.   Incorrect 

edge angle is a main source of error and has previously been investigated by others.71  

The ISO 12233 standard’s method of using a three-point discrete derivative to calculate 

the LSF from the ESF is known to induce a negative bias at high frequencies.71  The 

hyperbolic tangent (or any other analytical function) fit to the ESF avoids this type of 

error, but instead one must realize errors can be introduced from a poor fit of the function 

to the ESF raw data.  Signal clipping and sample data length have also been identified as 

sources of bias error in slanted-edge MTF calculations.72  The Strehl ratio (SR) 

summation sampling density has been added to this list since edgeMTF uses the MTF to 

estimate the SR as described previously in Section 6.1.2. 

 

10.2 ISO 12233 Fit 

 

The International Organization for Standardization (ISO) uses a slanted-edge method 

in ISO 12233 standard, titled: “Photography – Electronic still-picture cameras – 

Resolution measurements.”  The standard defines and discusses a whole range of items 

including terminology, recommended test chart, and test methods.  We are mainly 

concerned with the specific spatial frequency response (SFR) algorithm.  The standard 

defines SFR as “the measured amplitude response of an imaging system as a function of 
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relative input spatial frequency.”  Often the term MTF is used instead of SFR, but this 

ISO standard doesn’t directly factor in the object modulation.  For a binary bright-to-dark 

(or dark-to-bright) edge transition, it is generally accepted that the output SFR is an 

estimate of the MTF for a system.71  Since the intended use of this program is for 

examination of binary edges, we refer to the output provided by the sfrmat2 as the system 

MTF.  Taken from Fig. 4 of the standard, the specifics of the SFR algorithm is described 

as follows: 

 

(1) Select region of interest (ROI) including slanted edge. 

(2) Linearize image data using the OECF. 

(3) Compute derivative to obtain line spread function (LSF) in the x direction using 

FIR filter. 

(4) Compute centroid of each LSF in the ROI, and fit a linear equation to the centroid 

locations. 

(5) Calculate the number of lines per phase rotation, and reduce the ROI to have an 

integer number of phase rotations. 

(6) Using the linear fit data, project (shift) the LSF data along the edge direction to 

the top of the ROI. 

(7) “Bin” the shifted data, sampling at ¼ of the original image sampling, and apply 

Hamming window. 

(8) Compute the discrete Fourier transform (DFT) of the windowed, binned LSF data. 

(9) Report the normalized modulus values as the SFR. 
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It has been reported that this method is not sensitive to the angle of the edge.71  The 

linearization process using the camera specific opto-electronic conversion function 

(OECF) is not performed during the ISO fit method incorporated into edgeMTF.  If ever 

determined necessary, methods for experimentally obtaining an OECF for a camera or 

focal plane array are provided in ISO standard 14524.  In order to make the ISO SFR 

algorithm the most general they choose to compute the derivative of the ESF with a [-½ 0 

½] finite impulse response (FIR) filter.  Basically the derivative for a given pixel is 

estimated as -½ times the pixel value to the left plus ½ time the pixel value to the right.  

This method introduces a lot of noise into the LSF, but to calculate the MTF, the LSF is 

initially multiplied by a Hamming window before the Fourier transform is performed.  

This helps eliminate some of the noise in the final output SFR (MTF) curve, but there is 

only so much this windowing method can do.  It should be noted that this is a very poor 

method to determine the LSF of a system.  For this reason the computer analysis 

programs based off of this standard, sfrmat2 for example, typically don’t output the LSF.  

The reason for this will become clear in the simulated test image section.  The program 

sfrmat2 is available from the International Imaging Industry Association website.74  This 

program has a non-GUI option for incorporation into other programming.  I modified this 

program slightly to output the LSF as well as the SFR/MTF data. 
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10.3 Hyperbolic Tangent Fit 
 

Instead of calculating a discrete derivative directly from the raw data like the ISO 

12233 fit, an analytical function can be fit to the ESF data and then the derivative of that 

function can be calculated.  This method avoids most of the noise problems associated 

with the ISO method but can still introduce errors if the function does not properly fit to 

the data.  It is very important to inspect the edge fit and ESF fit to catch obvious errors.  

The errors become obvious after some experience and only if you consistently check the 

fit!  It has been shown that a sum of functions can be used successfully with slanted-

edge-based methods.70  Selecting between a sum of 1, 2, 3, or more functions to fit to the 

ESF data is a compromise between speed and accuracy.  In general, a sum of 3 functions 

will be used, as the single and double functions, although faster, only occasionally 

produce acceptable results for real images.  The MATLAB ‘fminsearch’ command is 

used to fit the parameters of the function.  For the triple hyperbolic tangent fit (tanh3) 

there are 10 initial guesses (variables) passed into the MATLAB ‘fminsearch’ function.  

This command minimizes a function with several variables using the simplex search 

method.92  This method is fairly slow (~45 seconds per ESF tanh3 fit), but currently no 

alternate faster or more accurate MATLAB fitting commands are known.   

 

10.3.1 Traditional Slanted-Edge FFT Method 
 

More than one combination of hyperbolic tangent functions is available in the 

edgeMTF program.  The best experimental results have come from fitting the ESF data 
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with a sum of three functions.  The triple hyperbolic tangent (tanh3) ESF fitting function 

is as follows: 

 

[ ] [ ] [ ])(tanh)(tanh)(tanh 033302220111 xxcbxxcbxxcbaESF −+−+−+=   (34) 

 

Once the ESF data has been fit the LSF has a known analytical solution.  This sum of 

three hyperbolic secant functions is as follows: 
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The LSF is normalized to graph it: LSF = | LSF/LSFMAX |.  The LSF solution above 

undergoes a fast Fourier transform (FFT) calculation.  The complex modulus (magnitude) 

of the output optical transfer function (OTF) is normalized by the zero spatial frequency 

value and then the traditional MTF solution is obtained.  Traditionally, the FFT is used 

since most functions don’t have an analytical (functional form) solution. 

 

10.3.2 Analytical MTF Solution 
 

There are many different functions that can be fit to the ESF data, but the hyperbolic 

tangent is special since its derivative has an analytical Fourier transform.  The analytical 

solution for the FT of the LSF is as follows: 
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MTF is normalized to zero spatial frequency: 

 

0=

=
νOTF
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10.4 Test Image Investigation 

 

To test the limitations of different algorithms for the edgeMTF image analysis 

program, a series of test bitmap images have been created.  These images begin with a 

simple binary edge convolved with a known PSF (in MATLAB).  This method allows the 

test images to be constructed with a predetermined MTF solution.  With a known exact 

solution, absolute bias error observations can be made.  DC offset, white noise, and even 

fake interference fringes are eventually added to test the different algorithms.  This 

unique selection of test images was created to attempt to simulate observations made 

during the optical bench tests.   
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10.4.1 Analysis Methodology 
 

By stipulations in the ISO 12233 standard the slanted edge method uses the FFT 

method to obtain the MTF curve.  The hyperbolic tangent MTF analysis will also use the 

FFT calculation method. 

The actual file created, test.m, for this series of tests is compiled from portions of the 

edgeMTF code.  This new MATLAB m-file allows both of the ISO and hyperbolic 

tangent fitting results to be graphed on the same plot.  The LSF and two MTF plots are 

automatically saved with unique filenames.  The first MTF plot contains the raw data 

output by the ISO and tanh3 algorithms.  The second plot is corrected for a MTF cutoff of 

0.02 which is the default value used by edgeMTF.  In certain cases where the overlay of 

the edge fit does not correspond well to the actual edge, manual control of the threshold 

value can drastically improve the results for the hyperbolic tangent MTF curve.  Instances 

where manual control of the edge selection threshold was needed are identified with an 

asterisk in the tabular data.  The second MTF plot contains values considered typical of 

the edgeMTF program.  Some of the test images were rerun through edgeMTF.m to 

verify nothing was inadvertently changed creating test.m. 

There are two sorts of errors we are looking at with these test images.  The first error 

is based on the areas under the MTF curves.  Specifically, the error is based on the area 

under a MTF curve with respect to the ideal value and is reported as a percentage as 

shown below. 
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This error is directly related to the error in the estimated Strehl ratio, since it is also 

calculated with the area under the MTF curve.  But the ideal value here is the theoretical 

blurred value; it is not the diffraction-limited solution.  The simulated images don’t have 

a unique diffraction-limited solution since there is no physical aperture, and thus, our 

metric here is best described as a percent error in area under the MTF curve from that of 

the theoretical value.   

The second sort of error we will look at is based on how well the MTF curve fits to 

the ideal curve.  This is very important since two differently shaped curves could have the 

same area.  A root-mean-sum (RMS) fit error was selected to give the best idea for how 

far off a given value at MTF(υ) is from the MTFideal(υ).   
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10.4.2 2D Gaussian PSF Example: FFT MTF vs. Analytical MTF 
 

Before the analysis of the test images can begin a theoretical solution needs to be 

established.  This theoretical solution will be used to show that the Fourier transform 
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sampling rate used in edgeMTF does not introduce any bias into the calculations.  The 

ideal Gaussian 2D point spread function (PSF) is:93 
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The standard deviations of the beam in each direction are σx, σy.  The MTF is the Fourier 

transform (FT) of the PSF (ν and η are the spatial frequency variables): 

 

( )2222221 ησνσπ yxeMTF +−=       (41) 

 

The slanted-edge method only calculates the line spread function (LSF) and the MTF in 

the direction perpendicular to the edge.  To get LSF in x-direction set y = 0 in PSF. 
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The analytical solution for the MTF (assume σx = σy for now) is: 

 

22221 νσπ xeMTF −=       (43) 
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Above the analytical solution for the LSF and the MTF has been derived.  Real images 

typically do not have an analytical Fourier transform of its LSF, thus we use a fast 

Fourier transform (FFT) in MATLAB to calculate the discrete Fourier transform (DFT).  

This inevitably introduces some sort of sampling error.  To begin, we wish to compare 

the ideal analytical MTF curve to the ideal FFT (sampled) MTF curve.  No test image is 

created here; the FFT was performed on the ideal LSF and the results were compared to 

the analytical MTF solution for σx = σy = 3 pixels.  As seen in Figure 10.3, the percent 

error is a negligible value.  Thus, we assume no bias error due to the FFT sampling 

currently being used in the edgeMTF program (frequency sampling: n = 20001).  The 

stated percent error is the difference between the areas under the two curves.  The areas 

are estimated as the sum of all the data points (101 data points in this case). 

 

 

Figure 10.3: 2D Gaussian PSF Example: FFT MTF vs. Analytical MTF. 
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10.4.3 Test Images 
 

Six sets of test images have been created in MATLAB.  In general, all images are 

created by rotating a binary edge with the ‘imrotate’ command (MATLAB Image 

Processing Toolbox required).  A bilinear interpretation provides the grayscale values 

between 0 and 1 for individual pixels along the edge.  The bitmaps are created with a 

default 8 bit depth.  The 0 to 1 range of intensity values in the test images are multiplied 

by 255 for display purposes within edgeMTF.  The test image is then convolved with a 

known PSF and the image is cropped to its final size.  The first group, test01x, has an 

image size of 40 x 100 pixels with a 1º tilted vertical edge convolved with a Gaussian 

PSF (σx = σy = 3 pixels).   This was the arbitrary size of image selected during the initial 

construction/debug of the edgeMTF code.  The second group of images (test02x) selected 

the size of 100 x 160 pixels, identical to that used for the sub-images in the optical bench 

testing chapter.  Besides size of image, the test groups vary the PSF and the angle of the 

tilted edge.  To allow for direct comparisons only one variable is changed for each new 

group.  The general group classifications are summarized in Table 10.1. 
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Table 10.1: Test image group classifications. 

Group Name Size  
(pixels) 

PSF std dev  
(σx , σy) 

Edge Angle 
(degrees) 

test01 40 x 100 3, 3 1 
test02 100 x 160 3, 3 1 
test03 100 x 160 2, 2 1 
test04 100 x 160 3, 3 -1 
test05 100 x 160 3, 3 5 
test06 100 x 160 3, 3 -5 

 

 

There are eight sub-classifications within each group of test images.  The specific 

sub-classification is identified by a letter.  The complete set of test images for ‘test02x’ 

group is provided in Figure 10.4.  The other groups look very similar with only the 

changes noted in Table 10.1.  Not all images from each group are needed for every 

comparison, only enough images are used to determine the trends.  In Figure 10.4 the 

caption letter corresponds to the ‘x’ place holder in the ‘test02x’ image naming 

convention.  The methods used to create each of these images will be discussed in the 

next few sections.  The MTF plots in the next few sections will be from the test02x 

group, but the entire set of results will be presented in tabular form. 
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       (a)           (b)   (c)     (d) 

    

       (e)           (f)   (g)     (h) 

Figure 10.4: Test02x.bmp images (100 x 160 pixels, PSF with σx = σy = 3 pixels).  (a) 

binary edge (b) DC off-set (c) extreme white noise (d) moderate white noise (e) low 

white noise (f) interference fringes with moderate white noise (g) interference 

fringes only in bright area with moderate white noise (h) ideal interference fringes 

only in bright area. 

 

10.4.4 Ideal Edges: Binary and DC Offset  
 

Image ‘test02a.bmp,’ shown in Figure 10.4(a), is a binary edge transition (Imax = 1 

and Imin = 0) and ‘test02b.bmp’ is the same image with a DC offset added (Imax = 0.75 and 
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Imin = 0.25).  Both of these examples are handled quite well by both of the ISO and 

hyperbolic tangent fits for the slanted-edge method.  The MTF results for these two 

images are provided in Figure 10.5 and Figure 10.6.  The MTF curves are normalized to 

0 spatial frequency and the x-axis is in units of the Nyquist frequency which is 

1/(2*pixels); thus, if desired, multiplying by 0.5 yields units of cycles/pixel.   

All results for the binary and DC-offset are summarized in Table 10.2.  There are two 

values reported in each cell of the table.  The first value is the raw data and the second 

value is corrected for a MTF cutoff of 0.02.  This default cutoff value of 0.02 is used in 

edgeMTF is to avoid any high frequency noise from corrupting the calculations.  For the 

binary and DC-offset images noise is not a problem, but the inclusion of both values is 

much more educational in the next few sections. 

 

 

(a)       (b) 

Figure 10.5: MTF plots for image test02a: (a) Raw data (b) MTF data cutoff at 0.02. 
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(a)       (b) 

Figure 10.6: MTF plots for image test02b: (a) Raw data (b) MTF data cutoff at 0.02. 

 

Table 10.2: Error analysis for binary and DC-offset test images.  First value is the 

raw data and the second value is reported for a MTF cutoff of 0.02. 

Image ISO MTF 
Area Error 

(%) 

ISO MTF 
RMS Fit Error

Tanh 3 MTF 
Area Error 

(%) 

Tanh 3 MTF 
RMS Fit Error

test01a.bmp 0.1/-0.4 0.001/0.001 -0.9/-2.1 0.008/0.009 
test01b.bmp 0.8/-0.1 0.003/0.003 0.3/-1.9 0.010/0.008 
test02a.bmp -1.3/-1.8 0.006/0.007 -0.3/-0.9 0.011/0.015 
test02b.bmp -0.5/-1.4 0.006/0.007 0.4/-0.2 0.010/0.013 
test03a.bmp -2.4/-2.8 0.010/0.012 -1.8/-2.2 0.012/0.014 
test03b.bmp -1.6/-2.1 0.010/0.012 -1.4/-2.1 0.010/0.012 

   

 

10.4.5 Effect of White Noise 

 

To study the effect of noise on the two different fit methods, the MATLAB ‘imnoise’ 

command was used to add Gaussian white noise with a zero mean and a specific 



 217

variance.  Three noise levels were arbitrarily created and are shown in Table 10.3.  The 

general sub-classification name was selected from direct observation of the image, but for 

a quantitative description of the noise level it is most helpful to take the standard 

deviation, σ, divided by the dynamic range (DR) of the image.  For the DC-offset images 

(test02b.bmp for example) the DR = Imax - Imin = 0.75 – 0.25 = 0.5. 

  

Table 10.3: Gaussian white noise classifications. 

Sub-classification DR, Imax-
Imin 

Variance, σ2 Std. Dev., σ σ/DR (%) 

Extreme Noise 
(testXXc.bmp) 

0.5 0.01 0.1 20 

Significant Noise 
(testXXd.bmp) 

0.5 0.001 0.032 6.3 

Low Noise 
(testXXe.bmp) 

0.5 0.0001 0.01 2.0 

 

 

MTF plots for the extreme noise example are shown in Figure 10.7.  Here the default 

MTF cutoff of 0.02 failed to remove a large portion of the ISO fit MTF noise, thus for 

this particular image the MTF cutoff was raised to 0.04.  The result improved drastically, 

which shows the ISO fit method still works well for the low and mid-frequency ranges.  

With experience, confidence is gained specifically where to cut off the data.  In cases 

where the default MTF cutoff of 0.02 is not adequate, the author’s general rule of thumb 

is to cut off the data at the bottom of the first valley below MTF = 0.1.   

Figure 10.7 also illustrates a key issue specific to the hyperbolic tangent algorithm.  

The MTF plot shown in (a) represents the raw data using an automatic edge selection 
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threshold value determined by MATLAB.  An error in this threshold value materializes 

as an edge slope error.  Figure 10.8 is an overlay of the edge selected automatically in red 

and the edge selected using a manual threshold value in green.  This is a classical 

example of skew MTF error. 

Manual control of the threshold value was not needed previously for the binary and 

DC off-set images because there is no noise of any kind.  The default automatically 

selects a threshold value and the program will display that value in the MATLAB 

command window.  The specific value used for the threshold changes with the level of 

noise present in the test images.  Allowing MATLAB to automatically select the 

threshold value works fairly well, but does not always provide the most correct result.  

Manually setting the threshold value is an important step, for the hyperbolic tangent 

fitting algorithm, that must be utilized in certain cases to ensure that the linear edge fit 

visibly agrees with the actual image edge.  When selecting a value manually it is advised 

to first try a value slightly above the value that was selected automatically.  The program 

can be reset to automatic threshold selection by entering a ‘0’ in the appropriate GUI box.  

No options like this are available for images processed by ISO fit calculation engine, 

sfrmat2. 
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(a)       (b) 

Figure 10.7: MTF plots for image test02c with ‘extreme’ noise: (a) Raw data (b) 

MTF data cutoff at 0.04. 

 

Figure 10.8:  Edge selection for extremely noisy image test02c: automatic (red) and 

manual threshold (green). 
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Figure 10.9: MTF plots for image test02d with ‘significant’ noise: (a) Raw data (b) 

MTF data cutoff at 0.02. 

 

 

Figure 10.10: MTF plots for image test02e with ‘low’ noise: (a) Raw data (b) MTF 

data cutoff at 0.02. 
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Table 10.4: Error analysis for white noise test images.  The first data point is the 

raw data and the second employs the standard MTF cutoff at 0.02.  

Image ISO MTF 
Area Error 

(%) 

ISO MTF 
RMS Fit Error

Tanh 3 MTF 
Area Error 

(%) 

Tanh 3 MTF 
RMS Fit Error

test01c.bmp 32 0.10 6.0/4.6 0.024/0.028 
test01d.bmp 9.0/5.0 0.034/0.028 3.3 0.017 
test01e.bmp 2.3/-0.3 0.01/0.003 0.7/-1.3 0.007/0.005 
test02c.bmp 41/-0.4** 0.15/0.04** -33/0.9* 0.130/0.013* 
test02d.bmp 11/-0.3 0.051/0.023 -0.4/-0.9* 0.015/0.010* 
test02e.bmp 2.7/-2.2 0.017/0.009 -0.1/-0.8 0.011/0.014 
test03c.bmp 35/26 0.16/0.14 -1.8/-4.4* 0.06/0.025* 
test03d.bmp 11/-0.5 0.051/0.017 0.8/0.2 0.012/0.014 
test03e.bmp 0.9/-2.0 0.024/0.026 4.1/3.4 0.024/0.026 

* Threshold manually set for edge fitting routine. 
** MTF cutoff was set to 0.04. 
 

As can be seen from Table 10.4 the ISO MTF raw data tends to consistently overestimate 

the value for the area under the MTF curve (and hence the SR).  This was noticed early 

on and is why edgeMTF employs an MTF cutoff.  By removing the high frequency data 

(noise) the edgeMTF program’s ISO fit is much more accurate than blindly using the 

direct output from sfrmat2. 

 

10.4.6 Effect of Simulated Interference Fringes 
 

Slight background interference fringes are noticed in the BETA optical bench test 

images.  Here we investigate what possible bias error this could have on the previously 

presented results.  MTF plots for each of test02f, g, and h are provided.  The ISO fit 

method handles the noise levels differently depending on whether the noise is 
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symmetrical or not.  The results, see Table 10.5, show a slight positive bias error for the 

standard MTF cutoff value of 0.02. 

 

 

(a)       (b) 

Figure 10.11: MTF plots for image test02f: (a) Raw data (b) Typical with MTF data 

cutoff at 0.02. 

 

 

(a)       (b) 

Figure 10.12: MTF plots for image test02g: (a) Raw data (b) Typical with MTF data 

cutoff at 0.02. 
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(a)       (b) 

Figure 10.13: MTF plots for image test02h: (a) Raw data (b) Typical with MTF data 

cutoff at 0.02. 

 

Table 10.5: Error analysis for test images with simulated interference fringes. 

Image ISO MTF 
Area Error 

(%) 

ISO MTF 
RMS Fit Error

Tanh 3 MTF 
Area Error 

(%) 

Tanh 3 MTF 
RMS Fit Error

test01f.bmp 7.9/4.4 0.035/0.030 -4.1/-4.9 0.017/0.022 
test01g.bmp 18/17 0.05/0.05 10/9.4 0.035/0.037 
test01h.bmp 16 0.04 3.7/3.0 0.022/0.027 
test02f.bmp 0.9/-3.3 0.017/0.014 1.1/-1.4 0.010/0.009 
test02g.bmp 13/8.3 0.038/0.035 7.6/7.1 0.027/0.033 
test02h.bmp 13/13 0.035/0.035 5.8/5.2 0.019/0.024 
test03f.bmp -1.9/-3.9 0.023/0.023 -1.4/-2.0 0.010/0.012 
test03g.bmp 11 0.041 6.9/4.9 0.029/0.027 
test03h.bmp 8.5 0.031 4.7/4.0 0.021/0.023 
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10.4.7 Effect of Edge Angle 
 

To determine the effect of the edge angle, a few new sets of images were created.  

The baseline for this comparison will be test02b and test02d images which have a 1 deg 

ccw rotated edge.  The new images are test04b,d (-1 deg), test05b,d (+5 deg), and 

test06b,d (-5 deg).  The cumulative results are provided in Table 10.6.  These results 

show that the slanted-edge method is not sensitive to the angle of the edge. 

 

Table 10.6: Error analysis for different edge angles. 

Image ISO MTF 
Area Error 

(%) 

ISO MTF 
RMS Fit Error

Tanh 3 MTF 
Area Error 

(%) 

Tanh 3 MTF 
RMS Fit Error

test02b.bmp -0.5 0.0058 2.7 0.021 
test02d.bmp 10 0.045 -0.4/.4 0.011/0.008 
test04b.bmp -0.5/-1.4 0.006/0.007 0.2/-0.4 0.010/0.013 
test04d.bmp 12/2.9 0.045/0.026 2.3/1.2* 0.014/0.013* 
test05b.bmp -0.9/-1.7 0.007/0.009 2.6/-1.2 0.014/0.006 
test05d.bmp 12/-1.6 0.052/0.018 7.0/-1.5 0.031/0.012 
test06b.bmp -0.9/-1.7 0.007/0.009 -1.4/-2.2 0.007/0.009 
test06d.bmp 12/-2.5 0.055/0.022 -1.5/-0.6* 0.014/0.010* 

* Threshold manually set for edge fitting routine. 

 

10.4.8 Discussion of Bias Errors 
 

The self-imposed accuracy goal for the slanted-edge method image analysis is an 

MTF area bias error of 5% (± 2.5%) and an rms fitting error of 0.02 or less.  Any result at 

or below this level should be considered excellent.  This exercise has shown that 

accuracies better than this are unrealistic.  The data presented here has as much a 
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randomize error component as it does a bias error so it is hard to estimate a quantitative 

value for the previously reported optical bench tests.  In addition, it is currently unclear 

whether or not these simulated images correctly model the optical bench test results.   

These simulated test images were meant to push the slanted-edge method to its limit 

and help, not only identify possible bias errors but to also develop methods, to avoid such 

pitfalls.  In certain cases this method is unreliable.  Fortunately, these instances are fairly 

easy to spot, but it is fortuitous to know, a priori, which imaging conditions cause the 

most problems for each of the calculation methods.  In many cases, knowing which 

tweaks to the calculations can turn unreliable data into a decent estimate.  The only DOF 

to the ISO fitting method is the selection of the MTF cutoff value, which makes it simpler 

to use and is also much faster.  The hyperbolic tangent fitting method is slow but has tons 

of options that make it much more flexible and, in general, produces better results for 

moderately noisy images.  The DOFs for the hyperbolic tangent calculations are three 

different automatic edge detection routines with auto or manual threshold control, three 

different ESF fitting options, and an option to re-bin the data. 



 226

 

CHAPTER 11 - CONCLUSIONS AND FURTHER WORK 
 

 

 

The first high numerical aperture (NA) all plastic optics miniature injection-molded 

objective for fiber-optic confocal reflectance microscopy has been designed, built, and 

tested.  This ambitious design, referred to as the BETA design, has a tissue side NA of 

1.0 and a maximum clear aperture of 5 mm.  The final design underwent many types of 

analysis including tolerancing, thermal, and ghost.  The techniques have been developed 

to assemble the miniature optics with enough accuracy to produce images with Strehl 

ratios greater than 0.6.  Rotational compensation has played a key role in obtaining the 

best performance from these lenses.  The overall opto-mechanical design has also been 

determined to play a large role in the assembly accuracies and an improved design has 

been created.   

A comprehensive optical bench testing system has been developed for testing the 

BETA objective.  This includes a dedicated test apparatus with a custom optical analysis 

code named edgeMTF.  EdgeMTF uses the slanted-edge MTF method to calculate the 

objective’s MTF and estimated Strehl ratio.  This program can be used for offline image 

analysis, but what makes it unique is it’s live interactively performance feedback 

capabilities.  The interactive feedback allows for consistently selecting focus and 

virtually eliminating this often significant user-induced error.  A user’s guide has been 
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written in attempt to make this program useful to the optics community.  Our group has 

already been contacted by interested parties inquiring about the program.   

The edgeMTF program has been customized to allow for the experimental image 

analysis of FCRM images.  It is believed that this is the first attempt to use the slanted-

edge method to analyze images obtained with a fiber bundle.  This new technique 

provides a relative metric to compare the performance between two objectives or to 

monitor the performance of a single objective.  This new analysis capability could give 

our group the ability to verify the FCRM system performance in the clinic, improving the 

efficiency of the data collection process. 

Although secondary to alignment errors, birefringence has been identified as a 

significant detriment to optical performance in the BETA objectives.  An extensive set of 

annealing runs has concluded that flow-induced birefringence can not be significantly 

reduced at temperatures below the heat distortion temperature of Zeonex.  To address the 

reduction of birefringence during molding, a set of experimental runs were completed for 

the first lens of the BETA objective.  The results look promising, but unfortunately this 

process may need to be completed for each lens of the design as the ideal parameters are 

unique to each lens.  Some of the experimental lenses were assembled into objectives 

using the other four original BETA lenses.  BETA21 produced a SR = 0.64, the largest 

value obtained.  This gives us the confidence to proceed with a second full BETA 

molding run. 

The near-term goals for this project are fairly obvious.  On the clinical side, we need 

to construct a probe to hold the miniature plastic objectives and then obtain clinical data.  
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This probe most likely will be constructed out of doubled-walled tubing so that an outer 

dry suction will hold the tissue in place and then the current wet/hydraulic suction can 

still be controlled by the reservoir with micrometer to select focus within the tissue.  This 

probe needs to allow for easy changing of the plastic objective.  Currently disposability is 

a long term goal, but still the plastic objectives will scratch fairly easy and thus the 

mechanical probe shell must be designed with the interchangeability of the objective in 

mind.  The probe should also have an integrated micrometer to adjust the objective to 

fiber bundle spacing.  Having this extra degree of freedom (DOF) will allow for variance 

between different objectives by allowing the user to be able to peak the performance and 

avoid back reflections at the same time. 

On the pure optics side of this project, we have a few additional goals.  Continued 

improvement to the assembly and optical bench testing procedures is needed.  Rotation of 

optical elements has been shown to be important for miniature injection-molded plastic 

objectives, but currently the apparatus and fixtures being used are not conducive to either 

high accuracy or high volume throughput.  Newly designed fixtures would be of great 

help.  Since birefringence turned out to be a much more major part of this project than 

originally anticipated, it would be beneficial to take the birefringence images and 

determine how to put that info back into ZEMAX for quantitative analysis.  This new 

model could be compared with MTF test data presented in this dissertation.  In the very 

near term, we recently placed an order to injection mold the entire set of BETA lenses 

again to see how much total improvement will be gained when all of the lenses have less 

birefringence. 
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APPENDIX A - OPTICAL BENCH TESTING PROCEDURES 
 
 

These generalized procedures were developed specifically for the optical bench 
testing of the miniature BETA injection molded plastic objectives.  The slanted edge 
MTF method is being used to determine optical performance; spacing and rotation of the 
lenses are used to compensate for performance.  These procedures should be used only as 
a general guide, as they are not practical to every situation.  As the situation dictates, 
modify the procedure and adopt new steps. 
 
A.1 Test Apparatus Alignment Procedure 
 
Overview: This procedure is completed before every new testing run to verify system 
alignment.  This procedure does not cover the more complex initial alignment of the 
system. 
 

1. Remove all items blocking beam path to camera.  (Spinning diffusers, resolution 
target, commercial objective, tube lens, etc.)  If a miniature objective is installed 
simply remove everything else first and push mount backwards and then block 
stage with a spacer.  A business card can be used to block the direct laser beam 
from continuously saturating CCD. 

2. Insert removable 45 degree turn mirror to direct HeNe toward alignment 
apertures. 

3. Align HeNe to apertures:  Close first aperture.  Use first mirror to position beam 
in center of first alignment aperture.  Open aperture.  Use second mirror to 
position beam in center of second alignment aperture.  Repeat until beam is 
walked into alignment with both apertures simultaneously. 

4. Verify HeNe alignment to camera:  The camera rail system has a fixed aperture 
directly above the mount for the commercial objective.  There is also a temporary 
‘reticle’ (scotch tape with a ‘+’ drawn on it) that fits into the empty mount directly 
below the camera.  This alignment has stayed solid for over a year, but if 
necessary the user will have to iterate between adjustments to the vertical turn 
mirror and adjustments to the rail system until beam is aligned to the aperture and 
removable reticle.  Before moving camera rails double check HeNe beam is still 
aligned to the two alignment apertures on the optical table. 

5. Turn on monitor and take note where the center of the bright dot is located.  
Generally it is slightly up and left of the center of the CCD (or at least the output 
on the monitor). 

6. Insert tube lens and verify that the bright dot is still located in same spot. 
7. Insert commercial objective and align to camera rail system.  Visually inspect 

with a business card and position objective such that the HeNe beam strikes the 
center of the commercial objective.  Use tip/tilt to position reflection (from first 
surface) back onto the center of the alignment aperture.  Use x-y translation to 
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ensure output (diverging beam) is centered on the camera rail aperture.  Double 
check to see if bright spot is nominally in the previous location on the CCD.  
Repeat steps as needed. 

8. Ready to install/align miniature objective. 
 
 
A.2 BETA Assembly Procedure 
 
Overview:  This procedure describes the assembly of a BETA objective for rotation and 
ball spacing tests using the mechanical rotation fixture.  The fixture is used beyond its 
designed capabilities.  This procedure is a compromise from the initial ideal assembly 
procedure.  If assembling a totally fixed objective many of the steps below can be omitted 
or simplified. 
 
BETA Lens Preparation: 
 

(A)  Sand off (Dreml tool) injection-molded gates if needed, air blow. 
(B)  Check rotation fixture fit for L1, L2, and L5.  If needed take Sharpie and coat OD 

of flange, then take Dreml and grind just enough to remove all ink. 
(C)  Ultrasonically clean lenses in IPA.  Note: Zeonex can be cleaned with acetone, 

but the black ABS plastic spacers can not. 
(D)  Inspect lenses under microscope and between crossed polarizers.  Place one of 

the worst lenses into a rotation fixture ring and tighten set screws while observing 
through crossed polarizers.  Try pointy set screws versus blunt-end.  

(E)  Store lenses separately in Petri dishes till ready to assemble. 
(F)  Use worst (dirtiest) lenses for the first trial mock-up to check and reshape test 

procedure. 
(G)  UV cure 3 balls of each size in a laser machined stainless steel aperture stop (The 

aperture designed for between L3 and L4 is the stop).  Create aperture stops for 
500, 600, 700, 800, 900, and 1000 µm size balls.  Each objective will be tested 
with different ball sizes.  These will be interchanged during testing.  Aperture 
stops with appropriate sized holes for each ball size were ordered.  Aperture stops 
can be chemically blackened if time allows. 

 
BETA Assembly: 
 
We will assemble L1, L2, and L3 fixed together; then we will assemble L4, spacer, and 
L5 fixed together. 
 

1. Inspect optics under microscope, reject extremely dirty or damage lenses. 
2. Start with L1.  Place 3 500 µm balls evenly spaced in the V-groove. 
3. Fill up V-groove with a drop of UV curing epoxy.  Use a syringe to control 

amount of epoxy.   
4. UV cure balls in place (1 minute at each ball). 
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5. Correctly place L2 on top of L1.  Position lens pair in mechanical screw press.  
Apply slight bit of pressure until ball and V-groove alignment is verified. 

6. Apply small amount of epoxy with syringe around the interface between the two 
lenses.  UV cure for 1 minute at three or four different places around the interface. 

7. Unclamp lenses and UV cure 3 more balls in place on the back side of L2. 
8. Place L3 correctly on top of L2.  L3 has a protruding surface and can not be 

placed inside screw press by itself.  Use a spacer with 3 fixed balls to properly 
clamp lenses inside screw press. 

9. Repeat methodology presented in steps (3) to (9) to assemble the spacer to L5 and 
then L4 to the spacer. 

10. Wrap lens group L1-L3 with thin layer of Teflon tape (prevents water leaks into 
oil bath) and insert inside top two rotation rings.  Lightly tighten set screws such 
that the rear surface of L3 is centered inside the fixture. 

11. Insert light blocking aperture inside bottom half of the fixture, now insert lens 
group L4-L5.  Ensure lenses push aperture firmly and squarely against bottom of 
fixture.  Lightly tighten set screws such that the rear surface of L4 is centered 
inside the fixture. 

12. Insert aperture stop (any size for now) and mate the two halves of the fixture 
together.  Rotate and check to ensure proper fit.  Adjust set screws as needed. 

13. Objective ready for alignment. 
 
 
A.3 BETA Alignment Procedure 
 
Overview:  This particular procedure can be quite challenging.  The miniature objective 
will be installed in two parts and aligned to the camera optical axis with the HeNe laser.  
The miniature objective must also be coupled to the commercial objective before testing 
can begin. 
 

1. Repeat “A1: Test Apparatus Alignment Procedure,” if needed. 
2. Remove commercial objective (unscrew, do not translate or tip/tilt mount). 
3. Install bottom half of rotation fixture in mini opti-claw mount. 
4. Center lenses on direct HeNe beam (remove hardware as needed) and adjust so 

exit beam is centered (as best possible) on camera rail aperture. 
5. Tip/tilt lenses until the back reflection is centered on back of alignment aperture.  

There will be two main back reflections, one from the first surface the beam hits 
(rear of L5) and one from the last surface (front of L4).  Try to center both.  The 
back reflections are not very uniform if the objective has already been immersed 
in index matching fluid, clean first if needed. 

6. Repeat steps (4) and (5) until L4/spacer/L5 are aligned to the optical axis.   
7. Insert top half of rotation fixture containing L1/L2/L3. 
8. Spin top half of rotation fixture while watching transmitted beam.  Record 

rotational position of fixture that centers transmitted beam on camera rail 
aperture. 
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9. If alignment of transmitted beam to center of aperture can not be obtained then 
one or both halves of the fixture will need to be removed and adjustments made to 
the fixture lens positioning set screws. 

10. To maintain integrity between tests make sure not to adjust any tilts on the 
miniature objective once it has been aligned with the direct HeNe laser beam.  
This will remove some errors and will save time from trying to optimize 
performance to the same degree for next ball size test. 

11. Install commercial objective and fill rotation fixture reservoir with water. 
12. Install resolution target and fill with index matching fluid. 
13. Dunk miniature objective up and down inside oil bath.  Check both sides of 

objective for air bubbles.  Continually watch oil bath for water leaking into it. 
14. Install illumination lenses and spinning diffuser. 
15. Rough system in with visible laser (image resolution target), then switch to IR 

laser.  Check IR beam on alignment apertures.  
16. Find surface of L1 imaged by the commercial objective.  Record micrometer 

value and then back miniature objective to an approximate working distance of 
450 µm.  If possible keep track of WD for results recorded in Excel spreadsheet. 

17. Interactively find best object and image conjugates using Slanted-edge MTF 
method.  Make sure to test both rising and falling edges!  Use ‘Align’ button to 
help automate this process.  Determine favorite method during mock run to find 
best conjugates and use it each time. 

18. Record values of miniature objective and resolution target z-axis micrometers.   
19. Calculate and record starting front (and rear, if possible) working distances. 

 
 
A.4 BETA Testing Procedure 
 
Overview:  These should be considered general guidelines; the key is consistency 
between data sets. 
 

1. Repeat steps from “A3: BETA Alignment Procedure,” as needed, to determine 
WD. 

2. Take an image at group 2 element 1 (G2E1) of the USAF resolution target.  
Generally the vertical bars have been used to determine the test system 
magnification.  Calculate magnification the same way each time. 

3. Take image of G7E6 and surrounding area on resolution target.  This is the 
smallest grouping on our USAF target. 

4. Move to large square block to take images at corners.   
5. Take two images at upper right corner and two images at lower left corner.  These 

images capture both horizontal and vertical edges in same images.  Button ‘Align 
II’ in the edgeMTF program allows the system to select best focus considering 
both edges simultaneously.  To switch to the opposite corner you must manually 
change a value inside the edgeMTF code. 
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6. Assuming the first set is 0 degrees, repeat the set of 4 images for rotational 
positions (L1-L3 lens group) of 90, 180, and 270 degrees.  For the conjugate 
position that appears to be the best, take 2 more full rotations of data 
(repeatability). 

7. Take image at G7E6 for any rotation that provides significantly better initial 
results that the 0 degree position. 

8. Change WD in 30-50 µm steps, refocus target, and repeat steps (2) to (7) over pre-
selected range (generally the design value of 450 µm is nominally at the center of 
the WD test range). 

9. Change aperture stop ball size, repeat steps (2) to (8) for each new ball size.  This 
can be an excessive amount of data to collect.  Take some data at all WD and ball 
sizes, but only take repeatability data at locations of best performance. 

 
Note: Every month, or so, it is generally a good idea to clean the relay optics well and 
take a new set of images without the miniature objective. In this case the resolution target 
is in water.  Save MTF_back_V, MTF_back_H and m_back to properly divide out the 
system relay optics/electronics performance to yield the best estimate for the test 
objective.  I used to call these background images, hence the naming convention, but this 
was confusing to some and thus I have tried to be more descriptive.  Make sure to save 4 
images of dark-bright and 4 images of bright-dark transitions.  Take average to divide out 
later.  Save each image in ‘Relay Optics’ or ‘background’ folder with new name.  With 
the Pulnix camera the performance is noticeably different in the two orthogonal 
directions, and this is why the code treats them separately. 
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APPENDIX B - Circular Polariscope Sensitivity Analysis 
 
 

In Section 7.2 equations are provided for a circular polariscope where the output 
intensity is independent of the birefringence fast axis.  A comparison between linear and 
circular polariscope is provided to demonstrate the superiority of using circular polarizers 
for birefringence visualization.  Here, we examine the sensitivity, or lack of it, of the 
actual circular polariscope to the two most common alignment errors during the data 
collection of the birefringence images. 
 
 
-5º 0º +5º-5º 0º +5º

 
 

Figure B.1: Rotation of Analyzer.  These three images show no sensitivity to small 
misalignments between the two polarizers.  The white arrows identify the relative 
orientation of the polarizers’ optical axis with the actual angular error (from the 
ideal orthogonal condition) in the upper left corner. 
 
 

 
 

Figure B.2: Rotation of Part.  As expected, this shows no sensitivity to misalignment 
of the part between the two polarizers. 
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APPENDIX C - Relay MTF Comparison 
 
 

This relay MTF comparison is to show the change of the relay/background MTF 
performance over time.  In addition, some examples will be shown to illustrate errors 
introduced when using the wrong relay/background file.  One set of background images 
were used with all of the February 2005 data (BETA15, 16, 17), but a new set of relay 
images were collected to divide out from the October 2005 data (BETA18, 20, 21).  Due 
to periodic removal of the test system relay optics for cleaning and system alignment, it is 
good practice to always retake 16 images for a new relay MTF.  The vertical and 
horizontal edges must be averaged separately, and thus, there must be a different relay 
MTF curve for each edge.  Unfortunately it is moderately time consuming to relay MTF 
data.  The same slanted-edge method data is collected for the relay MTF, but the 
resolution target must be switched from an index matching fluid to a water bath. 
 
 

 
 

Figure C.1: BETA21 MTF with old relay MTF.  A clue to know when the testing 
system needs a new relay MTF is when the corrected test MTF exceeds the 
diffraction limit, typically this shows up at low spatial frequencies.  Some high 
frequency noise is apparent in the old relay MTF. 
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Figure C.2: BETA21 MTF with new relay MTF.  This is the data reported in the 
dissertation. 
 

 
 

Figure C.3: Comparison of BETA21 using new and old relay MTF. 
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APPENDIX D - EDGEMTF USER’S GUIDE 
 
 

The edgeMTF MATLAB program was written to implement slanted-edge MTF 
image analysis for the research contained within the University of Arizona PhD 
dissertation titled “High Numerical Aperture Injection-Molded Miniature Objective for 
Fiber-Optic Confocal Reflectance Microscopy” written by Matthew Chidley of the 
College of Optical Sciences (formerly known as the Optical Sciences Center).  The 
funding for this research came from the National Institutes of Health, specifically 
National Cancer Institute grant R01-CA73920 titled "Fiber-Optic, In Vivo Confocal 
Microscopy." and follow-on grant R01-CA82880 by the same name.  Rebecca Richards-
Kortum of The University of Texas-Austin (now at Rice University) was the Principal 
Investigator for this project with Co-PI Michael Descour from the University of Arizona. 
 
 
D.1  Background 
 

Program edgeMTF was created in MATLAB version 6.5.0 R13.0.1 with the 
additional Image Processing and Image Acquisition toolboxes installed.  The program 
will not work, as written, without the Image Processing Toolbox.  The second toolbox is 
only needed for the live data acquisition capabilities.  The live imaging portion of the 
code currently is set-up to interface with a Data Translation frame grabber.  The Image 
Acquisition toolbox also supports Matrox frame grabbers and devices that provide a 
WDM (Windows Driver Model) or VFW (Video for Windows) driver.  If you are unsure 
what toolboxes are installed on your computer, type ‘ver’ at the MATLAB prompt 
(shown below with the results for my computer).   
 
>> ver  
------------------------------------------------------------------------------------- 
MATLAB Version 6.5.0.196271 (R13.0.1) 
MATLAB License Number: 105449 
Operating System: Microsoft Windows XP Version 5.1 (Build 2600: Service Pack 2) 
Java VM Version: Java 1.3.1_01 with Sun Microsystems Inc. Java HotSpot(TM) Client 
VM 
------------------------------------------------------------------------------------- 
MATLAB                                    Version 6.5        (R13.0.1) 
Image Acquisition Toolbox                 Version 1.0        (R13+)    
Image Acquisition Toolbox                 Version 1.0        (R13+)    
Image Processing Toolbox                  Version 4.0        (R13+)    
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D.2  The Basics 
  
D.2.1 GUI Description 
 

See Section 10.1.1. 
 
D.2.2 Slanted-Edge MTF General Description 
 

See Section 10.1.2. 
 
D.2.3 Description of Selected Options in edgeMTF 
 
The edgeMTF code is ordered according to a left-to-right, top-down system.  This means 
the code behind the icon in the upper left of the GUI comes first (after the initialization 
and default settings sections) and the code behind the icon in the lower right-hand corner 
comes last.  Below are some helpful hints for some of the edgeMTF GUI options. 
 
Target/Object NA: It is important to enter the correct object NA for the estimated SR 

calculation in order to divide the area under the test MTF curve by the correct 
diffraction-limited curve. 

System Magnification: Best to calculate this first and recalculate it every time the test 
conjugates significantly change.  It is recommended to use the value of 1 if 
magnification is unknown, since frequency can easily be scaled later. 

Calculate M: Read in an image with known line spacing.  This option is geared towards 
testing with a 1951 USAF resolution target.  The USAF option compensates for the 
slope of the edge.  It also attempts to remove errors associated with not selecting two 
points exactly horizontal or vertical across the pixels.  The general option requires the 
user to know the exact distance from point one to two and enter that value into the 
MATLAB command window. 

Align: This option allows live performance feedback from a single vertical edge centered 
in the field of view.  The output displayed is the uncorrected SR.  This option is used 
to consistently select best focus of a single edge. 

II:  More appropriately ‘Align II’, but shortened to save space.  This option allows live 
performance feedback from both horizontal and vertical edges simultaneously.  The 
output displayed is the uncorrected SR for each edge individually and also the 
average.  Code is set up to work at an upper right or lower left corner.  The ‘zz’ term 
inside the code must currently be changed.  This is on the upgrade list. 

Edge Filter: In general, ‘Sobel’ works best.  ‘Sobel’ and ‘log’ are both standard 
MATLAB edge algorithms.  To determine if a different option is needed, look at the 
red line of the edge fit.  If it doesn’t visual look to match the actual edge in the image 
then try to increase the threshold value.  The auto threshold value determined 
previously should be displayed in the MATLAB command window. If all else fails 
there is a ‘manual’ edge option.  Users must select a minimum of two points, but 
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multiple points can be selected to have an averaging effect.  It is recommended to 
resize the window before selecting the points along the edge. 

Rebin data: Currently only a single option to bin the data into 400 evenly spaced bins 
exists.  Caution should be used if anybody attempts to change this value in the code 
as it is believe there is at least one hard number that also would have to be changed to 
avoid errors. 

Fermi Function Fit:  This is the original algorithm of the code that eventually became 
edgeMTF.  The single fit is fast and always gives an answer, but check the ESF, it 
typically is not very good.  The double doesn’t have enough DOF to be effective.  
The triple fit has problems with the fminsearch MATLAB command and doesn’t 
work that well (look for jagged edge problems).   

ISO 12233 Fit: This uses sfrmat2 as the core calculation engine.  If noise becomes an 
issue increase the data cutoff.  Different from the imaging cut-off frequency, this cut-
off chops the high frequency noise (and good data) once it drops below the given 
value.  The standard, cutoff at 0.02, works well for the BETA images.  The ISO fit 
does not use the edgeMTF edge filter options (step 2).  Pushing the ‘(2) Find Edge’ 
button is unnecessary, but should not have any adverse affects on the ISO method 
results.   

Hyperbolic Tangent Fit: I developed this algorithm myself.  The single FFT is fast, but 
typically doesn’t have a good match to the ESF.  The triple FFT works well, but is 
slow.  The algorithm is useful because it excels where the ISO fit fails, since this 
option is highly customizable with all of the edge filter options.  This option takes 
experience to know if data is good or bad.  Look at ESF fit (slope at edge transition is 
most important) and edge fit.  The triple analytical option will be added soon, but 
currently is disabled. 

sfrmat2: This stand alone program by Peter Burns can be run from within edgeMTF if 
desired.  This option will be replaced with an edgeMTF specific option, but was used 
during initial debugging of the ISO fit method. 

 
 
D.3  Files 
 
D.3.1 sfrmat2.m Associated Files 
 

The edgeMTF.m program has a button to run the stand-alone program sfrmat2.m 
written by Peter Burns and is also available online at the International Imaging Industry 
Association: http://www.i3a.org/downloads_iso.html.  Consult the User’s Guide 
(sfrmat2_guide.pdf) for specifics about this program.  The following is a list of files that 
are associated with sfrmat2: 
 

sfrmat2.m; ahamming.m; cent.m; centroid.m; clipping.m; deriv1.m; findedge.m; 
getoecf.m; getroi.m; inbox1.m; inbox3.m; isarray.m; inputdlg.m; project.m; results.m; 
rotatev.m; splash.m 
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D.3.2 edgeMTF.m Associated Files 
 
edgeMTF.m: Main slanted edge MTF program.  Displays an assortment of graphical 

plots and outputs MTF and SR results into file ‘resultsSR.dat’ 
edgeMTF.fig: GUI figure file.  Open this file inside the Guide. (>> guide edgeMTF) 
fermi_fun1.m: Single Fermi function fitting algorithm. 
fermi_fun2.m: Double Fermi function fitting algorithm.  
fermi_fun3.m: Triple Fermi function fitting algorithm. 
tanh_fun1.m: Single hyperbolic tangent function fitting algorithm. 
tanh_fun2.m: Double hyperbolic tangent function fitting algorithm. 
tanh_fun3.m: Triple hyperbolic tangent function fitting algorithm. 
modal_1.m: Pop-up window associated with file image selection. 
modal_1.fig: GUI figure file.  Open this file inside the Guide. (>> guide modal_1) 
modal_1_live.m: Pop-up window associated with live image selection. 
modal_1_live.fig: GUI figure file.  Open this file inside the Guide. (>> guide 

modal_1_live) 
modal_mag.m: Pop-up window associated with magnification calculation. 
modal_mag.fig: GUI figure file.  Open this file inside the Guide. (>> guide modal_mag) 
sfrmat2mdc.m: Modified version of sfrmat2.m used by edgeMTF to perform the ISO 

12233 MTF calculations. 
calculatemag.m: Calculates the system magnification from 1951 USAF target group and 

element number or between two points of a known physical distance. 
 
 
D3.3 Additional MATLAB Files 
  
convertBMP.m: Converts 24-bit RGB bitmap images to the 8-bit grayscale images 

needed for use with edgeMTF. 
test.m: Main testing program for running test images.  This uses same calculations from 

edgeMTF but does not use the specific program.  Write results to test_results.dat. 
test2.m: Analytical vs sampled FFT MTF. 
test3.m: File to test analytical tanh3 solution. 
test_images01.m: File creates test images (40 x 100, PSF σ = 3 pixels) to help determine 

bias error in the slanted-edge MTF method. 
test_images02.m: File creates test images (100 x 160, PSF σ = 3 pixels) to help 
determine bias error in the slanted-edge MTF method. 
plotMTF.m: Originally generated to average vertical and horizontal edge test data for a 

certain conjugate and plot the Combined MTF result and save in *.eps and *tif formats. 
Monte Carlo simulation data is also included, see section 5c. 

plotMTF2.m: Plots MC data that used WD, object curvature, and rear focal distance as 
compensation vs the same data now letting L3 rotate.   
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plotMTF_FCRM.m: File plots combined MTF for data taken from FCRM, including the 
ideal MTF estimate for the fiber bundle sampled FCRM system.  It also includes a 
breakdown of the component MTFs in the MTFFCRM. 

plotSRballs.m: Plots SR vs WD for a range of ball sizes.   
plotSRballs2.m: Plots maximum SR vs ball size.  This file was used to generate Figure 

__ (in the dissertation).  Monte Carlo data for 50% and 90% confidence levels is also 
included.  The SR data must be hand entered.  The MC data can be determined via 
method describe in 5c. 

plotSRrotBETA15.m: Used to create Fig. 9 in 8th draft of AO paper.  Graph shows the 
rotational effect graphing SR vs WD. 

plotSRrotBETA16.m: Used to create Fig. 8 in 8th draft of AO paper.  Graph shows the 
rotational effect graphing SR vs WD. 

 
 
D.4  ESF Fitting Algorithms 
 
See Sections 10.2 and 10.3. 
 
 
D.5  Advanced Topics 
 
D.5.1 The recommended method for creating relay optics (a.k.a background) files. 

 
The reason to create these files is to divide out the optical performance degradation 

introduced by the relay optics and the image acquisition electronics.  The resultant will be 
the best estimate for the individual performance of the test optics, in this case for the 
BETA objective.  Take horizontal and vertical edge data with the WI NA 1.0 commercial 
objective without the miniature BETA objective installed.  This will need a water 
immersion bath on a resolution target.  Make sure to first calculate the magnification (I 
use the average of 8 measurements).  Collect data from the resultsSR.dat file and use it to 
form an average separately for the vertical and horizontal edges.  Each should be an 
average of 8-16 subimages from both bright-to-dark and dark-to-bright edges to yield a 
nice smooth relay optics MTF curve.  The author uses Matlab or Excel to average the 
data.  The following data files are needed by the edgeMTF program to divide out the 
performance of the relay optics/electronics: 

 
m_back.dat: This file contains a single number, the magnification determined 
during testing with the commercial objective (miniature objective removed).  To 
be renamed m_relay.dat. 
MTF_back_V.dat: This file contains the average performance of the relay 
optics/electronics in the vertical direction. To be renamed MTF_relay_V.dat 
MTF_back_H.dat: This file contains the average performance of the relay 
optics/electronics in the horizontal direction. 
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D.5.2 Averaging test results to produce a combined MTF plot. (4 edges) 
 

Take the output data from the resultsSR.dat file and put them into the appropriate data 
files (typically 8 sub-images of data will go inside each MTF file) for the vertical and 
horizontal edges. Create the following data files that will be used by plotMTF.m: 

 
freqV.dat, MTF_V.dat, MTF_c_V.dat, MTF_ideal_V.dat 
freqH.dat, MTF_H.dat, MTF_c_H.dat, MTF_ideal_H.dat 
 

Please note, here MTFIdeal ≡ MTFDiffraction.  In Chapter 8 this is not the case.  Make sure to 
manually add zeros to MTF data such that all data has same number of columns.  The 
code will average all of the individual MTF sub-image data.  Using plotMTF.m properly 
re-samples the vertical and horizontal data to produce a combined MTF plot (a.k.a. the 
test average MTF).  Be sure to turn off the bottom half of the code if you do not want to 
plot the MC data with the combined MTF. 
 
D.5.3 Converting ZEMAX Monte Carlo 50% and 90% confidence level simulation 
data into MATLB plots for comparison with combined MTF data of 5b. 
 
In ZEMAX 

- Look at the MC output text and find which trial run files pertain to the 50% and 
90% confidence level. 

- Save these two MC files with a new name.  For example ‘MC_T0080.ZMX’ 
changed to ‘MC_T0080 50level auto comp.ZMX’ 

- Change object fields from the 9 design values to (x,y) = (0,0) , (0,0.0528) , (0,-
0.0528) , (0.0528,0) , (-0.0528,0). 

- Select MTF button (FFT MTF a.k.a. Polychromatic Diffraction MTF) and save 
the output to file, for example “MTF_asfab_MC50_500um.txt” 

- By hand using Notepad or other text program, sort the output into the following 
data files: 

o MTF_asfab_MC50_500um_f0.dat (f0: on-axis data) 
o MTF_asfab_MC50_500um_f1.dat (f1-4: off-axis data) 
o MTF_asfab_MC50_500um_f2.dat 
o MTF_asfab_MC50_500um_f3.dat 
o MTF_asfab_MC50_500um_f4.dat 

- Do this for both MC50 and MC90 files.  Each data file must contain the 3 
columns of data (spatial frequency, tangential MTF, and sagittal MTF) for each 
field and no text.  Look at an example data file. 

 
In MATLAB 

- Run plotMTF.m with data files from 5b and 5c in the working directory. 
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D.5.4 Changing “default” values for edgeMTF. 
  

All of the default values used internally by the edgeMTF code are assigned at the 
beginning of the code with a handle.  All values must be saved in the handle.* format to 
be passed between the internal MATLAB functions.  Finding the appropriate variable and 
setting it to a new value typically is all that is needed internally to the code, but the 
MATLAB Guide must be used to rename the default value that appears in the GUI.  To 
do this type ‘guide’ at the command window prompt, >>, and then browse to find the 
edgeMTF.fig GUI file.  Double click on what you wish to change and then search inside 
the Property Inspector window for ‘string’ to enter in the new default value you wish to 
be displayed by the GUI.  Recap: If you change a default value in the edgeMTF.m file, 
you must also rename the value in the edgeMTF.fig file to change the GUI. 

 
D.5.5 Convert 24-bit depth bitmap images to an 8-bit grayscale image.   
 

This can be done in MATLAB with the ‘rgb2gray’ command or simply use another 
method to select the luminance values and discard the hue and saturation information.  I 
created the code convertBMP.m to convert 24-bit bitmap images into the 8-bit format 
needed by edgeMTF. 
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APPENDIX E - MATLAB EDGEMTF CODE 
 
   
Note: Small changes have been made to format the MATLAB edgeMTF code for this 
appendix.  These changes include deletion or shortening of a portion of the 
accompanying comments.  If you wish to obtain the most current version of edgeMTF 
program please email me at mchidley@optics.arizona.edu.  Please provide your contact 
information so that I may share with you any bug fixes or other improvements to the 
program.  If you make any improvements or find bugs to the program you are encouraged 
to email those back to me to share with other users.  Although this program is quite 
ambitious in its scope, it may be quite obvious to a seasoned programmer that it has been 
written in a piecemeal fashion.  It has been debugged only to the extent that it works well 
for my normal testing and analysis.  Debugging my code is not for the faint of heart, but I 
try to include lots of comments (many of which have been shortened or removed for this 
appendix).  The code has been organized in a top-down, left-to-right fashion to follow the 
order of how the boxes and buttons are laid out on the GUI.
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function varargout = edgeMTF(varargin) 1 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 2 
%                                                                   % 3 
%   edgeMTF.m                                                       % 4 
%   ver 1.0                                                         % 5 
%   written by Matthew Chidley                                      % 6 
%              Optical Sciences Center                              % 7 
%              University of Arizona                                % 8 
%              mattc@optics.arizona.edu                             % 9 
%   Created: 12/2003        Last Updated: 12/2005                   % 10 
%                                                                   % 11 
%   This m-file determines the system MTF by a method called the    % 12 
%   slanted edge MTF (aka knife-edge or tilted edge test). This     % 13 
%   technique is easily adaptable for digital still-images. This    % 14 
%   program estimates the Strehl ratio based on the area under the  % 15 
%   MTF curve compared to the area under the diffration-limited     % 16 
%   curve. This program appends the results to file 'resultsSR.dat' % 17 
%                                                                   % 18 
%   The Fermi ESF fit algorithm comes from Tzannes and Mooney,      % 19 
%   Optical Engineering Vol. 34, No. 6, 1808-1817 (1995).           % 20 
%                                                                   % 21 
%   The ISO fit method calls the 'sfrmat2mdc.m' function which is   % 22 
%   a modified version of 'sfrmat2.m' written by Peter Burns.       % 23 
%   This stand-alone program follows the ISO 12233 Standard and     % 24 
%   is available from the International Imaging Industry Assoc.     % 25 
%   web-site (www.i3a.org).                                         % 26 
%                                                                   % 27 
%   This code was written for the research contained within the     % 28 
%   University of Arizona PhD dissertation titled "High Numerical   % 29 
%   Aperture Injection-Molded Miniature Objective for Fiber-Optic   % 30 
%   Confocal Reflectance Microscopy" and was funded by the National % 31 
%   Cancer Institute under grant R01-CA82880 titled "Fiber-Optic,   % 32 
%   In Vivo Confocal Microscopy."                                   % 33 
%                                                                   % 34 
%   GUI is designed for a 1280 x 1024 (or larger) pixel display.    % 35 
%   For additional information see edgeMTF User's Guide.            % 36 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 37 
 38 
% Edit the above text to modify the response to help edgeMTF 39 
 40 
% Last Modified by GUIDE v2.5 14-Jun-2005 22:14:00 41 
 42 
% Begin initialization code - DO NOT EDIT 43 
gui_Singleton = 1; 44 
gui_State = struct('gui_Name',       mfilename, ... 45 
                   'gui_Singleton',  gui_Singleton, ... 46 
                   'gui_OpeningFcn', @edgeMTF_OpeningFcn, ... 47 
                   'gui_OutputFcn',  @edgeMTF_OutputFcn, ... 48 
                   'gui_LayoutFcn',  [] , ... 49 
                   'gui_Callback',   []); 50 
if nargin & isstr(varargin{1}) 51 
    gui_State.gui_Callback = str2func(varargin{1}); 52 
end 53 
 54 
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if nargout 55 
    [varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:}); 56 
else 57 
    gui_mainfcn(gui_State, varargin{:}); 58 
end 59 
% End initialization code - DO NOT EDIT 60 
 61 
% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 62 
% --- Executes just before edgeMTF is made visible. %%%%%%%%%%%%%% 63 
% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 64 
 65 
function edgeMTF_OpeningFcn(hObject, eventdata, handles, varargin) 66 
% Put default edit box and popup menu values into handles     67 
handles.edgefilter = 'Sobel  '; 68 
handles.Hor_Pixel_Size = 0.011;    % [mm] 69 
handles.Vert_Pixel_Size = 0.013;    % [mm] 70 
handles.NA = 0.3;       % object NA  71 
handles.m = 15.5;     % system magnification 72 
handles.lambda = 0.001064; % wavelength [mm] 73 
handles.flag_image = 0;         % Default for Live/File image option. 74 
handles.LiveImageName = 'edge.bmp','s'; 75 
handles.FileImageName = 'test01a.bmp','s'; 76 
handles.def ='*.*';       % Browse default for current directory. 77 
handles.filename = 'test01a.bmp','s'; 78 
handles.sub_filename = 'edge.bmp','s'; 79 
handles.flag_fit = 2;           % Default ISO Curve fit. 80 
set(handles.checkboxISO12233Fit,'Value',1); 81 
handles.fit_name1 = 'Error, check code'; 82 
handles.FermiFunOption = 1;        % Default # Fermi function fit 83 
handles.fit_name2 = 'Default';     % Default is blank for single, 84 
double or triple options 85 
handles.StartingPoint = 'R=0            ';      % Fermi function 86 
Starting point 87 
handles.ISO12233Option = 1;            % Default for ISO 12233 Fit 88 
handles.MTFcutoff = 0.02;  % ISO Default cuts off MTF at 0.02. 89 
handles.TanhOption = 1;         % Default for my personal Tanh fit 90 
handles.flag_rebin = 0;         % 0-Raw data or 1-Rebin data 91 
set(handles.checkboxRawData,'Value',1);    % flag_rebin = 0 92 
handles.output = 1;     % Dummy value. 93 
handles.pix = 0;        % Dummy value. 94 
handles.int = 0;        % Dummy value. 95 
handles.flag0 = 0;      % Dummy value. 96 
handles.counter = 1; 97 
handles.flag_Hor = 0;       % 0-vertical edge, 1-rotate data. 98 
handles.thresh = []; 99 
handles.flag_Vcorrect = 0;  % 0-no correction, 1-relayMTF divided out 100 
handles.flag_Hcorrect = 0;    % 0-no correction, 1-relayMTF divided out 101 
fid = fopen('resultsSR.dat', 'a'); % Create results data file. 102 
fprintf(fid,'Data Analysis with edgeMTF.m     \n\n'); 103 
fclose(fid) 104 
% Two display options, one for wide screens and one for standard. 105 
% Select lower left hand corner of the figure [x, y, deltax, deltay] 106 
screen = get(0,'ScreenSize'); % Get Screen Size for scaling. 107 
Xscreen = screen(3); Yscreen = screen(4); 108 
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if Xscreen >= 1900  % Wide screen positions for figures. 109 
 handles.pos1 = [0.4*Yscreen, 0.03*Yscreen, Yscreen/6, Yscreen/6];        110 
 handles.pos2 = [0.4*Yscreen, 0.55*Yscreen, Yscreen/2, 0.375*Yscreen]; 111 
 handles.pos3 = [0.4*Yscreen, 0.20*Yscreen, Yscreen/2, 0.375*Yscreen]; 112 
 handles.pos4 = [0.92*Yscreen, 0.20*Yscreen, Yscreen/2, 0.375*Yscreen]; 113 
 handles.pos5 = [0.4*Yscreen, 0.55*Yscreen, Yscreen/2, 0.375*Yscreen];    114 
 handles.pos6 = [0.92*Yscreen, 0.55*Yscreen, Yscreen/2, 0.375*Yscreen]; 115 
 handles.pos7 = [0.6*Yscreen,0.03*Yscreen,Yscreen/6, Yscreen/6]; 116 
else 117 
 handles.pos1 = [0.4*Yscreen, 0.05*Yscreen, Yscreen/6, Yscreen/6]; 118 
 handles.pos2 = [0.4*Yscreen, 0.3*Yscreen, Yscreen/2, 0.375*Yscreen]; 119 
 handles.pos3 = [0.4*Yscreen, 0.35*Yscreen, Yscreen/2, 0.375*Yscreen]; 120 
 handles.pos4 = [0.8*Yscreen, 0.35*Yscreen, Yscreen/2, 0.375*Yscreen]; 121 
 handles.pos5 = [0.4*Yscreen, 0.4*Yscreen, Yscreen/2, 0.375*Yscreen]; 122 
 handles.pos6 = [0.8*Yscreen, 0.4*Yscreen, Yscreen/2, 0.375*Yscreen]; 123 
 handles.pos7 = [0.6*Yscreen,0.05*Yscreen,Yscreen/6, Yscreen/6]; 124 
end 125 
 126 
guidata(hObject,handles); 127 
% --- Outputs from this function are returned to the command line. 128 
function varargout = edgeMTF_OutputFcn(hObject, eventdata, handles) 129 
varargout{1} = handles.output;      % Automatically created by GUIDE 130 
 131 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 132 
% System Specification Functions      %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 133 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 134 
 135 
function Hor_Pixel_Size_CreateFcn(hObject, eventdata, handles) 136 
 137 
function Hor_Pixel_Size_Callback(hObject, eventdata, handles) 138 
pixel_size_um = str2double(get(hObject,'String')); 139 
pixel_size = pixel_size_um/1000;  % GUI is in microns and we need it in 140 
mm for calcs. 141 
handles.Hor_Pixel_Size = pixel_size; 142 
guidata(hObject,handles) 143 
 144 
function Vert_Pixel_Size_CreateFcn(hObject, eventdata, handles) 145 
 146 
function Vert_Pixel_Size_Callback(hObject, eventdata, handles) 147 
pixel_size_um = str2double(get(hObject,'String')); 148 
pixel_size = pixel_size_um/1000;  % GUI is in microns and we need it in 149 
mm for calcs. 150 
handles.Vert_Pixel_Size = pixel_size; 151 
guidata(hObject,handles) 152 
 153 
function ObjectNA_CreateFcn(hObject, eventdata, handles) 154 
 155 
function ObjectNA_Callback(hObject, eventdata, handles) 156 
val = str2double(get(handles.ObjectNA,'String')); 157 
handles.NA = val;      % Target NA 158 
guidata(hObject,handles) 159 
 160 
function SystemMag_CreateFcn(hObject, eventdata, handles) 161 
 162 
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function SystemMag_Callback(hObject, eventdata, handles) 163 
val = str2double(get(handles.SystemMag,'String')); 164 
handles.m = val; 165 
guidata(hObject,handles) 166 
 167 
function Wavelength_CreateFcn(hObject, eventdata, handles) 168 
 169 
function Wavelength_Callback(hObject, eventdata, handles) 170 
val = str2double(get(handles.Wavelength,'String')); 171 
lambda = val/10^6;      % 'val' [nm] and 'lambda' [mm] 172 
handles.lambda = lambda; 173 
guidata(hObject,handles) 174 
 175 
% --- Executes on button press in pushbuttonCalculateMag. 176 
function pushbuttonCalculateMag_Callback(hObject, eventdata, handles) 177 
if isempty(handles.IMAGE) 178 
    disp(' You must load an image to determine system magnification!') 179 
    return 180 
end 181 
IMAGE = handles.IMAGE; 182 
% Need both pixel spacings to properly factor out slope of edge. 183 
pixel_size(1) = handles.Hor_Pixel_Size;        % Pixel size [mm] 184 
pixel_size(2) = handles.Vert_Pixel_Size;        % Pixel size [mm] 185 
pixel_size_um = 1000*pixel_size        % [microns] 186 
m = calculatemag(IMAGE, pixel_size_um) 187 
handles.m = m; 188 
set(handles.SystemMag, 'String', num2str(m)); 189 
figure(1); title('Close this image and reload file with "(1) 190 
Acquire/Load Image" Button.') 191 
guidata(hObject,handles) 192 
 193 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 194 
% Filename Functions  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 195 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 196 
 197 
% --- Executes on button press in LiveImage. 198 
function LiveImage_Callback(hObject, eventdata, handles)     %Live 199 
image 200 
state = get(hObject,'Value'); 201 
if state == 1 202 
    handles.flag_image = 2; 203 
    set(handles.FileImage,'Value',0);   % Unclick other option. 204 
else 205 
    handles.flag_image = 0; 206 
end 207 
guidata(hObject,handles) 208 
 209 
function LiveImageName_CreateFcn(hObject, eventdata, handles) 210 
 211 
function LiveImageName_Callback(hObject, eventdata, handles) 212 
set(handles.LiveImage,'Value',1) 213 
set(handles.FileImage,'Value',0) 214 
handles.flag_image = 2; 215 
handles.LiveImageName = get(hObject, 'String'); 216 
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handles.counter = 1; 217 
guidata(hObject,handles) 218 
 219 
% --- Executes on button press in pushbutton_Align. 220 
% Live alignment using uncorrected SR. 221 
% The ISO fit option is used. 222 
function pushbutton_Align_Callback(hObject, eventdata, handles) 223 
state = get(hObject,'Value'); 224 
lambda = handles.lambda; 225 
m = handles.m; 226 
NA = handles.NA; 227 
filename = handles.filename; 228 
pixel_size(1) = handles.Hor_Pixel_Size; 229 
pixel_size(2) = handles.Vert_Pixel_Size; 230 
if state == 1 % Create protocol for DT frame grabber as an object. 231 
    vidobj = videoinput('dt');    % Requires Image Acquisition Toolbox 232 
    range = [0 255]; 233 
    x = 320; y = 240;  % Center coordinate for imcrop command below. 234 
    width = 99; height = 159;       % Default ROI rectangle 235 
    xmin = x-width/2; ymin = y-height/2; 236 
    rect = [xmin ymin width height]; 237 
    figure(2); clf(2) 238 
    pos2 = [400, 400, 500, 500];        % [xmin ymin width height] 239 
    set(2,'Position',pos2); 240 
    title('Push "Align" button again to exit.') 241 
    while state == 1;    242 
        data = getsnapshot(vidobj); 243 
        IMAGE = double(data); 244 
        IMAGE = imcrop(IMAGE,rect);         % Sub-image 245 
        imshow(IMAGE,range,'notruesize'); 246 
        [status, dat, fitme, ESF, c, nn] = sfrmat2mdc(4, IMAGE, 1); 247 
        MTF = dat(:,2); 248 
        freq = dat(:,1); 249 
        % sfrmat2 returns frequency in cy/pixel, x2 to get f/fNyquist. 250 
        freq = 2*freq;      251 
        n2 = max(find(freq < 1.001)); 252 
        freq = freq(1:n2);         % Truncated, f/f_nq_camera 253 
        MTF = MTF(1:n2); 254 
        % Interpolate to extract more values. 255 
        freq_test = 0:round(max(freq))/100:round(max(freq)); 256 
        MTF_test = interp1(freq, MTF, freq_test, 'spline'); 257 
        % For diffraction-limited case. 258 
        % Nyquist frequency of the camera (in Horizontal direction). 259 
        f_nq_camera = 1/(2*pixel_size(1));  260 
        cutoff_freq = 2*NA/lambda;      % Cutoff [lpmm] at object 261 
        f = freq_test*f_nq_camera*m; 262 
   % Find Diffraction limited MTF 263 
        phi = acos(lambda*f/2/NA);      % Lambda [mm], freq [lpmm]. 264 
        MTF_ideal = abs(2*(phi-cos(phi).*sin(phi))/pi);      265 
        ncutoff = max(find(f<cutoff_freq));      % # data points 266 
        % freq_ncutoff = f(ncutoff); 267 
        ncutoff2 = min(find(MTF_test < 0.02)) + 1; 268 
        % freq_ncutoff2 = f(ncutoff2); 269 
        ideal = sum(MTF_ideal(1:ncutoff)); 270 
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        test = sum(MTF_test(1:ncutoff2));   % Area under test MTF curve 271 
        SR = test/ideal;  % Estimate Strehl ratio by MTF areas 272 
        SR_s = num2str(SR); 273 
        text(15,20,['SR = ', SR_s],'FontSize',30, 'Color','r') 274 
        pause(0.3); 275 
        state = get(hObject,'Value'); 276 
    end 277 
    disp('Magnification used was '); m 278 
    clear vidobj 279 
else 280 
end 281 
 282 
% --- Executes on button press in pushbutton_Align2. 283 
% This will automatically take two predefined regions close to the 284 
% center of the CCD, the output SR (not corrected) is average of the 285 
% vertical and horizontal edges.  The ISO fit option is used.  To 286 
% select the upper right or lower left corner the 'zz' variable must be  287 
% manually changed in the code below. 288 
function pushbutton_Align2_Callback(hObject, eventdata, handles) 289 
state = get(hObject,'Value'); 290 
lambda = handles.lambda; 291 
m = handles.m; 292 
NA = handles.NA; 293 
filename = handles.filename; 294 
pixel_size(1) = handles.Hor_Pixel_Size; 295 
pixel_size(2) = handles.Vert_Pixel_Size; 296 
if state == 1 % Create protocol to use DT frame grabber object 297 
    vidobj = videoinput('dt');        range = [0 255]; 298 
    zz=0; % Manually select corner. 299 
    if zz==0 % Upper right corner. 300 
        x = 370; y = 300; 301 
        dx=-130; dy=-130; 302 
        pos2 = [700, 30, 400, 640];      % [xmin ymin width height] 303 
        pos3 = [100, 550, 640, 400]; 304 
    elseif zz==1    % Lower left corner. 305 
        x = 200; y = 200; 306 
        dx=130; dy=130; 307 
        pos2 = [330, 250, 400, 640];         308 
        pos3 = [700, 30, 640, 400]; 309 
    else 310 
        disp(' not ok') 311 
    end 312 
    width = 99; height = 159;       % Default ROI rectangle. 313 
    xmin = x-width/2; ymin = y-height/2; 314 
    rectV = [xmin ymin width height]; 315 
    rectH = [x+dx-height/2 y+dy-width/2 height width];     316 
    figure(2); clf(2) 317 
    set(2,'Position',pos2); 318 
    figure(3); clf(3) 319 
    set(3,'Position',pos3); 320 
    title('Push "Align II" button again to exit.') 321 
    while state == 1;       %while 322 
        data = getsnapshot(vidobj); 323 
        IMAGE = double(data); 324 
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        IMAGE_V = imcrop(IMAGE,rectV);         % Crop image. 325 
        IMAGE_H = imcrop(IMAGE,rectH); 326 
        % Vertical edge 327 
        figure(2); imshow(IMAGE_V, range,'notruesize'); 328 
        [status, dat, fitme, ESF, c, nn] = sfrmat2mdc(4, IMAGE_V, 1); 329 
        MTF = dat(:,2); freq = dat(:,1); 330 
        freq = 2*freq; 331 
        n2 = max(find(freq < 1.001)); 332 
        freq = freq(1:n2); 333 

  MTF = MTF(1:n2); 334 
        freq_test = 0:round(max(freq))/100:round(max(freq)); 335 
        MTF_test = interp1(freq, MTF, freq_test, 'spline'); 336 
        % For diffraction-limited case 337 
        f_nq_camera = 1/(2*pixel_size(1)); 338 
        cutoff_freq = 2*NA/lambda;       339 
        f = freq_test*f_nq_camera*m; 340 
        phi = acos(lambda*f/2/NA);      % lambda [mm], freq [lpmm] 341 
        MTF_ideal = abs(2*(phi-cos(phi).*sin(phi))/pi); 342 
        ncutoff = max(find(f<cutoff_freq));       343 
        ncutoff2 = min(find(MTF_test < 0.02)) + 1; 344 
        ideal = sum(MTF_ideal(1:ncutoff)); 345 
        test = sum(MTF_test(1:ncutoff2));          346 
        SR_V = test/ideal;   347 
        SR_s = num2str(SR_V); 348 
        text(15,20,['SR_V = ', SR_s],'FontSize',30, 'Color','r') 349 
        % Horizontal edge 350 
        figure(3); imshow(IMAGE_H, range,'notruesize'); 351 
        [status, dat, fitme, ESF, c, nn] = sfrmat2mdc(4, IMAGE_H, 1); 352 
        MTF = dat(:,2); freq = dat(:,1); 353 
        freq = 2*freq;      354 
        n2 = max(find(freq < 1.001)); 355 
        freq = freq(1:n2);          356 
        MTF = MTF(1:n2); 357 
        freq_test = 0:round(max(freq))/100:round(max(freq)); 358 
        MTF_test = interp1(freq, MTF, freq_test, 'spline'); 359 
        % For diffraction-limited case 360 
        f_nq_camera = 1/(2*pixel_size(2));  361 
        cutoff_freq = 2*NA/lambda;       362 
        f = freq_test*f_nq_camera*m; 363 
        phi = acos(lambda*f/2/NA);      % lambda [mm], freq [lpmm] 364 
        MTF_ideal = abs(2*(phi-cos(phi).*sin(phi))/pi);      365 
        ncutoff = max(find(f<cutoff_freq));       366 
        ncutoff2 = min(find(MTF_test < 0.02)) + 1; 367 
        ideal = sum(MTF_ideal(1:ncutoff)); 368 
        test = sum(MTF_test(1:ncutoff2));          369 
        SR_H = test/ideal;   370 
        SR_s = num2str(SR_H); 371 
        text(15,20,['SR_H = ', SR_s],'FontSize',30, 'Color','r'); 372 
        SR = (SR_H+SR_V)/2; 373 
        SR_s = num2str(SR); 374 
        text(15,60,['SR = ', SR_s],'FontSize',30, 'Color','r'); 375 
        pause(0.3); 376 
        state = get(hObject,'Value'); 377 
    end 378 
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    disp('Magnification used was '); m 379 
    clear vidobj 380 
else 381 
end 382 
 383 
% --- Executes on button press in FileImage. 384 
function FileImage_Callback(hObject, eventdata, handles)     % Canned 385 
image 386 
state = get(hObject,'Value'); 387 
if state == 1 388 
    handles.flag_image = 1; 389 
    set(handles.LiveImage,'Value',0) 390 
else 391 
    handles.flag_image = 0; 392 
end 393 
guidata(hObject,handles) 394 
 395 
function FileImageNameBox_CreateFcn(hObject, eventdata, handles)     396 
 397 
function FileImageNameBox_Callback(hObject, eventdata, handles) % 398 
Editable text box. 399 
set(handles.LiveImage,'Value',0); 400 
set(handles.FileImage,'Value',1); 401 
handles.flag_image = 1; 402 
FileImageName = get(hObject, 'String'); 403 
[pathname,filename,ext] = fileparts(FileImageName); 404 
handles.filename = [filename,ext]; 405 
handles.pathname = pathname; 406 
handles.FileImageName = FileImageName; 407 
handles.counter = 1; 408 
guidata(hObject,handles) 409 
 410 
% --- Executes on button press in pushbuttonBrowse. 411 
function pushbuttonBrowse_Callback(hObject, eventdata, handles) 412 
def = handles.def; 413 
set(handles.LiveImage,'Value',0) 414 
set(handles.FileImage,'Value',1) 415 
def ='*.*';       % default for current directory. 416 
[filename, pathname] = uigetfile(def,'Select input image file.') 417 
FileImageName = [pathname, filename]; 418 
set(handles.FileImageNameBox , 'String', FileImageName); 419 
handles.filename = filename; 420 
handles.pathname = pathname; 421 
handles.def = [pathname,'*.*'];     % Opens previous directory 422 
handles.FileImageName = FileImageName; 423 
handles.flag_image = 1; 424 
handles.counter = 1; 425 
guidata(hObject,handles) 426 
 427 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 428 
% (1) Executes on button press in AcquireImage (Acquire/Load Image)(1)% 429 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 430 
 431 
function AcquireImage_Callback(hObject, eventdata, handles) 432 
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pos1 = handles.pos1; 433 
figure(1); clf(1); 434 
range = [0 255];        % Use to set range with imshow command 435 
flag_image = handles.flag_image; 436 
counter = handles.counter; 437 
flag_Hor = handles.flag_Hor;    438 
 439 
if flag_image == 1  %%%%%% FILE IMAGE options: %%%%% 440 
    FileImageName = handles.FileImageName; 441 
    filename = handles.filename; 442 
    k = strcmp(FileImageName,filename);      % output:1-true, 0-false 443 
    if k == 1 444 
        pathname = '';         % Dummy space holder 445 
    else 446 
        pathname = handles.pathname; 447 
    end 448 
    IMAGE = double(imread(FileImageName));     449 
    if size(IMAGE,2) == 100 || size(IMAGE,1) == 100 450 
        s1=size(IMAGE,1)    % rows (or height) 451 
        s2=size(IMAGE,2)    % columns (or width) 452 
        disp('Standard test image') 453 
        figure(1); imshow(IMAGE,range); 454 
        set(1,'Position',pos1); 455 
        handles.sub_filename = 'Whole image selected'; 456 
        if size(IMAGE,1) < size(IMAGE,2)         457 
            flag_Hor = 1;       % Rotation for horizontal edges. 458 
        else 459 
            flag_Hor = 0;       % Reset to vertical edge. 460 
        end 461 
    else 462 
        disp('ROI stands for region of interest.') 463 
        user_response = modal_1('Title','Question');       464 
        if user_response == 1   %'Yes     ' 465 
            figure(1); imshow(IMAGE,range); 466 
            set(1,'Position',pos1); 467 
            if size(IMAGE,1) < size(IMAGE,2) 468 
                flag_Hor = 1;       % Rotation for horizontal edges. 469 
            else 470 
                flag_Hor = 0;       % Reset to vertical edge. 471 
            end 472 
            handles.sub_filename = 'Whole image selected'; 473 
        elseif user_response == 2   %'General ' 474 
            figure(1); imshow(IMAGE,range); 475 
            title('Use mouse to drag a rectangle over ROI.') 476 
            IMAGE = imcrop; 477 
            imshow(IMAGE,range); 478 
            set(1,'Position',pos1); 479 
            if size(IMAGE,1) < size(IMAGE,2) 480 
                flag_Hor = 1;       % Rotation for horizontal edges. 481 
            else 482 
                flag_Hor = 0;       % Reset to vertical edge. 483 
            end 484 
            sub_filename = ['sub_',filename]   485 
        elseif user_response == 3        %'Right edge (R)' 486 
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            flag_Hor = 0;       % Reset to vertical edge, if needed. 487 
            figure(1); imshow(IMAGE,range); 488 
            title('Single click on RIGHT edge.') 489 
            [x,y] = ginput(1);      % Wait for mouse click. 490 
            disp('Point selected (x,y) = '), disp([x,y]) 491 
            width = 99; height = 159;       % Default 100x160 ROI 492 
            xmin = x-width/2; ymin = y-height/2; 493 
            rect = [xmin ymin width height]; 494 
            IMAGE = imcrop(IMAGE,rect); 495 
            imshow(IMAGE,range); 496 
            set(1,'Position',pos1); 497 
            if rem(counter,2) == 1        498 
                sub_filename = ['sub_R1_',filename]   499 
            else 500 
                sub_filename = ['sub_R2_',filename] 501 
            end 502 
        elseif user_response == 4   %'Left edge (L)', old 'Fixed DB'  503 
            flag_Hor = 0;       % Reset to vertical edge, if needed. 504 
            figure(1); imshow(IMAGE,range); 505 
            title('Single click on LEFT edge.') 506 
            [x,y] = ginput(1);      % Wait for mouse click. 507 
            disp('Point selected (x,y) = '), disp([x,y]) 508 
            width = 99; height = 159;        509 
            xmin = x-width/2; ymin = y-height/2; 510 
            rect = [xmin ymin width height]; 511 
            IMAGE = imcrop(IMAGE,rect); 512 
            imshow(IMAGE,range); 513 
            set(1,'Position',pos1); 514 
            if rem(counter,2) == 1           515 
                sub_filename = ['sub_L1_',filename]   516 
            else 517 
                sub_filename = ['sub_L2_',filename] 518 
            end 519 
        elseif user_response == 5   % Bottom edge (B) 520 
            flag_Hor = 1;    % Rotate horizontal data. 521 
            figure(1); imshow(IMAGE,range); 522 
            title('Single click on BOTTOM edge.') 523 
            [x,y] = ginput(1);       524 
            disp('Point selected (x,y) = '), disp([x,y]) 525 
            width = 159; height = 99;       % Default 160x100 ROI. 526 
            xmin = x-width/2; ymin = y-height/2; 527 
            rect = [xmin ymin width height]; 528 
            IMAGE = imcrop(IMAGE,rect); 529 
            imshow(IMAGE,range); 530 
            set(1,'Position',pos1); 531 
            if rem(counter,2) == 1           532 
                sub_filename = ['sub_B1_',filename] 533 
            else 534 
                sub_filename = ['sub_B2_',filename] 535 
            end 536 
        elseif user_response == 6   % Top edge (T) 537 
            flag_Hor = 1;     538 
            figure(1); imshow(IMAGE,range); 539 
            title('Single click on TOP edge.') 540 
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            [x,y] = ginput(1);       541 
            disp('Point selected (x,y) = '), disp([x,y]) 542 
            width = 159; height = 99;       % Default 160x100 ROI. 543 
            xmin = x-width/2; ymin = y-height/2; 544 
            rect = [xmin ymin width height]; 545 
            IMAGE = imcrop(IMAGE,rect); 546 
            imshow(IMAGE,range); 547 
            set(1,'Position',pos1); 548 
            if rem(counter,2) == 1  549 
                sub_filename = ['sub_T1_',filename] 550 
            else 551 
                sub_filename = ['sub_T2_',filename] 552 
            end 553 
        else 554 
            disp('Error, check code.') 555 
        end 556 
        if user_response ~= 1 557 
            sub_FileImageName = [pathname, sub_filename] 558 
            IMAGE2 = uint8(IMAGE); 559 
            imwrite(IMAGE2,sub_FileImageName);   560 
            handles.sub_filename = sub_filename; 561 
            handles.counter = counter + 1; 562 
        end 563 
    end 564 
    fid = fopen('resultsSR.dat', 'a');      % Append to results file. 565 
    fprintf(fid,'\nImage loaded from file:  '); 566 
    fprintf(fid, filename); fprintf(fid,'    ');   567 
    fprintf(fid,datestr(now,0)); 568 
    fprintf(fid,'   \n\n'); 569 
    fclose(fid) 570 
     571 
elseif flag_image == 2      %%%%% LIVE IMAGE option %%%%% 572 
    % Must have Image Acquisition toolbox to use this option. 573 
    vidobj = videoinput('dt');    % Protocol for DT frame grabber. 574 
    preview(vidobj);           % live camera video output 575 
    flag = modal_1_live('Title','Question')       576 
    closepreview(vidobj); 577 
    data = getsnapshot(vidobj); 578 
    IMAGE = double(data);   579 
    figure(1); imshow(IMAGE,range); 580 
    LiveImageName = handles.LiveImageName  581 
    IMAGE2 = uint8(IMAGE); 582 
    imwrite(IMAGE2,LiveImageName);      % save entire image to file 583 
    fid = fopen('resultsSR.dat', 'a'); 584 
    fprintf(fid,'\n Live image saved to file:  '); 585 
    fprintf(fid, LiveImageName); fprintf(fid,'      ');  586 
    fprintf(fid,datestr(now,0)); 587 
    fprintf(fid,'      \n');  588 
    fclose(fid) 589 
    if flag == 1        % Save 'Only Image' option. 590 
        disp('Image has been saved for later analysis.') 591 
        flag_Hor = 0;        592 
    elseif flag == 2     593 
        IMAGE = imcrop;  594 
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        imshow(IMAGE,range); 595 
        set(1,'Position',pos1); 596 
        sub_filename = ['sub_',LiveImageName] 597 
        if size(IMAGE,1) < size(IMAGE,2)         598 
            flag_Hor = 1;       % Rotation for horizontal edges. 599 
        else 600 
            flag_Hor = 0;       % Reset to vertical edge, if needed. 601 
        end 602 
    elseif flag == 3    % 'Left' edge option 603 
        flag_Hor = 0;       % Reset to vertical edge, if needed. 604 
        title('Single click on LEFT edge.') 605 
        [x,y] = ginput(1);       606 
        disp('Point selected (x,y) = '), disp([x,y]) 607 
        width = 99; height = 159;        608 
        xmin = x-width/2; ymin = y-height/2; 609 
        rect = [xmin ymin width height]; 610 
        IMAGE = imcrop(IMAGE,rect); 611 
        imshow(IMAGE,range); 612 
        set(1,'Position',pos1); 613 
        if rem(counter,2) == 1           614 
            sub_filename = ['sub_L1_',LiveImageName]   615 
        else 616 
            sub_filename = ['sub_L2_',LiveImageName] 617 
        end 618 
    elseif flag == 4 619 
        flag_Hor = 0;       % Reset to vertical edge, if needed. 620 
        title('Single click on RIGHT edge.') 621 
        [x,y] = ginput(1);       622 
        disp('Point selected (x,y) = '), disp([x,y]) 623 
        width = 99; height = 159;       % Default 100x160 ROI. 624 
        xmin = x-width/2; ymin = y-height/2; 625 
        rect = [xmin ymin width height]; 626 
        IMAGE = imcrop(IMAGE,rect); 627 
        imshow(IMAGE,range); 628 
        set(1,'Position',pos1); 629 
        if rem(counter,2) == 1   630 
            sub_filename = ['sub_R1_',LiveImageName] 631 
        else 632 
            sub_filename = ['sub_R2_',LiveImageName] 633 
        end 634 
    elseif flag == 5        % 'Bottom' edge 635 
        flag_Hor = 1; 636 
        title('Single click on Bottom edge.') 637 
        if rem(counter,2) == 1           638 
            sub_filename = ['sub_B1_',LiveImageName] 639 
        else 640 
            sub_filename = ['sub_B2_',LiveImageName] 641 
        end 642 
    elseif flag == 6        % 'Top' edge 643 
        flag_Hor = 1; 644 
        title('Single click on TOP edge.') 645 
        if rem(counter,2) == 1 646 
            sub_filename = ['sub_T1_',LiveImageName] 647 
        else 648 
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            sub_filename = ['sub_T2_',LiveImageName] 649 
        end 650 
    else 651 
        disp('Error') 652 
    end 653 
    clear vidobj 654 
    if flag == 2 || flag == 3 || flag == 4 || flag == 5 || flag == 6 655 
        IMAGE2 = uint8(IMAGE); 656 
        imwrite(IMAGE2,sub_filename);   657 
        handles.sub_filename = sub_filename; 658 
        handles.counter = counter + 1; 659 
        fid = fopen('resultsSR.dat', 'a'); 660 
        fprintf(fid,'\n Live sub_image ROI saved to file:  '); 661 
        fprintf(fid, sub_filename); fprintf(fid,'      '); 662 
        fprintf(fid,datestr(now,0)); 663 
        fprintf(fid,'      \n');  664 
        fclose(fid) 665 
    else 666 
    end 667 
else 668 
    disp('Please select Live or File Image option.') 669 
    return 670 
end 671 
handles.flag_Hor = flag_Hor; 672 
handles.IMAGE = IMAGE;      673 
guidata(hObject, handles);      % Update handles structure 674 
 675 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 676 
% Edge Filter Functions     %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 677 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 678 
 679 
function popupmenuEDGE_CreateFcn(hObject, eventdata, handles) 680 
 681 
% --- Executes on selection change in popupmenuEDGE (Edge Filter 682 
options). 683 
function popupmenuEDGE_Callback(hObject, eventdata, handles) 684 
val = get(hObject,'Value'); 685 
edgefilter = get(hObject, 'String'); 686 
switch edgefilter{val}; 687 
    case 'Sobel'   688 
        disp('Sobel edge filter will now be used.  Click Find Edge.') 689 
        handles.edgefilter = 'Sobel  ';              690 
    case 'log'    691 
        disp('Laplacian of Gaussian edge filter will now be used.') 692 
        handles.edgefilter = 'log    '; 693 
    case 'Manual'  694 
        disp('Manual edge selection will now be used.') 695 
        handles.edgefilter = 'Manual '; 696 
end 697 
guidata(hObject,handles) 698 
 699 
% --- Executes during object creation, after setting all properties. 700 
function threshold_CreateFcn(hObject, eventdata, handles) 701 
if ispc 702 
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    set(hObject,'BackgroundColor','white'); 703 
else 704 
set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')) 705 
end 706 
 707 
function threshold_Callback(hObject, eventdata, handles) 708 
thresh = str2double(get(hObject,'String')); 709 
if thresh == 0 710 
    thresh = [];        % Empty threshold value, auto thresh 711 
elseif isnan(thresh) 712 
    thresh = []; 713 
    disp('FYI: a blank entry gets returned as a NaN') 714 
end 715 
handles.thresh = thresh; 716 
guidata(hObject,handles) 717 
 718 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 719 
% (2) --- Executes on button press in FindEdge.         (2) %%%%%%%%%%% 720 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 721 
 722 
function FindEdge_Callback(hObject, eventdata, handles) 723 
pos2 = handles.pos2; 724 
pos3 = handles.pos3; 725 
pos7 = handles.pos7; 726 
flag_Hor = handles.flag_Hor; 727 
% Read in needed data. 728 
IMAGE = handles.IMAGE; 729 
flag_Hor = handles.flag_Hor; 730 
edgefilter = handles.edgefilter; 731 
thresh = handles.thresh; 732 
 733 
% Check for Horizontal flag and rotate if needed for processing. 734 
if flag_Hor == 1 735 
    IMAGE = IMAGE';      % Rotates horizontal edge for processing 736 
    handles.flag_Hor = 1; 737 
else 738 
    handles.flag_Hor = 0; 739 
end 740 
[rows,columns] = size(IMAGE); 741 
if mean(IMAGE(:,1)) > mean(IMAGE(:,columns)) 742 
    flag0 = 1  % falling edge (initially set-up for falling) 743 
    disp('falling edge') 744 
else 745 
    flag0 = 0  % rising edge 746 
    disp('rising edge') 747 
end 748 
figure(7); 749 
if edgefilter == 'Sobel  '          750 
    [IMAGE_edge,thresh_auto] = edge(IMAGE,'sobel',thresh, 'vertical'); 751 
    imshow(IMAGE_edge); 752 
elseif edgefilter == 'log    ' 753 
    [IMAGE_edge,thresh_auto] = edge(IMAGE,'log', thresh, 'vertical'); 754 
    imshow(IMAGE_edge); 755 
elseif edgefilter == 'Manual ' 756 
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    range = [0 255]; 757 
    figure(1); hold on; 758 
    title('Use Mouse to select edge, and then hit "ENTER".') 759 
    disp('Use Mouse to select edge, and then hit "ENTER".') 760 
    if flag_Hor == 1 761 
        imshow(IMAGE',range) 762 
        [x,y,P] = impixel; 763 
    else 764 
        imshow(IMAGE,range) 765 
        [y,x,P] = impixel; 766 
    end 767 
    IMAGE_edge = zeros(size(IMAGE));    % background of zeros 768 
    n=size(x,1); 769 
    for i = 1:n 770 
        IMAGE_edge(x(i),y(i)) = 1;       % 1 for each edge data point 771 
    end 772 
    thresh_auto = 'Manual'; 773 
    figure(7); imshow(IMAGE_edge); 774 
else 775 
   disp('Edge filter not selected, fix code') 776 
end 777 
if isempty(thresh) 778 

disp('Edge filter threshold value automatically set to...'); 779 
thresh_auto 780 

else 781 
    disp('Edge filter threshold value manually set to...'); thresh 782 
end 783 
set(7,'Position',pos7); 784 
% Read in Edge pixels and obtain best-fit line to data 785 
N = sum(sum(IMAGE_edge));    % Number of bright 'edge' pixels. 786 
X = zeros(1,N);           % Construct empty arrays 787 
Y = zeros(1,N); 788 
i = 0;                    % Incremental integer 789 
for row=1:rows           % Avoid edge pixels. 790 
    for col=1:columns 791 
        a = IMAGE_edge(row,col);      792 
        if a==1;  793 
            i = i+1; 794 
            X(1,i) = row; 795 
            Y(1,i) = col; 796 
        end 797 
    end 798 
end          799 
p = polyfit(X,Y,1);            % Best fit line to edge data 800 
figure(2); plot(X,Y,'o'); hold on; 801 
set(2,'Position',pos2); 802 
Y_fit = polyval(p,X);        803 
plot(X,Y_fit,'ro')                  % Best fit line to edge. 804 
title('Plot of edge pixels with best fit edge') 805 
hold off 806 
if flag_Hor == 1 807 
    figure(1); hold on; plot(X,Y_fit,'r'); hold off      808 
    disp('Horizontal edges are rotated internally to be vertical.') 809 
    disp('This is done for processing reasons.') 810 
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else 811 
    figure(1); hold on; plot(Y_fit,X,'r'); hold off      812 
end 813 
% Build up the Edge Spread Function (ESF) using the polyval command. 814 
i2 = 0;                       % incremental integer #2 815 
NN = size(IMAGE,1)*size(IMAGE,2);      % Total number of pixels in 816 
image (ex 4000) 817 
intensity = zeros(1,NN);              % Empty arrays for ESF data. 818 
pixel = zeros(1,NN); 819 
esf = zeros(2,NN);                    820 
for row=1:rows 821 
    y = polyval(p,row); 822 
    for col=1:columns 823 
        i2 = i2+1; 824 
        intensity(1,i2) = IMAGE(row,col); 825 
        pixel(1,i2) = col-y; 826 
        esf(1,i2) = pixel(1,i2);  827 
        esf(2,i2) = intensity(1,i2); 828 
    end 829 
end 830 
ESF = esf';                   % Transpose matrix from 2 x NN to NN x 2 831 
matrix. 832 
ESF = sortrows(ESF,1);        % Must sort data according to pixel 833 
position in column 1. 834 
pix = ESF(:,1);                835 
int = ESF(:,2); 836 
figure(3); plot(pix,int,'o'); title('plot of ESF data');  837 
set(3,'Position',pos3); 838 
handles.pix = pix; 839 
handles.int = int; 840 
handles.flag0 = flag0; 841 
guidata(hObject,handles) 842 
 843 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 844 
% ESF Curve Fitting Functions   %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 845 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 846 
 847 
% --- Executes on button press in checkboxRawData. 848 
function checkboxRawData_Callback(hObject, eventdata, handles) 849 
state = get(hObject,'Value'); 850 
if state == 1 851 
    handles.flag_rebin = 0;         % will use raw data 852 
    set(handles.checkboxRebinData,'Value',0)  853 
end 854 
guidata(hObject,handles) 855 
 856 
% --- Executes on button press in checkboxRebinData. 857 
function checkboxRebinData_Callback(hObject, eventdata, handles) 858 
state = get(hObject,'Value'); 859 
if state == 1 860 
    handles.flag_rebin = 1;         % Median filter rebin data 861 
    set(handles.checkboxRawData,'Value',0)  862 
end 863 
guidata(hObject,handles) 864 
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 865 
% --- Executes on button press in checkboxFermiFit. 866 
function checkboxFermiFit_Callback(hObject, eventdata, handles) 867 
state = get(hObject,'Value'); 868 
if state == 1 869 
    handles.flag_fit = 1; 870 
    handles.fit_name1 = get(hObject, 'String'); 871 
    set(handles.checkboxISO12233Fit,'Value',0) 872 
    set(handles.checkboxTanhFit,'Value',0) 873 
else 874 
    handles.flag_fit = 0; 875 
end 876 
val = get(handles.popupmenu_num_fun, 'Value'); 877 
fit_name2_list = get(handles.popupmenu_num_fun, 'String'); 878 
fit_name2 = fit_name2_list{val}; 879 
handles.fit_name2 = fit_name2; 880 
guidata(hObject,handles) 881 
 882 
function popupmenu_num_fun_CreateFcn(hObject, eventdata, handles) 883 
set(hObject,'Value',1); 884 
 885 
% --- Executes on selection change in popupmenu_num_fun. 886 
function popupmenu_num_fun_Callback(hObject, eventdata, handles) 887 
set(handles.checkboxFermiFit,'Value',1)     % Selects Fermi Fit  888 
set(handles.checkboxISO12233Fit,'Value',0) % Unselects Error Function 889 
Fit 890 
set(handles.checkboxTanhFit,'Value',0) % Unselects Hyperbolic Tangent 891 
Fit 892 
handles.flag_fit = 1; 893 
val = get(hObject,'Value'); 894 
switch val 895 
    case 1 896 
        disp('The ESF will be fit with a single Fermi function.') 897 
        disp('This will have the fastest fit.') 898 
        disp('MTF is calculated using the FFT. ') 899 
    case 2 900 
        disp('The ESF will be fit with a sum of two Fermi functions.') 901 
        disp('If fit is poor try option 3.') 902 
    case 3 903 
        disp('ESF will be fit with a sum of three Fermi functions.') 904 
        disp('This is the recommended option from Tzannes and Mooney.') 905 
end 906 
fit_name2_list = get(hObject, 'String'); 907 
fit_name2 = fit_name2_list{val};  908 
handles.fit_name2 = fit_name2; 909 
handles.FermiFunOption = val; 910 
handles.fit_name1 = get(handles.checkboxFermiFit, 'String');   911 
guidata(hObject,handles) 912 
 913 
function popupmenuFermi_CreateFcn(hObject, eventdata, handles) 914 
 915 
function popupmenuFermi_Callback(hObject, eventdata, handles) 916 
set(handles.checkboxFermiFit,'Value',1)     % Selects Fermi Fit                     917 
set(handles.checkboxISO12233Fit,'Value',0) % Unselects 918 



 262

set(handles.checkboxTanhFit,'Value',0) % Unselects Hyperbolic Tangent 919 
handles.flag_fit = 1; 920 
val = get(hObject,'Value'); 921 
StartingPoint_list = get(hObject, 'String'); 922 
StartingPoint = StartingPoint_list{val} 923 
switch val 924 
    case 1 925 
        disp('R=0 selected as starting point.') 926 
    case 2 927 
        disp('Avg Intensity selected as starting point.') 928 
    case 3 929 
        disp('Mean Polynomial selected as starting point.') 930 
end 931 
handles.StartingPoint = StartingPoint; 932 
handles.fit_name1 = get(handles.checkboxFermiFit, 'String'); 933 
val = get(handles.popupmenu_num_fun, 'Value'); 934 
fit_name2_list = get(handles.popupmenu_num_fun, 'String'); 935 
fit_name2 = fit_name2_list{val}; 936 
handles.fit_name2 = fit_name2; 937 
guidata(hObject,handles) 938 
 939 
% --- Executes on button press in checkboxISO12233Fit. 940 
function checkboxISO12233Fit_Callback(hObject, eventdata, handles) 941 
state = get(hObject,'Value'); 942 
if state == 1 943 
    handles.flag_fit = 2; 944 
    handles.fit_name1 = get(hObject, 'String'); 945 
    set(handles.checkboxFermiFit,'Value',0) 946 
    set(handles.checkboxTanhFit,'Value',0)  947 
else 948 
    handles.flag_fit = 0; 949 
end 950 
val = get(handles.popupmenuISO12233, 'Value'); 951 
fit_name2_list = get(handles.popupmenuISO12233, 'String'); 952 
fit_name2 = fit_name2_list{val}; 953 
handles.fit_name2 = fit_name2; 954 
guidata(hObject,handles) 955 
 956 
function popupmenuISO12233_CreateFcn(hObject, eventdata, handles) 957 
set(hObject,'Value',2); 958 
 959 
% --- Executes on selection change in popupmenuISO12233.  960 
function popupmenuISO12233_Callback(hObject, eventdata, handles) 961 
set(handles.checkboxFermiFit,'Value',0)     % Unselects Fermi Fit.                  962 
set(handles.checkboxISO12233Fit,'Value',1) % Selects ISO Fit. 963 
set(handles.checkboxTanhFit,'Value',0) % Unselects Hyperbolic Tangent 964 
Fit. 965 
handles.flag_fit = 2;   % Selects ISO fit. 966 
val = get(hObject,'Value');     % This selects where MTF is cutoff to 967 
eliminate noise for ISO fit. 968 
fit_name2_list = get(hObject, 'String'); 969 
fit_name2 = fit_name2_list{val}; 970 
handles.fit_name2 = fit_name2; 971 
MTFcutoff = val*0.01 972 
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handles.MTFcutoff = MTFcutoff; 973 
handles.fit_name1 = get(handles.checkboxISO12233Fit, 'String'); 974 
guidata(hObject,handles) 975 
 976 
% --- Executes on button press in checkboxTanhFit. 977 
function checkboxTanhFit_Callback(hObject, eventdata, handles) 978 
state = get(hObject,'Value'); 979 
if state == 1 980 
    handles.flag_fit = 3; 981 
    handles.fit_name1 = get(hObject, 'String'); 982 
    set(handles.checkboxFermiFit,'Value',0) 983 
    set(handles.checkboxISO12233Fit,'Value',0) 984 
else 985 
    handles.flag_fit = 0; 986 
end 987 
val = get(handles.popupmenuTanh, 'Value'); 988 
fit_name2_list = get(handles.popupmenuTanh, 'String'); 989 
fit_name2 = fit_name2_list{val}; 990 
handles.fit_name2 = fit_name2; 991 
guidata(hObject,handles) 992 
 993 
function popupmenuTanh_CreateFcn(hObject, eventdata, handles) 994 
 995 
% --- Executes on selection change in popupmenuTanh. 996 
function popupmenuTanh_Callback(hObject, eventdata, handles) 997 
set(handles.checkboxFermiFit,'Value',0)     % Unselects Fermi Fit. 998 
set(handles.checkboxISO12233Fit,'Value',0) % Unselects 999 
set(handles.checkboxTanhFit,'Value',1) % Selects Hyperbolic Tangent 1000 
handles.flag_fit = 3;  1001 
val = get(hObject,'Value'); 1002 
switch val 1003 
    case 1 1004 
        disp('The ESF will be fit with a single hyperbolic tangent') 1005 
        disp('Under development by Chidley March 2004') 1006 
    case 2 1007 
        disp('ESF fit with sum of three hyperbolic tangent functions,') 1008 
        disp('but instead of the regular FFT an analytical solution ') 1009 
        disp('for the MTF curve is used. ') 1010 
    case 3 1011 
        disp('ESF will be fit with sum of 3 hyperbolic tangent ') 1012 
        disp('functions. MTF is calculated using the FFT. ') 1013 
end 1014 
fit_name2_list = get(hObject, 'String'); 1015 
fit_name2 = fit_name2_list{val}; 1016 
handles.fit_name2 = fit_name2; 1017 
handles.TanhOption = val; 1018 
handles.fit_name1 = get(handles.checkboxTanhFit, 'String'); 1019 
guidata(hObject,handles) 1020 
 1021 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 1022 
% (3) --- Executes on button press in Fit ESF/Find PSF.  (3) %%%%%%%%%% 1023 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 1024 
 1025 
function FitESF_Callback(hObject, eventdata, handles) 1026 
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% Read in handles. 1027 
flag_Hor = handles.flag_Hor; 1028 
IMAGE = handles.IMAGE; 1029 
flag0 = handles.flag0 1030 
pix = handles.pix; 1031 
int = handles.int; 1032 
flag_fit = handles.flag_fit; 1033 
flag_rebin = handles.flag_rebin; 1034 
pos3 = handles.pos3; 1035 
pos4 = handles.pos4; 1036 
 1037 
% Read in pixel size. 1038 
if flag_Hor == 0 1039 
    pixel_size = handles.Hor_Pixel_Size     1040 
    disp('Horizontal pixel size is used for a vertical edge.') 1041 
else 1042 
    pixel_size = handles.Vert_Pixel_Size    1043 
    disp('Vertical pixel size is used for a horizontal edge.') 1044 
end 1045 
 1046 
% This will rebin data with a median filter. 1047 
if flag_rebin == 1 && flag_fit ~= 2 1048 
    BW = max(pix) - min(pix); 1049 
    n = 400;        % Number of bins 1050 
    deltax = BW/n; 1051 
    xx = min(pix); 1052 
    for i = 1:n 1053 
        x(i) = xx + deltax/2; 1054 
        hh = find(pix >= xx & pix < xx + deltax); 1055 
        %hh_size = size(hh)     % for debug 1056 
        if size(hh,1) == 0 1057 
            int_m(i) = int_m(i-1);   % To avoid zero bin errors. 1058 
        else 1059 
            int_m(i) = median(int(hh)); 1060 
        end 1061 
        xx = xx + deltax; 1062 
    end 1063 
    pix = x;        % reassign binned data 1064 
    int = int_m; 1065 
elseif flag_rebin == 1 && flag_fit == 2 1066 
    disp('Rebin is not a valid option for the ISO fit algorithm.') 1067 
    set(handles.checkboxRebinData,'Value',0);     1068 
    flag_rebin = 0; 1069 
    set(handles.checkboxRawData,'Value',1) 1070 
end 1071 
% 1072 
% Fermi Function ESF Curve fitting routines 1073 
% 1074 
if flag_fit == 1         1075 
    disp('Fitting data with Fermi functions, please wait ........ ') 1076 
    StartingPoint = handles.StartingPoint;       1077 
    A = min(mean(IMAGE));        1078 
    B = max(mean(IMAGE));        1079 
    D = A; 1080 
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    a1 = 0.75*(B-A); 1081 
    a2 = 0.125*(B-A); 1082 
    a3 = 0.125*(B-A); 1083 
    if flag0 == 1           1084 
        c1 = 0.15; c2 = 0.14; c3 = 0.14;  % falling edge 1085 
    else 1086 
        c1 = -0.15; c2 = -0.14; c3 = -0.14; % rising edge 1087 
    end 1088 
    if StartingPoint == 'R=0            '  1089 
        R = 0;       1090 
        b1 = R; b2 = R+0.5; b3 = R-0.5;  1091 
    elseif  StartingPoint == 'Avg Intensity  '  1092 
        avg = (B-A)/2 + A;     1093 
        if flag0 == 1           1094 
            h = max(find(int>avg));  % Falling edge 1095 
        else 1096 
            h = min(find(int>avg));  % Rising edge 1097 
        end 1098 
        R = pix(h); 1099 
        b1 = R; b2 = R+0.5; b3 = R-0.5; 1100 
    elseif  StartingPoint == 'Mean Polynomial' 1101 
        warning off MATLAB:polyfit:RepeatedPointsOrRescale 1102 
        int_poly=polyfit(pix,int,33);      1103 
        int_poly_data=polyval(int_poly,pix); 1104 
        if flag0==1 1105 
            h = max(find(int_poly_data>mean(int_poly_data)));        1106 
        else 1107 
            h = min(find(int_poly_data>mean(int_poly_data)));        1108 
        end 1109 
        R = pix(h); 1110 
        b1 = R; b2 = R+0.25; b3 = R-0.25;        1111 
    else 1112 
    end 1113 
    % Option selects how many Fermi functions will fit the ESF. 1114 
    FermiFunOption = handles.FermiFunOption; 1115 
    x = -25:0.01:25;    % Resample ESF  1116 
    if FermiFunOption == 1      % Single option in popup menu. 1117 
        initialvalues = [D a1 b1 c1]; 1118 
        oldopts = optimset('fminsearch'); 1119 
        options = optimset(oldopts,'MaxFunEvals',3000,'MaxIter', 3000); 1120 
        [fitvalues,fval,exitflag,output] =  1121 

fminsearch(@fermi_fun1,initialvalues,options,pix,int); 1122 
        D_fit = fitvalues(1); 1123 
        a1_fit = fitvalues(2); 1124 
        b1_fit = fitvalues(3); 1125 
        c1_fit = fitvalues(4); 1126 
        ESF_fit = D_fit + a1_fit./(exp((x-b1_fit)/c1_fit) + 1); 1127 
        LSF = abs(a1_fit*exp((x-b1_fit)/c1_fit)./ 1128 

(c1_fit*(exp((x-b1_fit)/c1_fit) + 1).^2)); 1129 
    elseif FermiFunOption == 2          % Double option in popup menu. 1130 
        initialvalues = [D a1 a2 b1 b2 c1 c2]; 1131 
        oldopts = optimset('fminsearch'); 1132 
        options = optimset(oldopts,'MaxFunEvals',3000, 'MaxIter',3000); 1133 
        [fitvalues,fval,exitflag,output] = ... 1134 
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fminsearch(@fermi_fun2,initialvalues,options,pix,int); 1135 
        D_fit = fitvalues(1); 1136 
        a1_fit = fitvalues(2); a2_fit = fitvalues(3); 1137 
        b1_fit = fitvalues(4); b2_fit = fitvalues(5); 1138 
        c1_fit = fitvalues(6); c2_fit = fitvalues(7); 1139 
        ESF_fit = D_fit + a1_fit./(exp((x-b1_fit)/c1_fit) + 1) ...  1140 

+ a2_fit./(exp((x-b2_fit)/c2_fit) + 1); 1141 
        LSF = abs(a1_fit*exp((x-b1_fit)/c1_fit)./ ... 1142 

(c1_fit*(exp((x-b1_fit)/c1_fit) + 1).^2) ... 1143 
            + a2_fit*exp((x-b2_fit)/c2_fit)./ ... 1144 

(c2_fit*(exp((x-b2_fit)/c2_fit) + 1).^2)); 1145 
    elseif FermiFunOption == 3          % Triple option in popup menu. 1146 
        initialvalues = [D a1 a2 a3 b1 b2 b3 c1 c2 c3]; 1147 
        oldopts = optimset('fminsearch'); 1148 
        options = optimset(oldopts,'MaxFunEvals',5000, 'MaxIter',5000); 1149 
        [fitvalues,fval,exitflag,output] = ...  1150 

fminsearch(@fermi_fun3,initialvalues,options,pix,int); 1151 
        % Read fit values from function 'fermi_fun' into constants 1152 
        D_fit = fitvalues(1); 1153 
        a1_fit = fitvalues(2); a2_fit = fitvalues(3);  1154 

  a3_fit = fitvalues(4); 1155 
        b1_fit = fitvalues(5); b2_fit = fitvalues(6);  1156 

  b3_fit = fitvalues(7); 1157 
        c1_fit = fitvalues(8); c2_fit = fitvalues(9);  1158 

  c3_fit = fitvalues(10); 1159 
        ESF_fit = D_fit + a1_fit./(exp((x-b1_fit)/c1_fit) + 1) + ... 1160 
            a2_fit./(exp((x-b2_fit)/c2_fit) + 1) + ... 1161 

a3_fit./(exp((x-b3_fit)/c3_fit) + 1); 1162 
        % From Tzannes and Mooney the LSF is already known 1163 
        LSF = abs(a1_fit*exp((x-b1_fit)/c1_fit)./ ...  1164 

(c1_fit*(exp((x-b1_fit)/c1_fit) + 1).^2) ... 1165 
            + a2_fit*exp((x-b2_fit)/c2_fit)./ 1166 

(c2_fit*(exp((x-b2_fit)/c2_fit) + 1).^2) + ... 1167 
            a3_fit*exp((x-b3_fit)/c3_fit)./ ... 1168 

(c3_fit*(exp((x-b3_fit)/c3_fit) + 1).^2)); 1169 
    else 1170 
        disp('Error....Error  Select an option.'); return 1171 
    end 1172 
    figure(3); plot(pix,int,'o');  hold on;  1173 
    title('ESF Data and Curve Fit'); 1174 
    plot(x,ESF_fit,'r');    % plots over ESF data of figure 3 1175 
    xlim([-25 25]); hold off  1176 
    set(3,'Position',pos3); hold off     1177 
    LSF_max = max(LSF); 1178 
    LSF = LSF/LSF_max;      % normalize LSF/PSF 1179 
    figure(4); plot(x,LSF); title('LSF'); % grid on          1180 
    set(4,'Position',pos4); 1181 
    hh = find(LSF>=0.5); 1182 
    xmin = x(min(hh)); 1183 
    xmax = x(max(hh)); 1184 
    FWHM = xmax-xmin;       % FWHM of LSF/PSF in pixels 1185 
    FWHM_s = num2str(FWHM); 1186 
    text(xmax*1.1,0.85,['FWHM (in pixels) = ',FWHM_s]) 1187 
    pixel_size_um = pixel_size*1000;    % for display 1188 
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    pixel_size_um_s = num2str(pixel_size_um); 1189 
    text(xmax*1.1,0.75,['Pixel Size (in microns) = ',pixel_size_um_s]) 1190 
    FWHM_um = FWHM*pixel_size_um;   % FWHM of LSF/PSF in microns 1191 
    FWHM_um_s = num2str(FWHM_um); 1192 
    text(xmax*1.1,0.65,['FWHM (in microns) = ',FWHM_um_s]) 1193 
    handles.LSF = LSF; 1194 
    handles.x = x; 1195 
    guidata(hObject,handles) 1196 
% 1197 
% ISO 12233 ESF Curve fitting routines  %%%%%%%%%%%%%%%%%% 1198 
% 1199 
elseif flag_fit == 2         1200 
    disp('ISO 12233 fit using sfrmat2.m....work in progress!') 1201 
    ISO12233Option = handles.ISO12233Option; 1202 
    if ISO12233Option == 1      1203 
        [status, dat, fitme, ESF, c, nn] = sfrmat2mdc(4, IMAGE, 1); 1204 
        LSF=c;       1205 
        x=0.25:.25:nn/4;      1206 
    elseif ISO12233Option == 2      1207 
        disp('Try another option.') 1208 
        return 1209 
    else 1210 
    end 1211 
    figure(3); 1212 
    plot(x,ESF,'r');    % plots over ESF data of figure 3 1213 
    set(3,'Position',pos3); 1214 
    grid on; 1215 
    LSF_max = max(LSF); 1216 
    LSF = LSF/LSF_max;      % normalize LSF/PSF 1217 
    figure(4); plot(x,LSF); title('LSF'); % grid on          1218 
    set(4,'Position',pos4); 1219 
    handles.dat = dat; 1220 
    handles.LSF = LSF; 1221 
    handles.x = x; 1222 
    guidata(hObject,handles) 1223 
% 1224 
% Hyperbolic Tangent ESF Curve fitting routines 1225 
% 1226 
elseif flag_fit == 3         1227 
    disp('New hyperbolic tangent curve fitting algorithm being ...  1228 

developed by Chidley March 2004') 1229 
    TanhOption = handles.TanhOption; 1230 
    %flag0 = handles.flag0 1231 
    A = min(mean(IMAGE));        1232 
    B = max(mean(IMAGE));       1233 
    a = (A+B)/2; 1234 
    if TanhOption == 1      % Single option in popup menu  1235 
        if flag0 == 1 1236 
            b = (A-B)/2;     % b should be negative for falling edge 1237 
            disp('falling edge') 1238 
        else 1239 
            b = (B-A)/2;     % b should be positive for rising edge 1240 
            disp('rising edge') 1241 
        end 1242 
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        x0 = 0; 1243 
        flag = 0;   % Set equal to '1' to use new initial value for 'c' 1244 
        if flag == 1 1245 
            I1 = abs(B-A)*.1 + A; 1246 
            I2 = abs(B-A)*.9 + A; 1247 
            if flag0 == 1 1248 
                n1 = min(find(int <= I1))    % falling edge 1249 
                n2 = max(find(int >= I2)) 1250 
            else 1251 
                n1 = max(find(int <= I1))    % rising edge 1252 
                n2 = min(find(int >= I2)) 1253 
            end 1254 
            x1 = pix(n1) 1255 
            x2 = pix(n2) 1256 
            dx = abs(x1-x2) 1257 
            c = 2/dx 1258 
        else 1259 
            c = 0.5; 1260 
        end 1261 
        initialvalues = [a b c x0]; 1262 
        oldopts = optimset('fminsearch'); 1263 
        options = optimset(oldopts,'MaxFunEvals',5000, 'MaxIter',5000); 1264 
        [fitvalues,fval,exitflag,output] = ... 1265 

fminsearch(@tanh_fun1,initialvalues,options,pix,int); 1266 
        x = -25:0.01:25;  1267 
        a = fitvalues(1);  1268 
        b = fitvalues(2);  1269 
        disp(' c_fit') 1270 
        c = fitvalues(3) 1271 
        x0 = fitvalues(4); 1272 
        ESF_fit = a + b*tanh(c*(x-x0)); 1273 
        LSF = abs(c*b*sech(c*(x-x0)).^2); 1274 
        handles.b = b; handles.c = c; handles.x0 = x0; handles.x = x; 1275 
    elseif TanhOption == 2       1276 
        disp('Option disabled.') 1277 
        RETURN      % option disabled 1278 
    elseif TanhOption == 3      % Triple option in popup menu 1279 
        if flag0 == 1 1280 
            b1 = (A-B)/2;     % b should be negative for falling edge 1281 
        else 1282 
            b1 = (B-A)/2;     % b should be positive for rising edge 1283 
        end 1284 
        z3=1; 1285 
        if z3 == 1 1286 
            b2 = 1.1*b1; b3 = 0.9*b1;      1287 
            c1 = .5; c2 = 0.9*c1; c3 = 1.1*c1; 1288 
            x01 = 0; x02 = 0; x03 = 0; 1289 
        else 1290 
            b2 = 100; b3 = 100;      1291 
            c1 = .5; c2 = .1; c3 = .1; 1292 
            x01 = 0; x02 = 0; x03 = 0; 1293 
        end 1294 
        initialvalues=[a b1 b2  b3 c1 c2 c3 x01 x02 x03]; 1295 
        oldopts = optimset('fminsearch'); 1296 
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        options = optimset(oldopts,'MaxFunEvals',10000, ... 1297 
 'MaxIter',10000); 1298 

        [fitvalues,fval,exitflag,output] = ... 1299 
fminsearch(@tanh_fun3,initialvalues,options,pix,int); 1300 

        x = -25:0.01:25; 1301 
        a = fitvalues(1);  1302 
        b1 = fitvalues(2); 1303 
        b2 = fitvalues(3); 1304 
        b3 = fitvalues(4); 1305 
        c1 = fitvalues(5); 1306 
        c2 = fitvalues(6); 1307 
        c3 = fitvalues(7); 1308 
        x01 = fitvalues(8); 1309 
        x02 = fitvalues(9); 1310 
        x03 = fitvalues(10); 1311 
        ESF_fit = a + b1*tanh(c1*(x-x01)) + b2*tanh(c2*(x-x02)) ... 1312 

+ b3*tanh(c3*(x-x03)); 1313 
        LSF = abs(c1*b1*sech(c1*(x-x01)).^2 + ... 1314 

c2*b2*sech(c2*(x-x02)).^2 + c3*b3*sech(c3*(x-x03)).^2); 1315 
    else 1316 
        disp('Error, somehow TanhOption got changed.  Check code.') 1317 
    end 1318 
    figure(3); plot(pix,int,'o');  hold on;  1319 
    title('ESF Data and Curve Fit'); %grid on;   % replot ESF 1320 
    plot(x,ESF_fit,'r');    % Plots over ESF data of figure 3. 1321 
    xlim([-25 25]); hold off 1322 
    LSF_max = max(LSF); 1323 
    LSF = LSF/LSF_max;      % Normalize LSF/PSF. 1324 
    figure(4); plot(x,LSF); title('LSF'); % grid on          1325 
    set(4,'Position',pos4); 1326 
    hh = find(LSF>=0.5); 1327 
    xmin = x(min(hh)); 1328 
    xmax = x(max(hh)); 1329 
    FWHM = xmax-xmin;        1330 
    FWHM_s = num2str(FWHM); 1331 
    text(xmin*0.95,0.85,['FWHM (in pixels) = ',FWHM_s]) 1332 
    pixel_size_um = pixel_size*1000;     1333 
    pixel_size_um_s = num2str(pixel_size_um); 1334 
    text(xmin*0.95,0.75,['Pixel Size (in microns) = ',pixel_size_um_s]) 1335 
    FWHM_um = FWHM*pixel_size_um;   % FWHM of LSF/PSF in microns 1336 
    FWHM_um_s = num2str(FWHM_um); 1337 
    text(xmin*0.95,0.65,['FWHM (in microns) = ',FWHM_um_s]) 1338 
    handles.LSF = LSF; 1339 
    handles.x = x; 1340 
    guidata(hObject,handles) 1341 
else 1342 
    disp('Please choose one of the fitting function check boxes.') 1343 
end 1344 
 1345 
% --- Executes on button press in checkboxVertEdgeCorrection. 1346 
function checkboxVertEdgeCorrection_Callback(hObject, eventdata, 1347 
handles) 1348 
state = get(hObject,'Value'); 1349 
if state == 1 1350 
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    handles.flag_Vcorrect = 1;          1351 
else 1352 
    handles.flag_Vcorrect = 0; 1353 
end 1354 
guidata(hObject,handles) 1355 
 1356 
% --- Executes on button press in checkboxHorEdgeCorrection. 1357 
function checkboxHorEdgeCorrection_Callback(hObject, eventdata, 1358 
handles) 1359 
state = get(hObject,'Value'); 1360 
if state == 1 1361 
    handles.flag_Hcorrect = 1;          1362 
else 1363 
    handles.flag_Hcorrect = 0; 1364 
end 1365 
guidata(hObject,handles) 1366 
 1367 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 1368 
% (4) --- Executes on button press in Calculate_MTF.          (4) %%%%%  1369 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 1370 
 1371 
function Calculate_MTF_Callback(hObject, eventdata, handles) 1372 
% Read in handles 1373 
flag_Hor = handles.flag_Hor; 1374 
IMAGE = handles.IMAGE; 1375 
flag_fit = handles.flag_fit; 1376 
TanhOption = handles.TanhOption; 1377 
LSF = handles.LSF; 1378 
x = handles.x;      % Resampling of pix 1379 
m = handles.m;      % Sysytem magnification 1380 
lambda = handles.lambda; 1381 
NA = handles.NA; 1382 
pos5 = handles.pos5; 1383 
pos6 = handles.pos6; 1384 
 1385 
% Read in pixel size. 1386 
if flag_Hor == 0 1387 
    pixel_size = handles.Hor_Pixel_Size     1388 
    disp('Horizontal pixel size is used for a vertical edge.') 1389 
else 1390 
    pixel_size = handles.Vert_Pixel_Size;    1391 
    disp('Vertical pixel size is used for a horizontal edge.') 1392 
end 1393 
pixel_size_um = pixel_size*1000; 1394 
f_nq_camera = 1/(2*pixel_size);          1395 
% 1396 
% Step 6: Take Fourier Transform of LSF/PSF to get OTF/MTF. 1397 
% 1398 
if flag_fit == 2    % ISO 12233 option 1399 
    dat = handles.dat; 1400 
    MTF = dat(:,2); 1401 
    % sizeMTF= size(MTF_test) % echo size of arrays for debugging. 1402 
    freq = dat(:,1); 1403 
    % sizefreq = size(freq) 1404 
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    freq = 2*freq;      1405 
    n = max(find(freq < 1.001)); 1406 
    freq = freq(1:n);          1407 
    MTF = MTF(1:n); 1408 
    freq_test = 0:round(max(freq))/100:round(max(freq)); 1409 
    MTF_test_raw = interp1(freq, MTF, freq_test, 'spline'); 1410 
    % f_nq_camera = 1/(2*pixel_size); % needed later 1411 
    n2 = size(MTF_test_raw,2); 1412 
elseif flag_fit == 3 & TanhOption == 2 1413 
    Analytical = handles.Analytical; 1414 
    freq_test = Analytical(1,:); 1415 
    MTF_test_raw = Analytical(2,:);          1416 
    n2 = size(MTF_test_raw,2); 1417 
    % f_nq_camera = 1/(2*pixel_size); % needed later 1418 
else 1419 
    n = 20001;      % n is the value used to increase sampling of fft 1420 
    x_size = size(x,2);                1421 
    OTF = fft(LSF,n); 1422 
    half = round(size(OTF,2)/2); 1423 
    OTF_half = OTF(1:half);              1424 
    OTF_n = OTF_half/max(OTF_half);     % normalized OTF  1425 
    MTF = abs(OTF_n);                   % figure(?); plot(freq,MTF); 1426 
    delta_x = max(x)-min(x);         1427 
    f_nq_comp = x_size/(2*delta_x*pixel_size);      1428 
    xx = 0:2/n:1;       % This replicates the spacing used in the fft. 1429 
    % f_nq_camera = 1/(2*pixel_size);         % [LPMM] 1430 
    ratio = f_nq_comp/f_nq_camera; 1431 
    freq = xx*ratio;  % Frequency is given in terms of f/f_nq_camera  1432 
    n2 = max(find(freq < 1.001)); 1433 
    freq_test = freq(1:n2);          1434 
    MTF_test_raw = MTF(1:n2);  1435 
end 1436 
 1437 
% At the image (camera) 1438 
NA_im = NA/m;     % NA of testing system at camera (in image space) 1439 
cutoff_freq_im = 2*NA_im/(lambda);    % Calculate cutoff frequency in 1440 
lp/mm at image (camera) 1441 
cutoff_norm_im = cutoff_freq_im/f_nq_camera;    % Normalize image 1442 
cuttoff frequency to camera 1443 
phi_im=acos(lambda*freq_test*f_nq_camera/2/NA_im);      % lambda in mm 1444 
here because freq_test*f_nq_camera is lp/mm 1445 
MTF_ideal_im=abs(2*(phi_im-cos(phi_im).*sin(phi_im))/pi);     % 1446 
diffraction limited MTF at image 1447 
figure(5); 1448 
set(5,'Position', pos5); 1449 
plot(freq_test,MTF_ideal_im,'--r'); hold on       % Plots diff-limit 1450 
MTF at camera (problem here is freq_test doesn't go out to cut-off 1451 
freq!!) 1452 
if flag_fit == 2 1453 
    plot(freq_test,MTF_test_raw,'-g');       1454 
else 1455 
    plot(freq_test,MTF_test_raw);     1456 
end 1457 
 1458 
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xlabel('Frequency/Nyquist Frequency of Camera (f/f_n_qcamera)') 1459 
ylabel('MTF'); title('Normalized MTF at Image/Camera') 1460 
xlim([0 1]); ylim([0 1]); grid on 1461 
 1462 
% Diffraction-limited MTF at object/target. 1463 
cutoff_freq=2*NA/lambda     % Calculate cutoff frequency in lp/mm at 1464 
object/target 1465 
f=freq_test*f_nq_camera*m; 1466 
phi=acos(lambda*f/2/NA);      % lambda [mm], freq is [lpmm] 1467 
MTF_ideal=abs(2*(phi-cos(phi).*sin(phi))/pi);      1468 
figure(6);  1469 
set(6,'Position',pos6); 1470 
plot(f,MTF_test_raw); hold on  1471 
plot(f,MTF_ideal,'-.r');         1472 
grid on; xlim([0 f_nq_camera*m]); ylim([0 1]); 1473 
xlabel('Frequency (LPMM)'); ylabel('MTF');  1474 
title('System MTF at Object/Target') 1475 
handles.MTF_ideal = MTF_ideal; 1476 
% Calculate Strehl ratio using areas under the MTF curves up to the 1477 
% cutoff frequency of the system. 1478 
disp('Magnification used was ') 1479 
m 1480 
ncutoff = max(find(f<cutoff_freq));      % # data points  1481 
freq_ncutoff = f(ncutoff) 1482 
MTFcutoff = handles.MTFcutoff; 1483 
ncutoff2 = min(find(MTF_test_raw < MTFcutoff));   % # data points  1484 
if isempty(ncutoff2) 1485 
    ncutoff2 = ncutoff; 1486 
end 1487 
if ncutoff2 > ncutoff 1488 
    disp('ncutoff2 exceeds ncutoff and this is not allowed.  ... 1489 

ncutoff2 reset to ncutoff.') 1490 
    ncutoff2 = ncutoff; 1491 
end 1492 
freq_ncutoff2 = f(ncutoff2); 1493 
% 1494 
% Correct raw MTF_test data such that nowhere does it exceed the 1495 
% diffraction limit.  At these data points set the MTF to the ideal 1496 
value. 1497 
for i = 1:n2 1498 
    if MTF_test_raw(i) > MTF_ideal(i) 1499 
        MTF_test(i) = MTF_ideal(i); 1500 
    else 1501 
        MTF_test(i) = MTF_test_raw(i); 1502 
    end 1503 
end 1504 
% 1505 
% Now eliminate noise from the data at level determined by ncutoff2. 1506 
MTF_test(ncutoff2+1:n2)=0; 1507 
plot(f(1:ncutoff),MTF_test(1:ncutoff),'g'); 1508 
test = sum(MTF_test(1:ncutoff))  ;       % This gives you the area 1509 
under the MTF curve for the test optics. 1510 
ideal = sum(MTF_ideal(1:ncutoff)); 1511 
SR = test/ideal    1512 
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% 1513 
% Read in relay background file.   1514 
% If background file does not exist or is the incorrect size then set  1515 
% MTF_back equal to the ideal diffraction limit and thus it will not  1516 
% factor into the calculation. 1517 
if flag_Hor == 0        % Vertical edge. 1518 
    flag_Vcorrect = handles.flag_Vcorrect;      1519 
    if flag_Vcorrect == 0 1520 
        MTF_back = MTF_ideal;  1521 
        m_back = 1; 1522 
        disp('No relay optics background correction has factor into the  1523 

been done to the results.') 1524 
        disp(' ') 1525 
    else 1526 
        h = exist('MTF_back_V.dat');     1527 
        if h == 0 1528 
            MTF_back = MTF_ideal;    1529 
            m_back = 1; 1530 
            disp('MTF_back_V.dat does not exist.') 1531 
            disp('You must create this file.') 1532 
        else 1533 
            hh = exist('m_back.dat'); 1534 
            if hh == 0 1535 
                m_back = 1; 1536 
                MTF_back = MTF_ideal; 1537 
                disp('m_back.dat does not exist.') 1538 
                disp('m_back = 1') 1539 
            else 1540 
                load m_back.dat; 1541 
                load MTF_back_V.dat; 1542 
                if size(MTF_back_V,2) == n2 1543 
                    MTF_back = MTF_back_V; 1544 
                else 1545 
                    MTF_back = MTF_ideal; 1546 
                end 1547 
            end 1548 
        end 1549 
    end 1550 
elseif flag_Hor == 1    % Horizontal edge. 1551 
    flag_Hcorrect = handles.flag_Hcorrect;  1552 
    if flag_Hcorrect == 0; 1553 
        MTF_back = MTF_ideal; 1554 
        m_back = 1; 1555 
        disp('No relay optics background correction has been factor ... 1556 

 into the done to the results.') 1557 
        disp(' ') 1558 
    else 1559 
        h = exist('MTF_back_H.dat');     1560 
        if h == 0 1561 
            MTF_back = MTF_ideal; 1562 
            m_back = 1; 1563 
        else 1564 
            hh = exist('m_back.dat'); 1565 
            if hh == 0 1566 
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                m_back = 1; 1567 
                MTF_back = MTF_ideal;        1568 
                disp('m_back.dat does not exist.') 1569 
                disp('m_back = 1') 1570 
            else 1571 
                load m_back.dat; 1572 
                load MTF_back_H.dat; 1573 
                if size(MTF_back_H,2) == n2 1574 
                    MTF_back = MTF_back_H; 1575 
                else 1576 
                    disp('MTF_back.dat array size does not agree') 1577 
                    disp('MTF_back has been set equal to MTF_ideal') 1578 
                    MTF_back = MTF_ideal; 1579 
                end 1580 
            end 1581 
        end 1582 
    end 1583 
end 1584 
m_mini_obj = m/m_back; 1585 
% 1586 
% Estimate performance for miniature objective. 1587 
% 1588 
plot(f(1:ncutoff),MTF_back(1:ncutoff),':g'); 1589 
% Element-wise multiply and division, Remove MTF background from 1590 
results for MTF mini objective. 1591 
MTF_mini_obj = 1592 
MTF_test(1:ncutoff2).*MTF_ideal(1:ncutoff2)./MTF_back(1:ncutoff2); 1593 
plot(f(1:ncutoff2),MTF_mini_obj,'--g');        % MTF mini obj 1594 
legend('MTF test raw','MTF ideal','MTF test','MTF back','MTF mini 1595 
obj'); 1596 
mini_obj = sum(MTF_mini_obj); 1597 
SR_mini_obj = mini_obj/ideal 1598 
hold off 1599 
handles.MTF_test = MTF_test;        % The "filtered" raw MTF for the 1600 
test system can be saved to MTF_back 1601 
guidata(hObject,handles) 1602 
% 1603 
% Write to file resultsSR.dat 1604 
% 1605 
filename = handles.sub_filename; 1606 
fid = fopen('resultsSR.dat', 'a'); 1607 
fprintf(fid, 'A ROI was selected and saved to file: '); fprintf(fid, 1608 
filename); fprintf(fid,'  '); 1609 
fprintf(fid,'\n The following algorithm was used: '); 1610 
fit_name1 = handles.fit_name1; 1611 
fit_name2 = handles.fit_name2; 1612 
fprintf(fid, fit_name1); fprintf(fid, '  '); fprintf(fid, fit_name2); 1613 
fprintf(fid,'\n   NA  Cutoff Freq(LPMM)    m    m_back  m_mini_obj   SR   1614 
SR_mini_obj'); 1615 
fprintf(fid, '\n %6.2f\t %9.1f\t %9.2f\t %6.2f\t %6.3f\t %9.4f\t 1616 
%6.4f\t', NA, cutoff_freq, m, m_back, m_mini_obj, SR, SR_mini_obj); 1617 
fprintf(fid,'\n MTF_test (raw data corrected for diffraction limit 1618 
infractions and noise cutoff)'); 1619 
MTF_test_s = num2str(MTF_test(1:ncutoff2)); 1620 
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fprintf(fid,'\n %s', MTF_test_s); 1621 
fprintf(fid,'\n MTF_mini_obj (test data with background divided out)'); 1622 
MTF_mini_obj_s = num2str(MTF_mini_obj); 1623 
fprintf(fid,'\n %s', MTF_mini_obj_s); 1624 
fprintf(fid,'\n MTF_ideal (diffraction limit based on NA)'); 1625 
MTF_ideal_s = num2str(MTF_ideal(1:ncutoff)); 1626 
fprintf(fid,'\n %s', MTF_ideal_s); 1627 
fprintf(fid,'\n f (Spatial Frequency from 0 to cutoff)'); 1628 
f_s = num2str(f(1:ncutoff)); 1629 
fprintf(fid,'\n %s', f_s); 1630 
fprintf(fid,'\n\n'); 1631 
fclose(fid); 1632 
 1633 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 1634 
% Extra Buttons     %%%%%%%%%%%%%%%%%%%%%%%%%%%%% 1635 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 1636 
 1637 
% --- Executes on button press in pushbutton_sfrmat2. 1638 
function pushbutton_sfrmat2_Callback(hObject, eventdata, handles) 1639 
% This push button calls the stand alone program sfrmat2.m written by  1640 
% Peter Burns for the International Imaging Industry Association. 1641 
% The ISO fit algorithm of the 'edgeMTF.m' code uses these m-files for 1642 
% the function 'sfrmat2mdc.m', which is just a slightly modified  1643 
% version of 'sfrmat2.m'. Since some of the files are needed for  1644 
% sfrmat2mdc.m all of them are included and so it is simple to include  1645 
% the stand-alone program as well. 1646 
sfrmat2 1647 
 1648 
% --- Executes on button press in pushbutton_About. 1649 
function pushbutton_About_Callback(hObject, eventdata, handles) 1650 
help edgeMTF 1651 
 1652 
% --- Executes on button press in pushbutton_Exit. 1653 
function pushbutton_Exit_Callback(hObject, eventdata, handles) 1654 
close all     % This will close GUI figure as well. 1655 
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APPENDIX F: PERMISSIONS 
 
 
Fax received from Chen Liang, now currently working for DMetrix, Inc. (Tucson 
Arizona). 
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Form received from Kung-Bin Sung. 
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