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ABSTRACT 

Minimally invasive surgery exhibits many advantages compared to open surgery, but it is 

limited in safety and efficiency by contemporary laparoscopes due to their non-stationary nature 

and inherently exhibited trade-off between resolution and instantaneous field of view (FOV). These 

limitations increase the likelihoods of adverse patient outcomes resultant from lacerations or 

electrical burns outside of the laparoscope FOV. Furthermore, surgical team members may 

experience fatigue or injury when sacrificing ergonomics to accommodate laparoscope positioning.  

To address the limitations of contemporary laparoscopes, a multi-resolution foveated 

laparoscope (MRFL) was proposed and developed. The MRFL features simultaneous optical 

imaging of a high-resolution narrow FOV (like that of a traditional laparoscope) and a lower 

resolution wide-angle view. The most recent MRFL design includes electrically tunable lenses 

(ETLs) and a dual-axis scanning device that respectively facilitate optical zooming and panning of 

the high-resolution view to any region within the wide-angle view. A functioning MRFL prototype 

was made from the design as a proof of concept, but its utility is limited by its imaging performance.  

In this dissertation, the advancement of MRFL imaging performance is discussed at length. 

Using the same lens design as the system discussed above, an improved prototype with higher 

image fidelity was developed for use in a porcine surgery study. Further improvements made in 

support of the study facilitated successful utilization of the prototype during in-vivo testing, but 

participant feedback confirms that its utility is still predominantly limited by its image quality. 

Following the study, a high-throughput multi-resolution foveated laparoscope (HT-MRFL) was 

designed to address the imaging limitations of the MRFL prototype while exhibiting reduced 

weight and size. An HT-MRFL benchtop prototype has been constructed using 3D printed opto-

mechanics and its performance is characterized and comparatively analyzed with respect to the 

previous MRFL prototype. 
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1 INTRODUCTION 

Minimally invasive surgery (MIS) is a form of surgical intervention in which small incisions 

facilitate ports (trocars) through which surgical tools and laparoscopic cameras may pass and access 

the surgical site. In this way, an operation is performed intracorporeally and visualization of the 

surgical site is achieved via an external monitor displaying the laparoscopic camera feed. Though 

its roots date back to 400 BC, MIS became clinically practical around the 1980s and only recently 

surged in popularity starting in the 1990s [1,2]. Today, MIS is regarded as the gold standard for 

appendectomies, cholecystectomies, and more [3] due to its reduction of trauma (also known as 

surgical stress) from that of open surgery. Though MIS is made possible by surgical endoscopes, 

the limited field of view (FOV) and non-stationary nature of modern laparoscopes place 

fundamental limitations on its safety and efficiency. Many novel intracorporeal systems, such as 

camera networks [4] and modified trocars [5,6] have been created to overcome these limitations, 

but these systems are typically impractical as commercial clinical solutions due to subpar image 

quality, setup time, or form factor. Further, most existing technologies only solve a fraction of the 

safety and efficiency limitations of standard laparoscopes. In recent years, our group developed a 

multi-resolution foveated laparoscope (MRFL) and associated features aimed at providing a 

complete solution to these problems [7–12]. Until now, MRFL prototypes have not achieved a level 

of image quality that is fit for clinical use. The research detailed in this dissertation focuses on 

elevating MRFL performance and developing a high-throughput multi-resolution foveated 

laparoscope (HT-MRFL) that facilitates all of the safety and efficiency innovations of previous 

MRFL prototypes while exhibiting image quality that rivals commercial laparoscopes.  

1.1 DISSERTATION CONTRIBUTION 

The overall contribution of this dissertation is the ascension of the MRFL architecture from 

a proof-of-concept prototype with clinical potential and low image quality, to a high-performance 
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imaging device with clinical promise and commercial imaging quality. More explicitly, the 

contribution is ternary. 

First is the improvement of pre-existing MRFL architecture and subsequent prototyping of 

an improved system. This includes simplifying the beam splitting and steering sub-system, 

addressing splitting inefficiency, and developing a method of real-time digital transverse color 

correction for future MRFL systems and dual-view endoscopes in general. Second is the 

improvement of MRFL practicality for clinical studies and increase of image contrast by mitigating 

the impact of ghost images inherent in MRFL systems. Third is the throughput-based design and 

prototyping of a high-throughput multi-resolution foveated laparoscope (HT-MRFL) that achieves 

image quality on par with commercial laparoscopes while facilitating all of the MRFL features 

aimed at improving MIS safety and efficiency. This includes developing throughput-based first-

order design strategies and algorithms, integrating the MRFL improvements into the HT-MRFL 

design, devising a strategy for balancing dispersion in high-index rod-based relay lenses, and 

improving the likelihood of successful stock lens substitution based on glass availability for 

different shape factors and diameters. 

1.2 DISSERTATION CONTENTS 

The remainder of this dissertation is organized as follows. Chapter 2 BACKGROUND 

summarizes the history, benefits, and limitations of minimally invasive surgery as well as existing 

technologies aimed at addressing those limitations. 

Chapter 3 IMPROVING A MULTI-RESOLUTION FOVEATED LAPAROSCOPE FOR 

IN-VIVO TESTING presents the methods by which an existing multi-resolution foveated 

laparoscope design was improved and a prototype was made for clinical testing.  

Chapter 4 MEDICAL STUDIES briefly summarizes a clinical study at Keck School of 

Medicine of USC that utilized the improved MRFL prototype and details the engineering support 

and continued prototype improvement associated with the study. 
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Chapter 5 DESIGN OF A HIGH-THROUGHPUT MULTI-RESOLUTION FOVEATED 

LAPAROSCOPE (HT-MRFL) details the process of designing a high-throughput multi-resolution 

foveated laparoscope including methods for throughput-based first-order design as well as modular 

system design, tolerancing, and stock lens design strategies.  

Chapter 6 HT-MRFL PROTOTYPING, PERFORMANCE EVALUATION, AND 

LIMITATIONS reports on the criteria-based design and fabrication of 3D printed opto-mechanics 

for the HT-MRFL prototype as well as its assembly, performance evaluation, and withstanding 

limitations.  

Chapter 7 CONCLUSION AND FUTURE WORK summarizes the body of work and 

contributions of this dissertation to the field of optical engineering and outlines avenues for future 

improvement and augmentation of the HT-MRFL.   

APPENDIX A includes a published peer-reviewed paper titled “Improved multi-resolution 

foveated laparoscope with real-time digital transverse chromatic correction.”  

APPENDIX B includes a published peer-reviewed paper titled “Surgeon assessment of a 

novel multi-resolution foveated laparoscope.”  

APPENDIX C includes a manuscript submitted for publication titled “Overview of a dual-

view laparoscope for increased safety and efficiency in minimally invasive surgery.”  

APPENDIX D includes a published peer-reviewed paper titled “A high-throughput multi-

resolution foveated laparoscope for minimally invasive surgery.”  

APPENDIX E provides the MATLAB© code written to find and plot the first order design 

solution region for the HT-MRFL objective lens.  

APPENDIX F provides the MATLAB© code written to find and plot the first order design 

solution region for the HT-MRFL zoom-view probe.  

APPENDIX G includes the charted results from a glass survey of 2,780 off-the-shelf lenses. 

APPENDIX H includes additional opto-mechanical design figures. 
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APPENDIX I includes a full comparative set of resolution testing images for the MRFL and 

HT-MRFL prototypes. 

APPENDIX J includes a full comparative set of phantom and tissue analogue images 

captured using the MRFL and HT-MRFL prototypes. 

APPENDIX K includes additional images captured with the HT-MRFL prototype. 

APPENDIX L provides a list of abbreviations used in this dissertation. 
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2 BACKGROUND 

This chapter discusses the history, benefits, and limitations of minimally invasive surgery 

(MIS). Furthermore, a summary is presented of existing incoherent imaging-based technologies 

aimed at solving these limitations. 

2.1 HISTORY OF MINIMALLY INVASIVE SURGERY 

Modern minimally invasive surgery is the culmination of ideas and technological advances 

dating back to Hippocrates. Though Hippocrates is credited with the first attempts at endoscopy in 

400 BC, it took over 2000 years before the German physician Philipp Bozzini invented the first 

endoscopic system featuring its own light source in 1806 [2]. At the time, however, Bozzini’s 

candlelit cystoscope was ill-received by the medical community as nothing more than a toy [13]. 

Throughout the mid-1800s, several physicians modified and improved Bozzini’s device for use 

with brighter light sources and specialized attachments. By the early 1880s, reports of clinical 

esophagoscopies were substantiated, and by 1901, Georg Kelling had begun experimental canine 

laparoscopy. Though Kelling claims to have performed the first two successful laparoscopic 

procedures on humans around that same time, his failure to publish forfeited his pioneering status 

to Hans Christian Jacobaeus who is now accredited with introducing laparoscopic procedures in 

humans in 1911. Jacobaeus’s method of thoroscopic pneumolysis, which he developed to treat 

patients afflicted by tuberculosis, gained popularity and catalyzed advancements in the field of 

laparoscopy through to the mid-1940s. In 1945, however, the antibiotic streptomycin was 

introduced to treat tuberculosis and interest in MIS faded [2]. 

The next wave of laparoscopic innovation came nearly a decade later in 1953 with the 

invention of the rod lens by English physicist Harold H. Hopkins. Yielding clarity and luminance 

80 times greater than that previously achievable [14], the rod lens relay system propelled MIS back 

into clinical consideration. Hopkins’s subsequent work in fiberoptics laid the foundation for further 
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laparoscopic innovations and the eventual development of flexible laparoscopes. Just as influential 

in the rise of MIS, though not as well received by the public, was German physician and toolmaker, 

Kurt Semm. Semm recognized the potential of laparoscopy early on and devoted years to 

endoscopic tool development and heretical advocation of laparoscopic intervention. In the face of 

public vilification, Semm performed the first laparoscopic appendectomy in 1981. The next year, 

the first laparoscopic video camera head was introduced, which lifted many of the limitations of 

MIS at that time including single-user viewing and camera manipulation. The invention of the video 

camera head marked a paradigm shift in MIS that potentiated and popularized modern laparoscopic 

cholecystectomies throughout the late 1980s and early 1990s [2]. The following decade saw 

unprecedented advancement and spread of MIS including the development of robotic surgery. In 

1994 the Automated Endoscopic System for Optimal Position (AESOP, Computer Motion, Inc.) 

became the first robotic surgical system approved by the FDA for abdominal surgery [15,16]. Six 

years later, the da Vinci surgical system (Intuitive Surgical©) earned the title of the first robotic 

surgical system to gain FDA approval for general laparoscopic surgery [17]. Statistics now suggest 

that laparoscopy accounts for over 90% of cholecystectomies, appendectomies, and Nissen 

fundoplications as well as a significant percentage of gastrectomies, hernia repairs, and colectomies 

[1]. 

2.2 BENEFITS AND LIMITATIONS OF MIS 

Numerous independent studies have shown laparoscopic MIS to exhibit significant 

advantages over open surgery such as lower morbidity, reduced post-operative pain, shortened 

hospital stays, lower 30-day readmission rates, and decreased hospital costs [18–20]. Though the 

advantages of MIS are proven and substantial, modern laparoscopy is fundamentally limited in 

safety and efficiency by traditional laparoscopic imaging systems.  

Traditional rigid laparoscopes exhibit an inherent trade-off between instantaneous field of 

view (FOV) and spatial resolution. These laparoscopes, which are usually designed with full 



 

 

19 

 

 

angular FOVs around 70°, are typically used at short working distances (WDs) of 50 mm or less to 

achieve levels of detail adequate for MIS. During MIS, the laparoscope is typically the only means 

of intracorporeal vision, meaning the surgeon is only able to see a circular region of interest (ROI) 

inside the body that is less than ~7 cm in diameter. As a result, accidents occur and can go unnoticed 

outside of the FOV. For example, lesions caused by instrument collisions with tissue are especially 

concerning in laparoscopy due to the blind fashion in which tools are introduced into the body [21–

23]. Thermal injuries from direct or indirect coupling of electrosurgical instruments are also 

possible sources of complication since coupling typically occurs outside of the narrow field of 

vision [24–33].  

 

Fig. 2.1. Scenario in which thermal injury to tissue is sustained from electrical coupling 

of an energized electrosurgical instrument to a non-energized instrument outside of the 

laparoscopic FOV. This figure is for illustrative purposes. Structures and scale are not 

anatomically correct. 

Currently, standard procedure for viewing ROIs outside of the narrow FOV is to either 

“zoom-out” by physically withdrawing the laparoscope or pan to the desired ROI via rotary motion 

of the laparoscope about the trocar fulcrum. Physical manipulation of the laparoscope, however, 

increases the probability of intracorporeal endoscope collisions and necessitates a dynamic means 

of positioning and stabilizing the camera. 
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During conventional laparoscopic surgery (CLS), a trained assistant holds and positions the 

camera. This creates several issues. First, CLS typically last 75 to 99 minutes and can go longer 

than 3 hours [34–37]. Consequently, image stability has been known to degrade in prolonged 

procedures due to fatigue from holding the camera [38]. Second, it is extremely common that the 

surgeon and assistant must subject themselves to non-ergonomic posturing and awkward hand 

positioning to achieve suitable camera angles [39]. Third, the tasks and priorities of an assistant 

differ from those of a surgeon but both parties share the same laparoscope. Thus, intervention 

outcome becomes dependent on the effective communication, compromise, and rapport between 

the surgeon and assistant [40–43].  

 

Fig. 2.2. Da Vinci robotic surgery system at Keck School of Medicine of USC. 

The issues described above are, to some degree, mitigated in robotic surgery since robotic 

arms are used to hold and stabilize the laparoscope (as seen in Fig. 2.2). Robotically controlled 

laparoscopes, however, still exhibit a resolution-FOV tradeoff, and robotic surgery requires a 

bedside assistant to swap and introduce tools. Thus, peripheral accidents and surgeon-assistant 

communication are still limiting factors.  
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2.3 EXISTING TECHNOLOGIES 

The MRFL was designed and fabricated to mitigate MIS safety and efficiency concerns 

associated with traditional laparoscopic imaging systems. Although it is not the first system 

developed to address one or both issues using real-time wide-FOV imaging, the MRFL has distinct 

advantages over preceding technologies that make it an attractive and novel solution. This section 

discusses existing technologies aimed at resolving the limitations discussed above through some 

form of real-time wide-FOV capture. For the purposes of this discussion, technologies have been 

sorted into four categories based on their primary functions and form factors. The categories are: 

(1) Augmented laparoscopes; (2) Custom imaging trocars; (3) Intracorporeal vision networks; and 

(4) Multi-imaging motionless endoscopes. 

2.3.1 Augmented laparoscopes 

Augmented laparoscope systems add technology to existing laparoscopes to expand the 

viewable area within the surgical cavity. Fully flexible and rigid laparoscopes with flexible or 

articulating tips exist and allow the surgeon to mechanically change viewing angle. These 

laparoscopes, however, require space within the surgical cavity to move and rotate. Scanning 

devices, such as Risley-prism scanners [44,45], have been added to endoscopes to facilitate panning 

of the FOV to different ROIs without moving or articulating the laparoscope. Theoretically, these 

scanning laparoscopes can be used as stationary devices thereby mitigating risk of the laparoscope 

colliding with surrounding structures or instruments. The instantaneous FOV of these scanning 

devices, however, is comparable to standard laparoscopes. Thus, no significant peripheral context 

is gained that could prevent instrument collisions, electrical coupling, and other adverse events 

from occurring outside of the keyhole image. Wide-FOV laparoscopes can provide peripheral 

context, but traditional lens design of such systems results in decreased spatial resolution.  

A custom panamorph lens for endoscopes has been proposed which would provide a foveated 

image with high resolution over the central portion of the FOV and low resolution in the periphery 
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[46]. The panamorph lens works by purposely introducing substantial barrel distortion into the lens 

design such that the magnification is large over the central FOV region and drops rapidly at larger 

field angles. The panamorph lens provides significant peripheral context to aid in prevention and 

identification of adverse events outside of the operating ROI. It does not, however, provide a real-

time way to dynamically move the center point of the optical distortion without moving the 

endoscope. To address events that occur outside the operating ROI, the whole laparoscope must be 

moved to image an event site in high resolution. Thus, the panamorph lens does not lessen the risk 

of laparoscope collisions with surrounding structures and does not address the deficiencies of 

handheld laparoscopic devices.  

2.3.2 Custom imaging trocars 

Custom imaging trocars (CITs) featuring cameras and lights that capture large FOVs have 

been created for the purpose of supplementing or replacing traditional laparoscopes. To facilitate 

insertion through the abdominal wall, most CITs exhibit mechanical mechanisms for remote 

intracorporeal deployment. Common deployment mechanisms include sliding tracks [47], folding 

arms [5,6,48], or a combination of both [49,50]. Tamadazte et al. propose a system in which two 

small cameras are attached to guide rails on opposite sides of the inner trocar tube wall. Insertion 

of the laparoscope pushes the cameras out of the distal end of the trocar, and tension applied to the 

camera cables stabilizes them against the sides of the endoscope [47]. Trilling et al. propose a 

similar two-camera trocar with a more robust folding deployment mechanism [5,6]. The two-

camera systems described above only provide significant FOV expansions along one direction due 

to the linear camera layouts. A four-camera trocar was developed by Kim et al. to provide a more 

isotropic expansion of the FOV [49,50], but it utilizes more complex mechanics involving 

retractable folding support arms.  

The small and intricate mechanisms used for intracorporeal camera deployment pose 

sanitization and reusability concerns that may limit the clinical practicality of CITs. Furthermore, 
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intracorporeal deployment of mechanical mechanisms should be visually monitored to prevent 

from harming the patient or CIT. For this reason, trocar installation and insufflation processes are 

more involved and time consuming when using a CIT. Optically, CITs must sacrifice resolution to 

gain wide FOVs. Thus, the optical magnification and performance of a wide-view trocar system is 

not adequate to resolve the level of detail required for MIS. For this reason, current CITs should be 

considered supplementary to standard laparoscopes rather than equivalent or superior 

replacements. Since the trocar cameras and laparoscope do not share an objective lens, the utility 

of a trocar-mounted supplementary system is significantly lessened for applications in which 

angled laparoscopes are favorable.  

As a supplemental entity, a CIT does not address the inefficiencies of hand-held laparoscopes 

and must accommodate all rotational and translational laparoscope movements. The rotational 

orientation of a trocar is not coupled to that of the laparoscope, thus rotational disparities between 

the endoscope and trocar images may occur. It has been shown for traditional laparoscopy that 

rotational disparities between two reference frames, physical and imaged, result in increased 

cognitive load and decreased performance in surgeons [51]. It stands to reason then, that adding 

the trocar image as a third rotationally independent reference frame would exacerbate these effects.   

2.3.3 Intracorporeal vision networks 

Intracorporeal vision networks (IVNs) are composed of one or more stand-alone imaging 

devices that are mounted or placed inside the abdominal cavity. An IVN can generally be classified 

as one of two types depending on the method by which it provides peripheral context. The first type 

of IVN, the multi-view network, provides peripheral context by capturing and displaying multiple 

independent viewing angles of the surgical cavity. Oleynikov et al. developed multiple small 

imaging robots that are inserted into an abdominal cavity via incisions in the abdominal wall. Once 

inside the cavity, the robots can be positioned and controlled to provide supplemental images from 

arbitrary viewpoints [52]. A multi-camera and light network proposed by Rivas-Blanco et al. [4] 
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uses a magnetic anchoring and guidance system (MAGS) to mount and steer intracorporeal imaging 

devices through the abdominal wall via external magnets. The MARVEL system, developed by 

Castro et al., is a multi-view IVN originally designed to alleviate surgical tool bottlenecking and 

“sword fighting” during laparo-endoscopic single site procedures [53,54]. MARVEL features 

multiple wireless robotic camera modules with pan and tilt capabilities that affix to the abdominal 

wall. Each camera module is inserted into the abdominal cavity and a coaxial needle extruding 

from the base of the camera module is pushed up through the abdominal wall, secured 

extracorporeally, and connected to a power source. Once in place, the tip, tilt, and focus of each 

camera module can be controlled remotely.  

The second type of IVN, the wide-view network, provides peripheral context by displaying 

a single wide-angle view of the surgical cavity obtained by direct capture or stitching of multiple 

video feeds. The BirdView Camera System, developed by Sumi et al. and manufactured by SHARP 

Corporation©, is a stand-alone camera and lighting unit that is inserted into the abdominal cavity 

via trocar to directly capture a supplemental wide-angle image [55]. In contrast, Kanhere et al. 

developed a wide-view IVN in which a real-time panoramic view with adjustable FOV is obtained 

by stitching together video feeds from four micro-cameras mounted to polydimethylsiloxane 

flexures [56]. 

IVNs are typically successful in providing peripheral context but exhibit several drawbacks. 

Setup of an IVN must be visually monitored inside the abdominal cavity and far exceeds that of a 

traditional laparoscope in time and complexity. MAGS could offer simpler and faster device 

mounting, but the clinical practicality of MAGS based systems is limited due to interference with 

magnetically sensitive equipment, dependence of magnetic coupling strength on abdominal wall 

thickness, device attraction, and injury due to improper lubrication [55,57]. Regardless of mounting 

procedure, most IVNs to-date comprise wired imaging devices that require at least one dedicated 

trocar for cabling. Cable management, however, may not stay a limiting factor as wireless 

laparoscopic imaging is becoming more viable [58].  
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The cognitive load imparted on surgeons by IVNs must also be considered. Multi-view 

networks are known to increase cognitive demand on a surgeon and decrease performance [59]. A 

wide-view network may induce similar effects depending on positioning of the imaging device(s) 

[60]. Wide-view networks and most multi-view networks exhibit the same tradeoff between FOV 

and spatial resolution as custom trocar solutions and should be considered supplemental to standard 

laparoscopes. Used in conjunction with a traditional laparoscope, an ideally positioned wide-view 

network may still exhibit detrimental rotational disparities between the wide-view and laparoscopic 

images.  

2.3.4 Multi-imaging motionless endoscopes 

In 2002, Yamauchi et al. reported the development of a dual-view endoscope system that 

simultaneously captures a wide view and zoomed view [61]. The system uses linear translation of 

a porro prism to shift the zoomed-view image to different regions of the surgical field. Further 

development of the system brought improvements to illumination, a counterbalanced mounting 

arm, and optical zoom [62]. In contrast to the augmented laparoscopes, CITs, and IVNs discussed 

above, which all provide peripheral context via intracorporeal innovations, the dual-view 

endoscope is designed such that the innovative splitting, scanning, and zooming subsystems are all 

housed extracorporeally during surgery. In this way, the system provides surgical teams with 

peripheral context while maintaining the unobtrusive intracorporeal form factor of a traditional 

laparoscope. Thus, deployment of the dual-view endoscope’s insertable probe theoretically does 

not increase setup time, complexity, or risk from that of a standard commercial laparoscope.  

The dual-view endoscope is significantly dissimilar in form and function to any previous 

system discussed and thus pioneers a new category of technologies which I have affectionately 

dubbed multi-imaging motionless endoscopes (MIMEs). Of the categories discussed in this 

chapter, MIMEs comprise the fewest and most optically complex reported systems to date. 

Designation as a MIME requires simultaneous optical capture of two (or more) complimentary 
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FOVs through one set of endoscope optics. Furthermore, a MIME must, as the name suggests, be 

a stationary device that is designed to be kept at a fixed position and orientation throughout the 

duration of surgical intervention. As such, these systems must offer some means of view control, 

optical or otherwise, analogous to physical repositioning of a standard laparoscope. 

In theory, the dual-view endoscope architecture addresses a greater number of MIS safety 

and efficiency concerns than augmented laparoscopes, CITs, and IVNs while exhibiting fewer 

fundamental limitations. The porro prism shifting mechanism, however, is a limiting factor. Dual-

axis linear translative motion tends to be slower and less repeatable than dual-axis rotational motion 

for high precision applications. Furthermore, the porro prism, translation mechanics, and motion 

clearance demands place size restrictions on the system that limit miniaturization. Thus, there is a 

need for updated and refined MIME devices. 

In 2012, my colleagues in the 3D Visualization and Imaging Systems Laboratory presented 

a multi-resolution foveated laparoscope (MRFL). The system, designed by Qin et al., features 

higher resolutions and nominal modulation transfer than those of the dual-view endoscope [7]. 

Incorporation of new technologies and software into the MRFL architecture delivered performance 

improvements and enabled features such as zooming, auto-focus, tool tip auto-tracking, and display 

modalities [8,63,64]. Table 2.1 summarizes and grades the significant limiting factors of augmented 

laparoscopes, CITs, and IVNs in comparison to an improved version of the MRFL prototype, which 

is discussed further in Chapter 3. My work, chronicled in this dissertation, is the ascension of the 

MRFL architecture to clinical practicality and commercial laparoscope performance, which began 

with the improvement of an existing MRFL design for in-vivo testing. 
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Table 2.1 Comparison of the limitations of existing technologies aimed at improving 

MIS safety and efficiency through some form of real-time wide-FOV capture. 
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3 IMPROVING A MULTI-RESOLUTION FOVEATED LAPAROSCOPE 

FOR IN-VIVO TESTING 

As touched upon in section 2.3.4, Qin et al. developed a new MIME device, the multi-

resolution foveated laparoscope (MRFL), to solve limitations of contemporary MIS [7,8,11,63,64]. 

A prototype of Qin’s final MRFL design was constructed and tested. Though functional, the 

prototype is bulky and suffers from transverse chromatic aberration, low zoomed-view image 

brightness, and degraded image quality. Limited by budget and time constraints, solutions were 

devised to mitigate these issues without changing the lens design and an improved prototype was 

constructed. This chapter briefly summarizes the correction strategies and prototyping process. A 

full accounting of this body of work, including correction strategies, testing, prototyping, and 

results, has been published [65] and is included in APPENDIX A.  

3.1 AN MRFL WITH OPTICAL ZOOM AND PANNING CAPABILITIES 

3.1.1 Optical design layout 

The final MRFL optical design layout produced by Qin is shown in Fig. 3.1. Light entering 

the system is focused to a telecentric image by the objective lens. The image is carried downstream 

by double-telecentric relay lenses to an eyepiece. The eyepiece collimates the light and images an 

intermediate pupil onto a scanning mirror within the splitting and scanning assembly (SSA). The 

SSA is a polarization dependent optical isolator setup that splits the incoming light to the wide-

view probe (WVP) and zoom-view probe (ZVP). The WVP receives the reflected s-polarized light 

that is initially rejected by the optical isolator and focuses it to a low-resolution wide-angle image 

of the surgical field. The ZVP receives the remaining light that passes through the isolator setup 

and focuses it to a high-resolution close-up image of the surgical field. The ZVP is a Keplerian 

zoom system featuring a pair of electrically tunable lenses (ETLs). The ZVP zoom-factor is 

continuously adjustable between 2X and 3X (with respect to the wide-view FOV) by controlling 
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the focal ratio between the ETLs. Additionally, the ZVP FOV can be panned to view any ROI that 

is visible within the wide-angle image by adjusting the azimuthal and elevation angles of the 

scanning mirror [8]. 

 

Fig. 3.1. Optical design layout of the final MRFL prototype designed by Qin et al. [8]. 

3.1.2 Prototyping 

Qin designed the optical system shown in Fig. 3.1 as well as the corresponding opto-

mechanics responsible for maintaining system alignment and structural integrity. Upon his 

graduation, I took over the MRFL project and completed the prototyping process by coordinating 

fabrication of the opto-mechanics, designing and coordinating fabrication of the 3D printed 

housings (see Fig. 3.2), and assembling and testing the prototype. A CAD rendering of the 

assembled prototype is shown in Fig. 3.3. 
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Fig. 3.2. 3D printed housings for the early zoom-capable MRFL prototype. 

 

Fig. 3.3. CAD rendering of the finished zoom-capable MRFL prototype featuring 

custom CNC fabricated aluminum opto-mechanics (glossy-black finish) and custom 3D 

printed (matte-black finish) housings. 

3.2 AN IMPROVED MRFL PROTOTYPE 

The prototype discussed in the previous section was constructed for use in a proof-of-concept 

study at Keck School of Medicine of USC aimed at evaluating the system’s potential safety and 

efficiency benefits. Preliminary testing of the completed prototype revealed that the system is too 

bulky for clinical use and suffers from video latency, transverse chromatic aberration, low contrast, 

and unusably low zoom-view image brightness [65]. An in-person interactive demonstration of the 

system was given to the surgeon heading the clinical study, Dr. Mike Nguyen, at which point he 

confirmed that these limitations needed to be addressed before the system could be used in an in-

vivo animal study. Budget and time constraints did not warrant the design and fabrication of new 
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optics, so the challenge was posed to remedy the latency, chromatic performance, form factor, and 

image brightness issues without changing the lens design.  

3.2.1 Latency 

The initial MRFL prototype used two Point Grey DR2-13S2C cameras and exhibited a 

measured in-use framerate of 10-12 Hz. A collaborative effort was made with my lab colleague 

and MRFL software suite creator, Dr. Sang Yoon Lee, to reduce latency. The DR2-13S2C firewire 

cameras were swapped out for Point Grey CM3-U3-13S2C USB3.0 cameras. The newer cameras 

offered increases in maximum frame rate from ~20 to ~30 Hz and maximum data transfer rate from 

400 to 640 Mbps. Coupled with Dr. Lee’s software efficiency improvements, the CM3-U3-13S2C 

cameras increase the useable framerate of the MRFL to around 25 Hz.   

3.2.2 Chromatic aberration 

It was determined that the transverse chromatic aberration present in the initial prototype’s 

wide and zoomed view images (see Fig. 3.4) is attributable to the shared objective and relay lenses 

[65]. Since the lens design was to remain unchanged, a digital approach was the most viable 

solution for chromatic correction.  

 

Fig. 3.4. Wide view (left) and zoomed view (right) images captured using the initial 

prototype that exhibit transverse chromatic aberration. 

A method of real-time digital correction was derived that exploits the theoretical linear 

proportionality of transverse chromatic aberration to field height (referenced from the distortion 

center of the system) in order to calculate the vertical and horizontal shifts needed for pixels in the 

red and blue color channels to align with the corresponding pixel in the green channel. 
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Characterization of the wide view involves imaging grids of white lines on a black background, 

separating the images into the constituent RGB channels, measuring RGB line profiles, plotting the 

resulting radial red and blue peak shifts, and fitting linear trendlines. A similar approach is used to 

characterize the zoomed view; however, multiple zoom-view grid images are taken at different 

scanning locations that span the full surgical field to ensure accurate characterization over the full 

capturable area.  The correction algorithm requires the global distortion center to be known in the 

local coordinate reference frame of the uncorrected image. This is not a problem for wide-view 

correction since the distortion center is always visible within the stationary wide-angle image. The 

zoomed view, however, can be panned to image any ROI visible within the wide-angle view. Thus, 

the distortion center does not always appear in the zoomed view and the location of the distortion 

center as projected into the zoom-view coordinate reference frame changes dynamically. To 

address this issue, a robust calibration method was devised that enables real-time interpolative 

projection of the global distortion center into the coordinate reference frame of the zoomed-view 

image. The resulting real-time digital correction was found to be highly effective for both the wide 

and zoomed views (Fig. 3.5) across all ZVP zoom factors and scanning positions [65]. 

 

Fig. 3.5. Demonstration of the digital chromatic correction results for the wide view (top 

row) and zoomed view (bottom row). The chromatically corrected images in the left 

column are flipped horizontally to ease comparison. The uncorrected images in the right 

column are unchanged. 
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3.2.3 Form factor and image brightness 

The 50:50 splitting ratio (not accounting polarization efficiency, absorption, Fresnel 

reflections, etc.) of the polarization dependent optical isolator SSA in the initial prototype is not 

ideal considering the throughput disparities between the wide and zoomed views and the 

dependence of ZVP throughput on zoom factor. Idealized throughput analysis of the prototype 

design reveals that the WVP detector receives about 50% of incoming light whereas the ZVP 

detector only receives 5.5%-12.5% depending on zoom factor. Furthermore, the optical isolator 

setup claims a large amount of optical path length and does not leave room for an additional folding 

mirror that could improve form factor. Thus, redesigning the SSA was the most logical method of 

improving form factor and zoom-view image brightness without changing the overall lens design. 

In the redesigned SSA, the entire optical isolator configuration is replaced by a single non-polarized 

90R:10T plate-style beam splitter mounted in a motorized gimbal mount. The beam splitter plate 

acts as both a scanning mirror and beam splitter, and the uneven splitting ratio accounts for the 

throughput disparity between the ZVP and WVP. Consequently, coupling these two functions into 

one element frees enough optical path length to fit in a folding mirror that produces a more 

streamlined form factor (see Fig. 3.6). 
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Fig. 3.6. Optical design layout of the initial prototype (top) and the improved prototype 

(bottom). 

New opto-mechanics and housings were designed in SolidWorks© and fabricated via CNC-

machining and 3D printing, respectively. The resulting prototype has a more even light distribution 

(around 10% to the WVP and 9.9-22.5% to the ZVP) and a smaller overall package (around 32% 

smaller packaging volume) as shown in Fig. 3.7 and Fig. 3.8, respectively [65]. 

 

Fig. 3.7. Comparative set of images taken with the initial (top row) and improved 

(bottom row) MRFL prototypes. 
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Fig. 3.8. Overall package dimensions of the improved (left) and initial (right) MRFL 

prototypes. 
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4 MEDICAL STUDIES 

The improved MRFL prototype discussed in Chapter 3 was utilized in two studies. The first 

study was organized and carried out in conjunction with members of the University of Arizona’s 

Arizona Simulation Technology and Education Center (ASTEC). Its aim was to evaluate the 

learning curve associated with the MRFL prototype and assess its potential for enhancing peripheral 

awareness [66]. Due to the scope of this dissertation, the ASTEC study is not discussed further, but 

the associated publication is included in the cited materials. The second was a study conducted in 

Los Angeles at Keck School of Medicine of USC. Its purpose was twofold: first, to assess the 

validity and potential of certain MRFL design aspects and features that are meant to improve MIS 

safety and efficiency; and second, to provide a comparative metric from which future 

improvements can be judged. A full accounting of the study, including detailed procedures and 

results, has been published [67] and included in APPENDIX B. The motivation and structure of 

the Keck School study are briefly discussed as necessary exposition. This chapter focuses, however, 

on the engineering support for the study that perpetuates the improvement of the MRFL prototype 

and the subjective feedback from participants that informs the design of the next generation MRFL 

system discussed in Chapter 5. 

4.1 KECK SCHOOL SURGEON ASSESSMENT STUDY 

4.1.1 Motivation and setup 

The MRFL architecture and software suite incorporate a multitude of features designed to 

improve the safety and efficiency of MIS (see the manuscript in APPENDIX C). A study 

comprising dry-lab box-trainer tasks and in-vivo porcine surgical tasks was designed to assess the 

validity of these features, determine potential benefits and use cases for the MRFL in MIS, and 

formulate comparative metrics from participant feedback from which future MRFL systems and 

improvements can be judged. 



 

 

37 

 

 

 

Fig. 4.1. A box-trainer with peg board and rubber caps used for the dry-lab portion of 

the Keck School study.  

The study is divided into two parts, ex-vivo dry-lab testing and in-vivo porcine surgery. In 

the dry lab, participants use a Maryland grasper to complete two modified Fundamentals of 

Laparoscopic Surgery (FLS) peg transfer tasks within a standard box trainer (Simulab LapTrainer) 

as shown in Fig. 4.1. For their first task, participants transfer three rubber peg covers from one side 

of a peg board to the other without removing the grasper from the training box. The second task is 

similar, but each peg cover must be withdrawn from the box and re-inserted through a second trocar 

before being placed over a peg on the opposite side of the peg board. Both tasks are performed 

once with the improved MRFL prototype (see Chapter 3) and once with a commercial laparoscope 

(Storz Tricam camera head with 0° laparoscope). Half of the participants complete the tasks with 

the MRFL first and then switch to the commercial laparoscope. The reverse is true of the other half. 

Each participant completes all peg transfer tasks using their dominant hand. The MRFL is fixed at 

a pre-selected position overlooking the peg board area. Participants using the MRFL are allowed 

to freely switch display modes [9,10] and engage auto tracking via foot pedal controls (see Fig. 

4.2a). When using the standard laparoscope, participants hold and position the Tricam with their 

non-dominant hand. Following each box trainer session, participants are asked to fill out subjective 



 

 

38 

 

 

questionnaires. The dry-lab setups for the MRFL prototype and commercial laparoscope are shown 

in Fig. 4.2a and Fig. 4.2b, respectively.  

 

 

Fig. 4.2. Box trainer setups for the (a) MRFL and the (b) commercial laparoscope. 

In the porcine surgery sessions, participants are paired and asked to perform two surgical 

tasks, a nephrectomy and oophorectomy. Participants in each pair are assigned differing roles 

(either surgeon or assistant) and complete the surgical tasks as such. Upon completion of the tasks, 

the pig is flipped to its opposite side, participant roles are swapped, and the tasks are completed 

again. Each participant pair completes this process twice, once with the MRFL prototype (Fig. 4.3a) 

and once with the standard laparoscope (Fig. 4.3b). For trials using the MRFL, the system is 

mounted to the surgical table railing (Fig. 4.3a and Fig. 4.4) and the assistant is free to use either 

or both hands to assist the surgeon. The surgeon and assistant are allotted separate monitors with 

individually controlled display modes. Both participants are permitted to change freely between 

display modes on their allotted monitors throughout each trial. Repositioning of the magnified view 

can be executed via auto tracking or keyboard according to participant preference. For trials using 
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the standard laparoscope, the assistant holds and positions the Tricam with one hand and assists the 

surgeon with their other hand (see Fig. 4.3b). Two monitors are present, and both display the Tricam 

camera feed. Following the in vivo porcine session, each participant is asked to fill out a subjective 

questionnaire. All animals are acquired, handled, and euthanized in accordance with IACUC 

protocols.  

 

Fig. 4.3. (a) Surgeon and assistant (out of frame) performing porcine surgery using the 

MRFL prototype. (b) Surgeon and assistant performing porcine surgery using a 

commercial laparoscope. 

 

Fig. 4.4. The MRFL is mounted to the surgical table and remains stationary throughout 

the surgery (left). A surgeon may operate without need of an assistant in the immediate 

vicinity to hold the camera (right). 
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Due to unforeseen circumstances detailed in the following sections, the study was broken 

into two sessions. The first session took place in January 2019 and the second in January 2020. A 

detailed explanation and accounting of the Keck School study has been published [67] and included 

in APPENDIX B. 

4.1.2 First session & resulting improvements 

The MRFL prototype calibrations and image quality were verified before the system was 

shipped to Los Angeles for the study. Pre-study setup and testing of the MRFL prototype at Keck 

School of Medicine of USC, however, revealed slight image quality degradation and noticeable 

calibration errors due to misalignment between the endoscope and hull incurred during shipping. 

The system was realigned, recalibrated, and utilized for the dry-lab portion of the study. In-vivo 

testing, however, revealed that environmental factors, such as intracorporeal heat, moisture, and 

insufflation pressure levels, had not been adequately considered when assembling and sealing the 

MRFL. The moisture seal on the MRFL endoscope quickly failed during porcine surgery, allowing 

condensation to form on lens surfaces within the objective and relays that rendered the MRFL un-

usable. An effort was made to repair the MRFL while data was being collected for participants 

operating with standard laparoscopes. The specialized tools and rigs used to assemble the 

laparoscope were 440 miles away in Tucson, so repairing the endoscope became an exercise in 

creative engineering and problem solving. Disassembly of the endoscope was accomplished using 

supplies available in the surgical center. Lenses within the endoscope were dislodged by dissolving 

the retaining adhesives in medical grade isopropanol. Reassembly of the system was accomplished 

using supplies obtained from local convenience and hardware stores (see Fig. 4.5).  
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Fig. 4.5. Left: Assortment of surgical tools and supplies from nearby stores used to 

repair the MRFL endoscope on site. Right: Dr. Hong Hua assisting Jeremy in the on-

site repair of the MRFL endoscope.  

Cotton swabs and isopropanol were used to clean lens surfaces, and lens edges were re-

blackened with permanent marker. A C-stand grip head used for mounting the MRFL to surgical 

tables was disassembled and utilized as a make-shift v-groove lens assembly jig. A tape dome was 

formed over the assembly jig to prevent dust from landing on the lenses during assembly. Once 

cleaned and blackened, the lenses were aligned in the v-groove jig along with the spacers. For each 

lens assembly, a strip of scotch tape was carefully adhered to the edges of the lenses running the 

full length of the assembly. Each lens assembly was carefully rolled within the v-groove to fully 

wrap the tape around the outer edges of the lenses and create an open-ended “lens burrito” of sorts. 

Excess tape was removed using a scalpel and tweezers, and non-silicone weatherproofing sealant 

was applied to the exterior of each “lens burrito” using toothpicks. Finally, the lens assemblies were 

loaded into the endoscope housing. Unfortunately, the sealant took too long to cure, so scheduling 

conflicts prevented the participating surgeons from attempting porcine surgery with the MRFL. 

One of the pigs utilized in collecting data for the standard laparoscope, however, was further 

utilized for a short in-vivo explorative testing session with the repaired MRFL (see Fig. 4.6) before 

being sacrificed in accordance with IACUC protocols.  
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Fig. 4.6. Explorative porcine in-vivo testing of the repaired MRFL prototype used to 

inform improvements on the system performance and moisture proofing.  

The MRFL endoscope seal held well during the in-vivo explorative testing and image quality 

was surprisingly high considering the system’s un-orthodox restoration. Participant feedback from 

the dry-lab and our observations during explorative in-vivo testing suggested that contrast and 

image quality should be improved. Thus, the MRFL porcine study was postponed with goals of 

robustly sealing the endoscope and improving image quality before recommencement.  

Sealing the endoscope: Three methods of sealing the endoscope were considered. The first 

method involves applying a thin layer of sealant epoxy to the outer edges of the lenses during 

assembly (see Fig. 4.7a) as was done while repairing the endoscope at USC. This method, however, 

makes it hard to ensure a proper seal and takes a long time to fully cure. Additionally, disassembly 

of the endoscope after returning from USC required the endoscope to soak in solvent for several 

hours. Thus, it was decided that this method is not suitable since repairs could not be made on-site 

in a timely manner should anything go wrong. The second method involves sealing a small window 

inside the endoscope tubing just in front of the objective lens (see Fig. 4.7b). This method requires 

far less epoxy and can be disassembled quickly if necessary. Ensuring a proper seal, however, 
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would be difficult and the FOV would be reduced. Therefore, this method was abandoned in favor 

of the third approach, which involves securing a thin window over the full distal tip of the 

endoscope using a retaining end cap (see Fig. 4.7c). Though not aesthetically pleasing and 

impractical for commercial purposes, this method facilitates quick repairs without sacrificing FOV 

and is okay for prototyping purposes. 

 

Fig. 4.7. Methods considered for sealing the MRFL endoscope. (a) A thin layer of epoxy 

sealant applied to the outer edges of objective optics during assembly. (b) A small 

window inserted and sealed into the endoscope tubing in front of the objective lens. (c) 

A large, thin window that covers the full distal tip of the endoscope held in place by a 

retaining cap and epoxy sealant.  

In the third method, the window covers the distal illumination optics, so a window thickness 

must be chosen that prevents stray light from entering the system by reflecting off the front window 

surface (see Fig. 4.8). The MRFL prototype features an annular lenslet array at the distal tip 

designed by Wu et al. [12] to provide even illumination over the full wide-view FOV. To ease 

calculations, light exiting from a single lenslet on the annular array is treated as a point source on 

the back surface of the window with a maximum emittance angle (with respect to the surface 
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normal) of θ=50 degrees. This approximation should yield a result that works well given the sharp 

intensity drop-off reported by Wu et al. for emittance angles greater than about 35 degrees [12]. In 

this case, only the initial reflection off the front surface is considered since routes involving 

multiple reflections would only result in less than 0.003% of the initial power making it into the 

system. From Fig. 4.8, we see that no significant stray light enters the system so long as α<1.15 

mm. Assuming an N-BK7 window, the geometry of the system yields a window thickness 

constraint of ( )1.15 / 2 tan 0.968wt  = mm where sin501.5sin =   according to Snell’s Law. 

An Edmund Optics© window (stock #66-185) was chosen since it was the only stock window with 

a 10-mm diameter and sub-millimeter thickness (0.2 mm) readily available at that time. 

 

Fig. 4.8. Diagram showing the geometry for an illumination ray (red) reflecting off of 

the front window surface.  

Two different retaining caps were designed in SolidWorks© and printed in-house on a 3D 

Systems© ProJet MJP 2500 Plus printer. The first design is a cylindrical cap with a very thin and 

shallow retaining flange to avoid blocking the light exiting the tip the of the laparoscope (see Fig. 

4.9 Left). The flange, however, was too delicate to be effective when printed, so a second retaining 

cap (see Fig. 4.9 Right) was designed and printed with a slightly thicker flange and radial 

protrusions to secure the window while minimizing light source occlusion (see Fig. 4.10 Bottom-
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Right). The system was assembled and sealed using a heat-resistant waterproof Gorilla Glue© 

epoxy (see Fig. 4.10 Left).  

 

Fig. 4.9. On-axis views of cylindrical 3D printed distal retaining caps without (left) and 

with (right) radial protrusions.  

 

Fig. 4.10. Left: Assembled low-profile MRFL endoscope with window and endcap. Top-

Right: Assembled laparoscope is tested with the illumination source to ensure the 

endcap, window, and epoxy can withstand the high temperature output from the 

illumination system. Bottom-Right: On-axis distal view of the assembled endoscope. 

The shallow flange and protruding support tabs ensure minimal occlusion of the lenslet 

array. 
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The distal tip of a laparoscope must be able to withstand the 120-269° C (248-516° F) 

temperatures generated by commercial light sources [68]. To ensure the window, epoxy, and 

printed endcap would not fail due to the immense heat, the laparoscope was tested with a 

commercial 175-watt endoscope light source (Storz Xenon Nova) and compatible fiberoptic light 

cable. The laparoscope was monitored for 30+ minutes with the illumination source on (see Fig. 

4.10 Top-Right) and showed no signs of damage or susceptibility to the heat. 

The moisture seal was tested by subjecting the laparoscope to a steam bath for 30 minutes. 

Upon removing the laparoscope from the steam bath, significant condensation was observed on the 

outer shaft (Fig. 4.11a) and window (Fig. 4.11b) surfaces. Once the outer laparoscope surfaces were 

wiped dry, no signs of internal condensation were visible (Fig. 4.11c). MRFL imaging with the 

laparoscope showed no artifacts due to internal moisture and confirmed the seal integrity. 

 

Fig. 4.11. Images taken during moisture seal testing. The MRFL endoscope with sealed 

end cap and window showed visible condensation on the (a) outer shaft and (b) window 

surfaces immediately after being taken out of the steam bath. After the outer surfaces 

were wiped dry (c) the endoscope shows no signs of internal moisture.  

Ghost reduction: As seen in Fig. 4.12 (left), the improved prototype ZVP suffered from 

slight ghosting that lowered image quality and contrast. Through a testing process of elimination, 

it was determined that the ghost images are predominantly resultant from repetitive back-reflections 

between the last lens surface of the eyepiece and the first lens surface of the ZVP. In traveling 

between these two surfaces, light reflects off the BS and folding mirror. Thus, a baffle was designed 
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and 3D printed to limit the clear aperture (CA) of the folding mirror thereby reducing the impact 

of ghost images by vignetting the back reflected light. As shown in Fig. 4.13, zoomed-view contrast 

and image fidelity are noticeably improved by inclusion of the baffle with little loss of image 

brightness. 

 

Fig. 4.12. Comparison of the improved protype’s zoom-view image quality without (left) 

and with (right) a baffle at the folding mirror surface. 

4.1.3 Second session & resulting improvements 

Image quality and contrast were noticeably higher during the second session of dry-lab box-

trainer testing (Fig. 4.13b) as compared to the first session (Fig. 4.13a). The baffled MRFL 

prototype survived the box-trainer testing and two sets of porcine nephrectomies and 

oophorectomies before incurring a catastrophic seal failure resultant from liberal application of 

commercial anti-fog solution. An unexpected chemical reaction occurred in which the anti-fog 

solution dissolved the 3D printed end cap and epoxy sealant, resulting in seal failure, endcap 

detachment, and loss of the diamond-turned lenslet array.  
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Fig. 4.13. Comparison of the MRFL protype’s zoom-view image quality from the (a) 

first session and (b) second session dry-lab box-trainer tests. 

The second session was adjourned to allow for in-lab repair of the endoscope and 

improvement of the sealing assembly. Due to scheduling constraints, however, the MRFL prototype 

had to be functional and back to Keck School of Medicine of USC in just 10 days. Thus, the 

following engineering challenges all had to be overcome within that timespan: (1) devise a reliable 

method of sealing the scope that is impervious to the intracorporeal environment and anti-fog 

solution; (2) design and source parts and materials; (3) disassemble, clean, re-assemble and seal the 

laparoscope; and (4) validate the laparoscope image quality and seal. 

Since the endcap sealing method was tried and proven, the first strategy explored was to 

recreate the endcap assembly using a 0.2-mm thick window, metal endcap, and solvent resistant 

sealant. The success of this method hinged on product availabilities, shipping times, and fabrication 

lead times. After researching multiple sealant options, an optical epoxy (EPO-TEK 301) rated for 

medical endoscopes was selected and its availability and delivery speed were verified. Though the 

material properties of EPO-TEK 301 are nearly ideal for this application, it is designed as a 

permanent adhesive. Without access to a clean-room or laminar flow hood, potting a window with 

permanent ultra-low viscosity epoxy is risky. Thus, a backup endcap and window were necessary. 

Availability and shipping speeds for two windows were easily verified. The metal endcap, however, 
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posed more of a challenge. Typically, aluminum would be the metal of choice for short lead times 

due to its high strength and low hardness. Its malleability at small thicknesses, however, poses a 

high risk for inelastic deformation of the sub-millimeter endcap features. For this application, 

stainless steel is the more ideal choice, but it is notoriously slow to machine.  

 

Fig. 4.14. (a-b) A steel endcap with sealed window. (c-d) Test fitting the endcap-cap 

window assembly to the endoscope housing without lenses or lenslet array. 

An endcap was designed for steel fabrication featuring thicknesses that minimize 

illumination obstruction and cap diameter. Relatively rough surface finishes and tolerances were 

specified to reduce lead time. As a contingency plan, the design was kept exceedingly simple to 

facilitate easy feature enlargement for aluminum fabrication at the expense of illumination 

obstruction. As expected, it was exceedingly difficult finding a company that would guarantee a 

lead time within 7 days for two steel parts. Ultimately, an online company, Fictiv©, took the job 

and all parts and products were ordered. The laparoscope was disassembled, cleaned, and 

reassembled. Two window-endcap assemblies were constructed (Fig. 4.14a-b) and the better one 

was used to seal the endoscope. The heat resistance, moisture proofing, and image quality of the 

steel-capped endoscope were verified in the same manners as described previously for the print-



 

 

50 

 

 

capped version. As shown in Fig. 4.15, custom foam layer inserts were crafted for a hard-shell case 

(Pelican© IM2750) to prevent damage to the delicate window or misalignment of the system during 

travel. The MRFL was taken back to Keck School of Medicine of USC where it was used for the 

remainder of the study without incident. 

 

Fig. 4.15. A hard-shell case with customized foam insert layers to protect the MRFL 

prototype during travel. 

4.2 STUDY RESULTS 

Objective data, such as task completion times, and subjective survey data were collected for 

all parts of the study. The following section presents and analyzes the participant survey data which 

serves to subjectively validate the MRFL system features and motivate the design of a high-

throughput multi-resolution foveated laparoscope (see Chapter 5). A complete accounting of the 

study results, including the objective data and assessments, is published [67] and included in 

APPENDIX B.   

Participants filled out subjective questionnaires upon completion of the box trainer tasks. 

Each survey required participants to rank categories on a Likert scale from one (worst) to ten (best). 

Four of the ten categories ranked for the MRFL were also ranked for the standard laparoscope to 
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serve as a baseline for comparison and metric for future MRFL improvement. Categories were 

assigned classification rankings according to Likert scoring. Classification rankings include 

“Terrible” (score of 1-2), “Bad” (score of 3-4), “Adequate” (score of 5-6), “Good” (score of 7-8), 

and “Excellent” (score of 9-10). A breakdown of the Likert scores for the box trainer sessions is 

presented in Fig. 4.16.  

 

Fig. 4.16. Likert survey results from the box trainer sessions. Please note that the scores 

presented here for the instrument interference and level of distraction categories are 

inverted from the original data to align with the Likert scales of the other categories. 

Inversion of these scores does not misrepresent the data in any way. 

The Likert results from the box trainer sessions presented in Fig. 4.16 indicate that the MRFL 

was well received by the surgeons with more than 80% of scores falling in the range of “Adequate” 

to “Excellent” in all categories except for image quality and instrument interference. Participants 

clarified that instrument interference with the MRFL largely took place outside of the box due to 

the bulky MRFL packaging and that strategic camera placement could mitigate such effects. This 
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is a positive differentiation from the similar interference Likert scoring of the standard scope for 

which instrument clashing predominantly took place inside the box.  

Figure 4.16 reveals a promising future for the MRFL in robotic surgery with over 90% of 

participants showing “Good” or “Excellent” likeliness of use if the system is improved. Participant 

rankings of the foot pedal controls and dual surgeon-assistant monitors are also overwhelmingly 

positive with at least 80% of rankings classified as “Good” or “Excellent”.  

 

Fig. 4.17. Likert survey results from the in vivo porcine surgery session. Please note that 

the scores presented here for the instrument interference, level of distraction, and task 

difficulty categories are inverted from the original data to align with the Likert scales 

of the other categories. Inversion of these scores does not misrepresent the data in any 

way. 

The in vivo porcine surgery session questionnaire also required participants to rank 

categories on a Likert scale from one (worst) to ten (best). Four of the five categories ranked for 

the MRFL were also ranked for the standard laparoscope to serve as a baseline for comparison and 

metric for future MRFL improvement. Categories were assigned classification rankings according 

to Likert scoring. Classification rankings include “Terrible/Difficult” (score of 1-2), 
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“Bad/Somewhat difficult” (score of 3-4), “Adequate/Okay” (score of 5-6), “Good/Somewhat easy” 

(score of 7-8), and “Excellent/Easy” (score of 9-10). A breakdown of the Likert scores for the in 

vivo porcine sessions is presented in Fig. 4.17. The results are promising but reveal large margins 

for improvement. The instrument interference scores validate the MRFL’s large working distance 

and stationary nature as well as the participant feedback on strategic placement. Likert interference 

scores for the porcine surgery using the standard laparoscope show only 16.67% of responses were 

“Good” and none “Excellent”. The MRFL, however, shows 100% of responses were “Good” or 

“Excellent” with 83.33% being “Excellent”. Encouragingly, the level of distraction caused by 

simultaneously displaying the dual views was ranked as “Good” or “Excellent” by over 83% of 

participants. This preliminary result validates MRFL design efforts to reduce the additional 

cognitive load imparted on surgeons. The remaining category scores are indicative of the MRFL’s 

flaws. The Likert scoring disparities in these categories between the standard laparoscope and the 

MRFL serve as metrics by which design, development, and clinical practicality of future MRFL 

systems will be motivated and evaluated. The most influential of these categories is image quality. 

Over 83% of participant scorings classified the MRFL image quality as “Bad” or “Terrible” during 

porcine surgery. Interviews and questionnaire responses revealed that image quality was the 

predominant underlying factor behind the lower scores for difficulty of the oophorectomy and 

nephrectomy tasks as well as situational awareness. 

The box trainer and porcine session questionnaires had sections for additional comments and 

feedback. Additionally, the box trainer session questionnaires specifically prompted participants to 

list the best features or potential benefits of the MRFL as well as its worst features or drawbacks. 

Participants were permitted and encouraged to write multiple responses. Figure 4.18 charts the 

frequency of each response from these sections. 
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Fig. 4.18. Survey free-response feedback results. 

As seen in Fig. 4.18, the distribution of comments is weighted heavily in favor of the MRFL 

with the majority of comments pointing out good features and potential benefits. The specific 

benefits listed by participants and their corresponding response frequencies align well with the 

MRFL project goals and justify future development. That being said, image quality and 

autotracking are drawbacks that exhibited exceptionally high response frequencies.  

In summary, feedback from the Keck School study validates the potential for many of the 

MRFL features to improve MIS safety and efficiency. Participants identified several aspects of the 

prototype, however, that need to be improved before the system can be considered practical. The 

most consistently flagged item for improvement was image quality, which motivated the design of 

a high-throughput multi-resolution foveated laparoscope (HT-MRFL). 
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5 DESIGN OF A HIGH-THROUGHPUT MULTI-RESOLUTION 

FOVEATED LAPAROSCOPE (HT-MRFL) 

The design of the HT-MRFL is motivated by participant feedback and personal observations 

recorded during the Keck School study discussed in Chapter 4. It aims to increase image quality, 

low-light performance, and color accuracy while decreasing size and weight as compared to the 

MRFL prototype. In the work included in APPENDIX D, participant feedback and observations 

are translated into driving design constraints and the strategies and procedures utilized in designing 

the HT-MRFL are briefly discussed. This chapter provides an exhaustive explanation of the design 

process that is not included in the appended publication.  

5.1 HARDWARE 

While the same 1/3” camera model used in the improved MRFL prototype (Teledyne FLIR© 

CM3-UC-13S2C) suffices for the WVP, it lacks the color accuracy and low-light performance 

needed for the ZVP due to its mosaic color filtering, relatively small pixel size (3.75 μm), and 

signal-to-noise ratio (37.68 dB). Thus, a medical grade Toshiba© IK-HD1 3-CCD camera was 

selected for the HT-MRFL ZVP, which features a larger 4.65-μm pixel size and 56-dB signal-to-

noise ratio.  

The bulk of the improved MRFL prototype is attributed to its dual-axis scanning device, the 

Zaber© T-OMG motorized gimbal mount. To reduce the system weight and size, a compact dual-

axis scanning mirror (Optotune© MR-15-30) was chosen to replace the T-OMG. The MR-15-30 

features a 15-mm CA scanning mirror with dual-axis mechanical tilt up to ±25° and a 30-mm 

diameter housing. A more detailed explanation of these hardware choices can be found in 

APPENDIX D. 
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5.2 FIRST-ORDER DESIGN 

A thin lens representation of the HT-MRFL (Fig. 5.1) is used to derive and select first-order 

design parameters. To facilitate future reuse, repair, or replacement of lenses, the HT-MRFL is to 

be modular in design such that it comprises compatible subsystems that each perform well 

individually and together. The subsystems include an objective lens, relay lens, eyepiece, wide-

view probe, and zoom-view probe. As shown in Fig. 5.1, the HT-MRFL design utilizes collimation 

and telecentric conjugation between subsystems to ease modular design and assembly.  

 

Fig. 5.1. Thin lens layout of the HT-MRFL used for first-order design. 

5.2.1 Objective lens 

First order design of the objective amounts to determining the following target parameters: 

focal length, FOV, WD, entrance pupil diameter (EPD), and magnification. Geometrical optics and 

throughput conservation are exploited to express practically constrained parameters (PCPs) of the 

objective as functions of the object space numerical aperture, objNA . The objective PCPs include 

focal length, fobj, wide-view throughput, Tobj, objective image size, wide

objh , spatial resolution in object 

space (SRO), and wide-view depth of field, DOFwide. They are denoted in functional form, 

respectively, as  
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where ( ) ( ) ( )obj obj obj obj obj objm NA f NA f NA WD  +
  is the objective magnification, 

( ) ( ) ( )2.44 4Airy wide wide

obj obj obj obj obj objD NA NA Th NA=  is the Airy disk diameter of the objective, 𝑊𝐷 is 

working distance, 𝐷𝑜𝑏𝑗 is the objective CA, 𝑁𝐴𝑜𝑏𝑗 is the finite conjugate object-space objective 

numerical aperture, 𝐷𝐹𝑂𝑉
𝑤𝑖𝑑𝑒  is the diagonal of the wide-view FOV in the object plane, 

' ( ) 0.1 ( )rem

obj obj wide objB NA m NA=  is the objective blur criterion, and ( ) ( )3rem wide

wide obj obj objm NA h NA=  is the 

magnification from the objective image plane to the 1/3” format wide-view detector. The 0.1 value 

used in the objective blur criterion calculation is the required pixel scale at the wide-view detector 

to achieve a 5-lp/mm WVP SRO.  

Objective focal length is constrained to be greater than or equal to 2 mm to avoid 

unreasonable design difficulty. To compensate for decreased and varying throughput in the ZVP, 

the objective throughput is constrained to be at least twice that of the previous MRFL design. The 

objective is telecentric in image space to ease design and relay coupling. Thus, the image height of 

the objective must not exceed the CA semi-diameter. Accounting for tube thicknesses and fiber 

illumination bundles, the endoscope optics must be 8.4 mm or less in diameter to ensure that the 

HT-MRFL is compatible with standard medical trocars, which can accommodate laparoscopes up 

to 12 mm in diameter. Assuming a 90% CA, Dobj has a maximum allowable value of 7.56 mm. To 

simplify first order calculations, the objective is modeled as a single thin lens with an external stop 
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placed at the front focal point to achieve image-space telecentricity. External stops are typically 

less favorable for aberration correction, so a smaller CA of Dobj = 6.5 mm is assumed to allow a 

vignetting buffer should the stop be internalized during later stages. Accounting for telecentricity, 

objective image height must, therefore, be less than or equal to 2.93 mm to avoid vignetting. An 

exceedingly small objective image, however, would also present problems. A small image must be 

highly magnified by the remainder of the system to fit the detectors. Furthermore, throughput 

conservation dictates that the image space NA must increase as image size decreases. Therefore, a 

smaller image likely falls closer to the trailing objective lens surface. Thus, imperfections on optical 

surfaces close to the image are also highly magnified, and the system becomes very sensitive to 

decentering. For these reasons the objective image height is constrained to be greater than 0.5 mm. 

A wide-view DOF of at least 150 mm is required to ensure focus over an adequate depth range 

during MIS. The WVP should exhibit an SRO similar to the 2-5 lp/mm seen by a traditional scope 

that has been retracted to view the full surgical field. Thus, the objective SRO is constrained to be 

at least 15 lp/mm at the nominal working distance to ensure the ZVP resolution is not limited when 

operating at 3X zoom.  

A less obvious set of objective constraints depends on beamsplitter and eyepiece PCPs and 

is derived via throughput analysis. The zoomed-view throughput at the objective object plane is 

expressed as 

 ( )
( ) ( )
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2
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wide wide

obj FOV obj objZVP

obj obj
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D
K
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= =


, 5.2 

where K is the ZVP zoom factor ( 2 3K  ) with respect to the WVP. Assuming 1X 

magnification for each relay (discussed in section 5.2.2), small angle approximation yields the 

following expression for throughput at the scanning mirror. 
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where IPD  is the diameter of the intermediate pupil on the scanning mirror. Conservation of 

throughput dictates that the zoomed-view throughput at the scanning mirror must equal that at the 

object plane of the objective lens. Thus, by setting Equations 5.2 and 5.3 equal to each other, an 

expression (Eq. 5.4) can be found for the eyepiece focal length as a function of objNA  and IPD  that 

is independent of zoom factor. 

 ( )
( )

( )
,

2

wide

obj obj IP

eye obj IP
wide

obj obj

NA
f NA D

T

h D

NA

 
=  5.4 

The eyepiece is object-space telecentric and images the intermediate pupil onto the scanning 

mirror located at its back focal distance. A buffer, however, is needed between the intermediate 

pupil and scanning mirror diameter to avoid loss of light at the edges of the mirror when scanning. 

The MR-15-30 scanning mirror features a 15-mm CA, so an effective mirror diameter of 10 mm is 

assumed. To achieve a robust first order design, the extreme case is considered in which the full 

effective mirror aperture is filled by collimated light exiting the eyepiece ( 10IPD mm= ). A BS 

aperture size of 15 mm (1.5 times the effective mirror diameter) is assumed to reasonably account 

for vignetting. The scanning mirror sits nearly flush with its 30-mm diameter housing, and the full 

scanning unit is oriented at 45 degrees with respect to the incoming on-axis field. Thus, the 

minimum achievable distance between the exiting BS face and the scanning mirror center is about 

10.6 mm.  The eyepiece focal length, feye, must be large enough then to image the intermediate pupil 

past the BS and onto the mirror. Therefore, the eyepiece BFD must be at least 21 mm to clear the 

reduced optical thickness of the BS (~10 mm) and reach the scanning mirror. For a given 

throughput, decreasing intermediate pupil size decreases the required BS aperture size and the 

eyepiece focal length. Thus, first-order solutions found assuming the full effective mirror diameter 

is filled should be valid for underfilled scenarios as well. To keep the system compact, the eyepiece 

focal length should not exceed 30 mm. 
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For clinical utility and relevance, a hard FOV constraint, which will be referred to as the 

familiarity condition (FC) henceforth, is placed on the HT-MRFL. To satisfy the FC, the ZVP, 

operating at a zoom factor within the nominal 2x-3x range, must image a similarly sized area to 

that imaged by a traditional laparoscope. The zoom factor at which the FC is met, however, is 

assignable and determines the wide-view FOV according to Eq. 5.5. 

 70wide

FOV FOVK mmD =  , 5.5 

where wide

FOVD  is the diameter of the wide-view FOV at the object plane, FOVK  is the ZVP zoom 

factor at which the FC is met, and 70 mm is a typical FOV diameter for a commercial laparoscope. 

An assigned FOVK  is valid if it yields a wide-view SRO within the targeted range of 2-5 lp/mm. 

Assuming Nyquist sampling at the Rayleigh criterion, FOVK is then valid if 

( )2 / 1 2 5 /widelp mm p lp mm  , where 0.00375wide widep m=  is the wide-view pixel scale, 0.00375 

mm is the wide-view detector pixel pitch, 6 wide

wide FOVm D=  is the wide-view magnification, and 6 mm 

is the wide-view detector full diagonal dimension.  

Since the wide-view detector is known, conservation of throughput dictates that the objective 

design determines the WVP F/#. Normally, this dependence would warrant adding a constraint to 

the objective design that prevents the WVP spatial cut-off frequency from falling too low, thereby 

ensuring adequate modulation transfer within the targeted WVP spatial frequency range. The 

purpose of the WVP, however, is to provide peripheral context at relatively low resolution 

compared to the zoomed view. For this task, the WVP only requires high modulation transfer at 

low to mid spatial frequencies, so an additional objective constraint is not necessary in this case. 

A target WD of 150 mm was empirically determined. A MATLAB© script was created that 

plots solution curves for the remaining first order target parameters by populating a dense set of 

objNA  values, evaluating associated PCP sets, and testing the resulting PCP values against the 

practical constraints detailed above for all zoom factors at which the FC may be met. The initial
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objNA input set is culled of elements that produce any PCP value that fails to meet the associated 

constraints. While the full MATLAB© script is included in APPENDIX E, the algorithm is 

diagrammatically presented in Fig. 5.2 and the resulting constrained objNA input set is  
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Fig. 5.2. Diagrammatic representation of the algorithm created to plot first-order 

solution curves for the objective lens. 
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Parameter pairs on the solution curves (Fig. 5.3) follow two tradeoff trends: 1. design 

difficulty and imaging performance decrease as focal length increases; and 2. design difficulty and 

throughput increase as objNA  increases. Additionally, the resulting wide-view FOV decreases as the 

zoom at which the FC is met increases. To balance design difficulty and imaging performance 

while still providing adequate wide-view peripheral context, initial design parameters 4 mmobjf   

and 0.006objNA   were chosen. 

 

Fig. 5.3. First order objective parameter solution region (yellow) and discrete solution 

curves.  

5.2.2 Relay lens 

To avoid image degradation and scaling due to misalignment and to ease modular design, the 

relay must be double-telecentric. The insertable length of the laparoscope is directly dependent on 

the length and number of relay lenses. Given the large WD of the MRFL, it requires a smaller 

insertable length (around 130 mm) than a traditional laparoscope (typically greater than 350 mm). 

For simplicity and versatility, the relay is designed with 1X magnification and complete symmetry 

about the stop. These choices remove relay lens length as a constraining parameter at this stage 

since copies of the relay may be stacked one after another to increase insertable length if needed. 

The outer lens diameters are limited to a maximum of 8.4 mm resulting in a maximum CA 
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constraint of 7.56 mm. The object height and object space NA of the relay lens must be greater than 

or equal to the image height and image space NA of the objective.  

5.2.3 Eyepiece 

In addition to collimating telecentric light from the relay lens image, the eyepiece must image 

an intermediate pupil past the beam splitter and onto the scanning mirror.  Thus, the beamsplitter 

and scanning mirror unit place restrictions on the eyepiece parameters. For simplicity the eyepiece 

in Figs. 5.4-5.6 is represented as a single thin lens. For the purposes of first order design, however, 

it should be thought of as a gaussian-reduced system of thin lenses to allow for separation and 

distinction of focal length and back focal distance. As seen in Fig. 5.4, the positive (Hwide=1+) and 

negative (Hwide=1-) full wide-view fields exhibit different sized footprints on the scanning mirror 

due to the asymmetry of the system. The full field incident upon the mirror at the shallowest angle 

with respect to the surface of the mirror (the 1wideH −= field in Fig. 5.4) creates the largest footprint 

on the scanning mirror and will be referred to henceforth as the glancing field. The glancing field, 

however, is not always “seen” by the ZVP detector. Furthermore, the footprint of the glancing field 

on the mirror is dependent on the ZVP zoom factor and the mirror tilt.  

 

Fig. 5.4. Thin lens diagram (unfolded about the beam splitting surface) showing the 

differing footprint sizes at the scanning mirror for the H=1+ and H=1- fields.   
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Fig. 5.5. Diagram depicting the geometry of the glancing field at the scanning mirror 

surface. 

Tilting the mirror can bring the glancing field into view of the ZVP detector, but its footprint 

on the mirror decreases as it approaches on-axis deflection through the ZVP. The footprint also 

decreases as ZVP zoom increases. Thus, the maximum mirror footprint occurs at 2X zoom when 

the mirror is tilted such the glancing field is just barely visible at the edge of the ZVP detector. 

Incoming glancing field rays are analyzed under these circumstances according to the geometry in  

Fig. 5.5 to produce the maximum footprint, max

mirrord , on the scanning mirror, which is expressed as  
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h


 

  
 

  
+    



=

 

, 5.7 

where wide

objh  is the height of the wide-view intermediate image just after the relay lens, eyef  is the 

eyepiece effective focal length, ( )2 taneye eye objd f  =  is the ray bundle diameter (footprint) of a single 

incoming telecentric field at the eyepiece, obj   is the incoming marginal ray angle magnitude just 

after the relay lenses, and ( )arctan wide
eye obj eyeh f =  is the magnitude of the wide-view full-field chief 

ray angle (in air) after refraction through the eyepiece. max

mirrord  must be constrained to be less than or 

equal to the 15-mm diameter of the Optotune MR-15-30 scanning mirror. 
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There is also an element clearance constraint that restricts the eyepiece back focal distance, 

BFDeye. The eyepiece is telecentric in object space, so the intermediate pupil is imaged to the back 

focal point of the eyepiece. Thus, BFDeye must be large enough to clear the BS cube and the 

scanning mirror housing. To ease design and calculations, it is assumed that the BS cube is placed 

immediately after the eyepiece as shown in Fig. 5.6.  

 

Fig. 5.6. (a) Simplified thin lens diagram depicting the full field (H=1+) ray bundle 

passing through the eye piece and scanning mirror without a beamsplitter.  (b) Thin 

lens diagram (unfolded about the beam splitting surface) depicting the full field (H=1+) 

ray bundle passing through the eye piece, beamsplitter, and scanning mirror.   

Examination of the geometry in Fig. 5.6, yields the following BFDeye restriction. 
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 +  5.8 
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where BSD  is the BS clear aperture (and cube length), BSn  is the refractive index of the BS, 

and mt  is the axial air-space thickness between the BS cube and the center of the scanning mirror. 

The air spacing to the mirror is limited by the MR-15-30 scanning mirror housing such that 

( )15cos 45 10.6mmmt    . Lastly, there is a vignetting constraint at the BS placed on the eyepiece 

that is given by 

 
2 2

eyewideBS
obj

dD
h + . 5.9 

By trigonometric simplification and substitution of dependent functions into Equations 5.7-

5.9, the mirror aperture, clearance, and vignetting constraints can be written in terms of the focal 

length and BFD as shown in Table 5.1. 

Table 5.1 First-order eyepiece constraints  

Constraint Requirement 

Mirror size 
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As seen in Table 5.1, first-order design of the eyepiece requires full knowledge of the real 

ray parameters following the relay lens. Thus, optical design and tolerancing of the objective and 

relay were finalized (as detailed in sections 5.3.2 through 5.3.4) before completing the first-order 

analysis of the eyepiece. From the finalized objective and relay combination, it was found that 

1.97 mmwide

objh  and 11obj   . To keep the overall system compact, the smallest possible value is 

assumed for mt  such that 10.6mmmt = . By plotting the mirror size requirement with respect to feye 

(as shown in Fig. 5.7), the maximum allowed eyepiece focal length is found to be 15.5mmeyef  . 
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Fig. 5.7. Plot of the footprint at the scanning mirror versus eyepiece focal length. The 

red line marks the maximum allowed footprint for which the full diameter of the MR-

15-30 scanning mirror surface is used. 

As determined for the previous MRFL prototype [65], a BS splitting ratio between 80R:20T 

and 90R:10T is ideal. Currently, Thorlabs© offers a wide size variety of commercially available 

non-polarizing BS cubes with adequate splitting ratios. Table 5.2 compares the resulting eyepiece 

constraints for the available Thorlabs© size options.  

Table 5.2 Comparison of eyepiece constraints for available beamsplitter size options 

DBS (mm) 
Clearance constraint 

(mm) 

Vignetting constraint 

(mm) 

Mirror size constraint 

(mm) 

5 BFDeye ≥  13.9 feye  ≤  2.72 

feye  ≤  15.50 

10 BFDeye ≥  17.19 feye  ≤  15.59 

12.7 BFDeye ≥  18.97 feye  ≤  22.53 

20 BFDeye ≥  23.79 feye  ≤  41.31 

25 BFDeye ≥  27.35 feye  ≤  55.20 

The eyepiece focal length required for the 5-mm BS cube is unjustifiably small and would 

make the design unnecessarily complex. The 20- and 25-mm BS cubes were eliminated from 

contention because the resulting BFD requirements make the system larger than necessary. 

Examination of the 10- and 12.7-mm BS constraints reveal the requirement that eye eyeBFD f . Thus, 

a retrofocus objective is the ideal starting point for the eyepiece. The 10- and 12.7-mm BS cubes 

are both valid options and neither poses a significant advantage or disadvantage compared to the 
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other. Thus, the 12.7-mm BS cube was chosen arbitrarily. Using the parameters chosen above, a 

two-element thin-lens representation of the retro-focus eyepiece can be modeled using geometrical 

optics and Gaussian reduction. 

5.2.4 Zoom-view probe 

The ZVP effectively behaves as a thin lens that can move axially while changing power to 

maintain focus at the detector (see Fig. 5.8). For the zoom view design, let K be used to describe 

zoom factor of the ZVP with respect to the WVP such that 2 3K  . Superscripts K2 and K3 are 

added to parameter variables to differentiate between parameter values at 2X and 3X zoom, 

respectively.   

 

Fig. 5.8. Diagram depicting the effective zooming function of the ZVP for 2X (left) and 

3x (right) zoom factors. 

Let the wide-view intermediate image height after the relay lens be wide

inth , where wide wide

int objh h=

given the 1X relay lens magnification. The portions of the intermediate image seen by the ZVP 

detector at 2X and 3X zooms are then 2 2K wide

int inth h=  and 3 3K wide

int inth h= , respectively. From Fig. 5.8, 

focal lengths for the effective zoom lens are   
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Where imgy  is the semi-diagonal length of the ZVP detector, 3 mm. The CodeV© eyepiece 

design was used to find ( )2

tan
K

eye =0.066 and ( )3

tan
K

eye =0.044. Thus, the focal lengths of the 

effective zoom lens at 2x and 3x are 45.5 mm and 68.2 mm, respectively.  

 
Fig. 5.9. Thin lens ZVP diagram used as the starting point for the ZVP design.  

As depicted by the first-order thin-lens layout in Fig. 5.9, the actual ZVP is set up like a 

Keplerian telescope, with two tunable lens groups (G1 and G2) and an imaging lens. G1 and G2 

each contain a tunable lens (TL1 and TL2, respectively) that changes focal length when electrical 

current is applied and an “offset lens” that shifts the achievable group focal range. The ZVP zoom 

factor is controlled by adjusting the focal length ratio between G1 and G2. The ZVP requires 

temperature stable, large diameter, precise ETLs with large focal ranges. Thus, two Optotune EL-

10-30-TC lenses (10-mm aperture) are used with temperature stabilizing drivers.  

The EL-10-30-TC has a focal length range from 50 mm to 120 mm but is less stable at the 

range extrema. Therefore, ETL focal lengths, 1TLf  and 2TLf , are constrained to values between 60 

mm and 110 mm to leave small buffers on either side of the focal range. Offset lenses, dubbed OS1 

and OS2, are needed to expand and shift the focal length ranges of TL1 and TL2, respectively. To 

avoid extreme curvatures and incident ray angles, only offset lens focal lengths greater than 20 mm 

are considered.  

The focal length of the effective zoom lens is related to the focal lengths of the tunable 

groups, fG1 and fG2, and the imaging lens, fI, as 
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First order design of the ZVP amounts to selecting a compatible and desirable combination 

of values for tG1, tG2, tz, fOS1, fOS2, and fI which produces achievable value ranges for fG1 and fG2 given 

the limited ETL focal ranges. The design parameters are mathematically related and the relations 

between them reduce to a set of equations dependent on two independent design parameters: the 

spacing between tunable lens groups, tz, and the imaging lens focal length, fI. 

From Fig. 5.9 and Eq. 5.12, expressions for  fG1 and fG2 are found in terms of the imaging lens 

focal length, fI, the effective zoom lens focal length, fzoom, and the spacing between lens groups, tz. 
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Gaussian reduction of the lens groups in Fig. 5.9 yields Eqs. 5.15-5.18 for the focal length of 

the offset lenses and tunable lenses.  
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A reasonable value of 1 2 5 mmG Gt t=   was assigned. Given values for fG1 and fG2, boundary 

constraints can be applied to evaluate Eqs. 5.15-5.18. Thus, all tunable lens group focal length 

parameters are now dependent on tz and fI which are independent of each other. The algorithm 
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devised to test a single pair of values for tz and fI against practical boundary constraints is explained 

below.  

As mentioned previously, the effective zoom focal lengths according to Eqs. 5.10 and 5.11 

for K=2 and K=3 were found to be 2 45.5 mmK

zoomf =  and 3 68.2 mmK

zoomf = . Thus, for a given value 

pair (tz, fI), the focal lengths, 2

1

K

Gf , 2

2

K

Gf , 3

1

K

Gf , and 3

2

K

Gf , are evaluated according to Eq. 5.13 and 

5.14. 

Consider the following at 2X zoom. The minimum focal length required of TL1 is 2

1

K

TLf . The 

maximum focal length required of TL2 is 2

2

K

TLf . Set 2

1

K

TLf  to the minimum allowed focal length in 

the constrained tunable range such that 2

1 60 mmK

TLf = . Evaluation of Eq. 5.15 then yields 
1OSf .  

Consider the following at 3X zoom. The minimum focal length required of TL2 is 3

2

K

TLf . The 

maximum focal length required of TL1 is 3

1

K

TLf . Set 3

2

K

TLf  to the minimum allowed focal length in 

the constrained tunable range such that 3

2 60 mmK

TLf = . Evaluation of Eq. 5.16 then yields 
2OSf .   

The offset focal lengths, 
1OSf  and 

2OSf , are constants that do not depend on zoom. Thus, 

1OSf is used to evaluate 3

1

K

TLf  according to Eq. 5.17 and 2OSf  is used to evaluate 2

2

K

TLf  according to 

Eq. 5.18. 

A valid (tz, fI) solution pair meets the following requirements: (1) the resulting maximum 

focal lengths, 3

1

K

TLf  and 2

2

K

TLf , required of the tunable lenses fall within the constrained 60-110 mm 

range; (2) it holds true that 2 3

1 1

K K

TL TLf f  and 3 2

2 2

K K

TL TLf f ; and (3) the resulting offset lens focal length 

magnitudes 1OSf  and 2OSf are greater than 20 mm. 

A MATLAB© script was written to adequately sample and test (tz, fI) pairs for given tz and fI 

domains according to the algorithm explained above. The full MATLAB© script is included in 

APPENDIX F and diagrammatically presented in Fig. 5.10. The resulting solution region is plotted 

in Fig. 5.11. 
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Fig. 5.10 Flow chart diagram of the script written to test (tz, fI) pairs and plot the first-

order ZVP parameter solution region. 
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Fig. 5.11. Plot mapping out the region (red) of viable first order ZVP design solutions.  

A group separation and imaging lens focal length of 
zt = 80 mm and If = 55 mm, 

respectively, were selected to reduce system length while leaving a buffer for the design to “walk 

around” the solution region during optimization. Additionally, If =55 mm should accommodate 

the large flange distance of the ZVP’s 3-CCD detector.  

5.2.5 Wide-view probe 

First order design of the wide-view probe is realized through basic geometrical optics. 

Placing the WVP  imaging lens at the exit pupil of the eyepiece (as shown in Fig. 5.12) enables the 

required WVP focal length to be expressed as 

2 tan

wide

det

wide

eye

D
f



=


, where wide

detD  is the diagonal 

dimension of the WVP detector. 

 

Fig. 5.12. Thin lens WVP layout including BS cube.  
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The WVP detector is a 1/3” Teledyne FLIR© Chameleon3 CM3-U3-13S2C-CS with 6-mm 

diagonal. The magnitude of the real wide-view full-field chief ray angle exiting the eyepiece was 

found to be 7.397eye


=   via raytracing through the combined objective, relay, and eyepiece in 

Zemax©. Thus, the first-order WVP focal length is 24mmwidef = . 

5.3 OPTICAL DESIGN AND OPTIMIZATION 

5.3.1 Approach 

Given the modular form of the system, a “divide-and-conquer” approach was taken. Each 

subsystem was designed independently to ensure high performance before integration into the 

greater system. Knowing that the strict performance and diameter constraints placed on the 

endoscope optics would necessitate fully custom lens designs, the objective and relay were 

designed, combined, and finalized before the other subsystems to meet funding deadlines and 

accommodate fabrication lead times. 

5.3.2 Objective 

The inverse telephoto layout is commonly used when designing wide angle objectives. To 

reach a starting point for the design, an inverse telephoto objective design from a previous MRFL 

system was scaled to the desired focal length. Constraints were placed on thicknesses, clear 

apertures, telecentricity, ray angles of incidence (AOIs), and focal length. Through repeated 

optimization, WD, NAobj, and FOV were slowly “walked in” to the targeted values. The targeted 

0.006 NA was found to be impractical as the number of elements required to counteract tolerance 

sensitivities was not justified. By “walking the system down” to a 0.005 NA, a practical solution 

was obtained with only slight compromise to the first-order resolution constraints (around 14 lp/mm 

maximum resolution instead of the original 15 lp/mm).  

Though the NA was decreased from the initial targeted value, NAobj=0.005 is still large 

compared to standard laparoscopes, which feature object space NAs around 0.003. A large NA 
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amplifies aberrations dependent on marginal ray height, including spherical aberration, coma, field 

curvature, and astigmatism. Spherical aberration was decreased by splitting power more evenly 

between lenses and using higher index glasses to decrease surface curvatures. Coma was controlled 

by changing the stop position and increasing the design symmetry. Thick meniscus lenses were 

used to correct for field curvature. Lens shapes and stop shifting were used to correct for 

astigmatism. Chromatic aberrations were also monitored and occasionally constrained throughout 

the optimization. Additionally, glass substitution was constrained to use standard and preferred 

glasses. The preliminary objective lens data is given in Table 5.3. 

As seen in Fig. 5.13, the objective layout features low incident angles and near-diffraction 

limited performance for on-axis fields. As mentioned in section 5.1, the pixel size of the ZVP 

detector is 4.65 μm. Using first-order magnifications to back propagate pixel size through the 

system yields effective detector Nyquist frequencies at the objective image plane of 203 cycles/mm, 

327 cycles/mm, and 491 cycles/mm for the wide view, 2X zoomed view, and 3X zoomed view 

respectively. Fig. 5.13 shows an average modulation transfer function (MTF) value just above 0.3 

at 2/3 the effective Nyquist frequency, which indicates acceptable performance with room for 

tolerancing degradation. 

Table 5.3 Preliminary objective lens data  

Surface 

Number 

Surface 

Type 

Radius of 

Curvature Thickness Glass 

Object Sphere Infinity 150  

1 Sphere Infinity 1.5 NBK7_SCHOTT 

2 Sphere Infinity 0.000493  

3 Sphere 20.01693 1.000163 NSK11_SCHOTT 

4 Sphere 5.323799 1.21729  

5 Sphere -142.165 1 SF11_SCHOTT 

6 Sphere 9.487121 1.069952  

7 Sphere -10.8976 4.999979 SF11_SCHOTT 

8 Sphere -12.5435 2.9158  

9 Sphere 22.83289 4.999722 NLAF2_SCHOTT 

10 Sphere -30.4503 7.032545  

Stop Sphere Infinity 7.453025  

12 Sphere 31.71735 3.73767 SFPM2_OHARA 
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13 Sphere -18.5996 -1.07E-17  

14 Sphere 11.29801 1.652532 NFK58_SCHOTT 

15 Sphere -13.2681 3.267172 STIH11_OHARA 

16 Sphere 33.80429 0.131377  

17 Sphere 10.53421 4.999613 SFPM2_OHARA 

18 Sphere -400.901 4.714783  

Image Sphere Infinity 0  

 

     

Fig. 5.13. Preliminary objective lens design layout (top) and MTF (bottom) plotted up 

to the effective 3X zoom Nyquist limit. 

A tolerance sensitivity analysis was performed at 2/3 the effective Nyquist frequency (for the 

3X zoom view) using precision machining tolerances. Defocus at the image plane was used as a 

compensator. As seen in Fig. 5.14, there is an 80% probability at 2/3 the effective Nyquist 

frequency that MTF will drop by about 0.1 across all fields. MTF reductions of this magnitude are 

typical and acceptable for this application.  
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Fig. 5.14. Preliminary objective lens MTF tolerancing results at 2/3 the effective Nyquist 

frequency of the 3X zoomed view. 

5.3.3 Relay 

A Hopkins relay lens was selected as the starting point since it can be easily modified and 

supports relatively large NAs. For ease of design, the second half of the relay was designed first 

and then copied symmetrically about the stop. The fields were specified as real image heights with 

the maximum field slightly larger than the image height of the objective lens (2.1mm vs. 1.97mm).  

The pupil size was specified by setting the image space NA to 0.187 to match that of the 

objective lens. Constraints were set on the image space telecentricity, lens diameters, and 

thicknesses. The minimum WD was set to 1 mm to stop encroachment of intermediate image planes 

on lens surfaces. Field lenses were added to help eliminate field curvature and achieve 

telecentricity.  

 

Fig. 5.15. Diagram illustrating relay design challenges of (a) chief ray correction away 

from the pupil, (b) chief ray overcorrection, (c) outer ray correction near the pupil, and 

(d) combined correction of a high NA system. 

To ease budget and tolerance sensitivities, a long relay with few elements is favorable. 

Designing a long relay with minimal elements is challenging, however, due to the large objective 
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image height and NA. The intermediate pupil at the center of the relay sits far from the objective 

image. A majority of the chief ray bending must take place away from the intermediate pupil near 

intermediate image planes where it is most efficient. The large NA and image height cause the outer 

rays of larger fields to exceed the inner tube diameter very quickly (see Fig. 5.15a). Correcting the 

outer rays away from the intermediate pupil leads to over correction of the chief ray (see Fig. 5.15b). 

Ideally, correction of the outer rays takes place near the intermediate pupil where the chief ray is 

less sensitive to lens power. The outer rays, however, typically exceed the housing constraints 

before chief ray sensitivity significantly decreases (see Fig. 5.15c). A combined approach may be 

taken in which the chief ray is corrected near the intermediate image and the outer rays are corrected 

near the intermediate pupil. The combined approach, however, is still likely to see rays exceed the 

diameter constraints (see Fig. 5.15d). The iconic Hopkins high-index rod lens alleviates this 

problem to some degree [69], but multiple elements are still required to apply necessary corrections 

near the intermediate images and pupil without incurring aberrations and tolerance sensitivities 

from high ray AOIs.  

Color correction was another difficult challenge. The rod-based relay design is mostly 

dominated by one glass, and all glasses used in the design have relatively high refractive indices 

(1.55<nd) to reduce surface curvatures without increasing element count. Thus, dispersion becomes 

difficult to correct and color aberrations quickly accumulate. Strategic glass choice is paramount 

to this relay design. To maximize dispersion compensation efficiency, the lowest index glasses 

(1.55<nd<1.6) are used nearest the intermediate images where ray angles of incidence are larger 

and higher curvatures are necessary regardless of glass type. Contrastingly, higher index glasses 

were used for the elements with lower angles of incidence and lower element powers. In this way, 

the design minimizes the amount of dispersion that the achromatic doublets must correct. Though 

the relay lens is symmetrical, it is important to note that the positive and negative dispersions do 

not compound at the same rate. Thus, the full relay lens (not just the back half) was modeled before 

glass choices were optimized. This method of glass distribution also allowed for longer rod lenses 
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(>44 mm). The relay design achieves a total track length over 115 mm. Therefore, one relay, when 

combined with the objective, is enough to meet the 130-mm minimum insertable probe length 

requirement. 

Table 5.4 Preliminary relay lens data  

Surface 

Number 

Surface 

Type 

 Radius of 

Curvature Thickness Glass 

Object Sphere Infinity 1  

1 Sphere -6.92688 1 STIL1_OHARA 

2 Sphere 146.6116 0.385141  

3 Sphere -11.9749 1 SNPH1_OHARA 

4 Sphere 29.743 2.46552 LASF35_SCHOTT 

5 Sphere -12.5783 5.23E-17  

6 Sphere -395.213 1.035265 SLAH93_OHARA 

7 Sphere -19.7658 9.13E-18  

8 Sphere 41.5297 44.88773 SF11_SCHOTT 

9 Sphere 85.17429 0.101162  

10 Sphere Infinity 1 NLAF2_SCHOTT 

11 Sphere -29.9922 8.46E-18  

12 Sphere Infinity 1.025182 SBAL42_OHARA 

13 Sphere 13.13039 3.6 SFPM2_OHARA 

14 Sphere -50.2197 -1.55E-17  

Stop Sphere Infinity -1.55E-17  

16 Sphere 50.21971 3.6 SFPM2_OHARA 

17 Sphere -13.1304 1.025182 SBAL42_OHARA 

18 Sphere Infinity 8.46E-18  

19 Sphere 29.99218 1 NLAF2_SCHOTT 

20 Sphere Infinity 0.101162  

21 Sphere -85.1743 44.88773 SF11_SCHOTT 

22 Sphere -41.5297 9.13E-18  

23 Sphere 19.76576 1.035265 SLAH93_OHARA 

24 Sphere 395.2126 5.23E-17  

25 Sphere 12.57833 2.46552 LASF35_SCHOTT 

26 Sphere -29.743 1 SNPH1_OHARA 

27 Sphere 11.9749 0.385141  

28 Sphere -146.612 1 STIL1_OHARA 

29 Sphere 6.926882 1  

Image Sphere Infinity 0  
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Fig. 5.16. Preliminary relay lens design layout (top) and MTF (bottom) plotted up to the 

effective 3X zoom Nyquist limit. 

 

Fig. 5.17. Preliminary relay lens MTF tolerancing results at 2/3 the effective Nyquist 

frequency of the 3X zoomed view. 

A tolerance sensitivity analysis was performed at 2/3 the effective Nyquist frequency for the 

3X zoom view. A mix of precision and high precision tolerances were used. Defocus at the image 

plane and air spacings about the stop were used as compensators. Tolerance analysis revealed an 

80% probability of MTF reduction by around 0.1 or less for all fields. MTF reductions of this 

magnitude are typical and acceptable for this application. 
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5.3.4 Combining the objective and relay 

The objective and relay were combined before designing the remainder of the HT-MRFL 

subsystems. The small lens diameters, high NA, numerous elements, and long total track length of 

the endoscope make the objective and relay subsystems the most difficult to design and the most 

sensitive to tolerances. Due to these factors, combining the objective and relay does not yield 

adequate performance and tolerance sensitivities without further optimization. Between the relay 

and objective, it was more difficult to reach a preliminary relay design that tolerances well due to 

its length, element count, and double telecentricity. Therefore, only the objective elements were 

allowed to vary during initial optimization of the combined system.  Due to the performance 

requirements and highly constrained diameters, optimization assumed custom fabricated lens 

elements with anti-reflection coatings. To preserve the modular design, optimizations were set to 

evaluate and consider image performance at the intermediate image between the two subsystems 

in addition to the final image following the relay. Ray AOIs were constrained during optimization 

to lessen tolerance sensitivities. Initial system tolerancing was carried out using a mix of precision 

and high-precision tolerancing values. Fabrication quotes were collected once a solution was found 

that met performance requirements and showed promising insensitivity to initial tolerances. Upon 

review of quotes, OptoSigma© was selected to fabricate the objective and relay lenses. Final 

objective and relay tolerances were determined collaboratively with OptoSigma© and the system 

was reoptimized to account for tolerance changes as needed. During the final stages of optimization 

and tolerancing, all lens clear apertures, outer diameters, edge thicknesses, shoulders, and air 

spacings were set to ensure easy slide-in assembly without need for excessively thin or numerous 

spacers. The layout and MTF performance of the final objective-relay combination is shown in Fig. 

5.18. 
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Fig. 5.18. (Top) Layout of the combined final objective and relay designs.  (Bottom) 

MTF of the combined objective and relay plotted up to the effective 3X zoom Nyquist 

limit. 

As seen in Fig. 5.19, there is an 80% probability of the MTF dropping by around 0.1 or less 

across all fields at 2/3 the effective Nyquist limit (for 3X zoom). This magnitude of MTF 

degradation is expected. The as-built system has an 80% probability of exhibiting modulation 

transfer greater than 0.2 across all fields, which indicates adequate performance. 
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Fig. 5.19. Combined objective and relay MTF tolerancing results at 2/3 the effective 

Nyquist frequency of the 3X zoomed view. 

The modular performance of the combined system was also evaluated and the resulting final 

objective and relay subsystems (assuming tolerances established in coordination with 

OptoSigma©) are summarized in Fig. 5.20 and Fig. 5.21, respectively. 

 

  

Fig. 5.20. Final objective design: (Top) design layout; (Bottom left) MTF plotted up to 

the effective 3X zoom Nyquist limit; and (Bottom right) MTF tolerancing results at 2/3 

the effective Nyquist frequency of the 3X zoomed view. 
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Fig. 5.21. Final relay design: (Top) design layout; (Bottom left) MTF plotted up to the 

effective 3X zoom Nyquist limit; and (Bottom right) MTF tolerancing results at 2/3 the 

effective Nyquist frequency of the 3X zoomed view. 

5.3.5 Eyepiece 

The starting point for the eyepiece design was a typical two-element thin lens representation 

of a retrofocus objective. The eyepiece was designed in reverse orientation as is typical of systems 

with infinite image conjugates. Fields were specified as image heights with optimization constraints 

set on image space telecentricity. The BS cube is included in the design to ensure proper clearance 

and vignetting constraints are met. 

Table 5.5 Preliminary eyepiece lens data  

Surface 

Number 

Surface 

Type 

 Radius of 

Curvature 
Thickness Glass 

Object Sphere Infinity Infinity  

Stop Sphere Infinity 15.839  

2 Sphere Infinity 12.700 N-BK7 

3 Sphere Infinity 0.418  

4 Sphere 21.597 5.001 S-FPL55 

5 Sphere -11.487 2.950 S-BSM81 

6 Sphere 92.199 0.000  

7 Sphere 27.306 2.832 S-FPM3 

8 Sphere -84.728 5.157  

9 Sphere 480.693 2.522 N-BK7 

10 Sphere -27.728 4.047  

11 Sphere 15.971 3.367 S-FPL53 

12 Sphere -44.002 -0.002  

13 Sphere 8.886 3.878 B19-61 
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14 Sphere -15.834 3.748 S-NBH57 

15 Sphere 5.387 1.492  

Image Sphere Infinity 0.000  

 

 

 

Fig. 5.22. (Top) Layout of the preliminary eyepiece design.  (Bottom) MTF for the 

preliminary eyepiece design up to the effective 3X zoom Nyquist limit. 

The MTF plot of the reversed eyepiece in Fig. 5.22 shows higher contrast transfer than both 

the objective and relay across all spatial frequencies and field heights. Thus, when the eyepiece is 

flipped and placed after the relay, it should collimate the intermediate image without limiting 

performance or contrast.  

5.3.6 Zoom-view probe 

The thin lens setup depicted in Fig. 5.1 served as the starting point for the system. The beam 

splitter and mirror were included to ensure compatibility. Three zoom configurations were set up 

corresponding to zoom factors of 2X, 2.5X, and 3X. Hard constraints were placed on image height 

and total track length to keep them constant across all zooms. Additional thickness constraints were 

added to maintain flange distance compatibility with the IK-HD1 camera and to keep the 
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intermediate image plane from shifting into or near any of the offset lenses. Loose constraints were 

placed on the 2X and 3X focal lengths of G1 and G2 to allow lenience while keeping them near the 

first order values.  

The biggest challenge in designing the ZVP was accommodating the relatively small ETL 

clear apertures without using large surface curvatures or incurring harsh incident ray angles. 

Ideally, the design would be as compact as possible. Though adding more lenses makes the ETL 

CAs easier to accommodate for shorter track lengths, an 8-element limit (not including the tunable 

lenses, mirror, or BS) was enforced to decrease cost and complexity. Thus, two steps were taken: 

(1) a low-powered, positive element was added before the first ETL to converge the ray bundles 

and fields; and (2) constraints on system compactness were loosened to capitalize on the tradeoff 

between the number of elements and overall system length. Loosening track length constraints 

allowed the design to stretch out, making space for the fields to converge gradually before reaching 

the ETLs.  

As seen in Fig. 5.23, the ZVP design achieves identical air spacings, total track lengths, and 

image heights for all zooms. MTF is plotted in Fig. 5.24 up to the Nyquist frequency of the ZVP 

detector for the 2X, 2.5X, and 3X zoom configurations. At 2/3 the Nyquist frequency of the detector 

(~73 cycles/mm), the 2X, 2.5X, and 3X zooms exhibit average MTF values around 0.5, 0.45, and 

0.35, respectively, which indicate acceptable performance with room for degradation due to 

manufacturing and assembly errors. 
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Fig. 5.23. Layout of the preliminary zoom-view probe design for zoom factors of 2X 

(top), 2.5X (middle), and 3X (bottom). 
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Fig. 5.24. MTF of the preliminary zoom-view probe design for zoom factors of 2X (top), 

2.5X (middle), and 3X (bottom) plotted up to the Nyquist frequency of the ZVP detector. 
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5.3.7 Full zoom system 

Budget constraints require the eyepiece, ZVP, and WVP designs to use as many stock optical 

components as possible. The eyepiece and the ZVP were integrated into the system at the same 

time to allow for slight aberration compensation between systems to counterbalance performance 

losses during the stock lens optimization process. Edge ROI scanning configurations were added 

into the system design for the 2X and 3X zooms to ensure compatibility and insensitivity to 

tolerances. The objective and relay were left unchanged, and the eyepiece and ZVP underwent 

optimization and stock lens matching according to the methods described in section 5.3.9. 

Fabrication quotes were collected once a solution was found that meets performance requirements, 

shows promising insensitivity to precision tolerances, and predominantly comprises stock optical 

elements.  

 

Fig. 5.25. Final HT-MRFL zoom-view probe layout presented for (from top to bottom) 

2X zoom at the on-axis scanning position, 2X zoom at a full-field scanning position, 2.5X 

zoom at the on-axis scanning position, 3X zoom at the on-axis scanning position, and 3X 

zoom at a full-field scanning position. 
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Upon review of quotes, Optimax© was selected to fabricate the custom eyepiece and ZVP 

optics that could not be matched with stock components. All custom lens surface curvatures were 

fit to existing Optimax© test plates. The design was reoptimized as needed to account for test plate 

fittings. Final tolerances for the custom optics were determined in coordination with Optimax© and 

the system was reoptimized to account for tolerance changes as needed. During the final stages of 

optimization and tolerancing, clear apertures, outer diameters, edge thicknesses, shoulders, and air 

spacings for all custom optics were set to facilitate assembly without need for excessively complex 

opto-mechanics.  

 

Fig. 5.26. Nominal MTF plots for all five configurations of the final HT-MRFL zoom-

view system design plotted up to the Nyquist frequency of the ZVP detector.   

The nominal MTF plots for the final zoom-view system are presented in Fig. 5.26. The 

system is designed to give highest performance at on-axis scanning positions with minimal MTF 

degradation (<0.1 average MTF drop at any given frequency) for off-axis scanning positions. 

Figure 5.26 demonstrates that this design goal was met. At 2/3 the Nyquist frequency, all MTF 
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curves lie at or above 0.3 for all configurations except the 3X edge ROI configuration, which hovers 

around 0.2.   

 
 

Fig. 5.27. MTF tolerancing results at 2/3 the effective Nyquist frequency for all five 

configurations of the final HT-MRFL zoom-view system.  

As seen in Fig. 5.27, there is an 80% probability of the MTF at 2/3 Nyquist dropping to an 

average of about 0.37 for the 2X zoom on-axis ROI configuration, 0.27 for the 2X zoom edge ROI 

configuration, 0.3 for the 2.5X zoom on-axis ROI configuration, 0.25 for the 3X on-axis ROI 

configuration, and 0.1 for the 3X zoom edge ROI configuration. The system is not meant for mass 

production at this time and is designed as a custom “one-off” research prototype that uses stock 

lenses to cut costs. Thus, the performance yield probabilities exhibited in Fig. 5.27 are acceptable 

and indicate a high likelihood of success.  
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Fig. 5.28. Chromatic focal shifts plotted across the visible spectrum for all five 

configurations of the final HT-MRFL zoom-view system.  

Care was taken during optimization and stock lens substitution to ensure chromatic 

aberrations are acceptably mitigated. As seen in Fig. 5.28, the zoom system is achromatic in the 

visible spectrum across the full zooming and panning ranges. Examination of Fig. 5.29 reveals that 

lateral chromatic focal shifts at the zoomed-view detector are less than one pixel (< 4.6 μm) for all 

fields, zooms, and panning positions except for the extreme 3X-zoom edge-ROI case. In this 

extreme case, lateral chromatic aberration in the range of 1 to 2.2 pixels is observed for less than 

10% of the FOV. Considering the ZVP mostly comprises stock components, lateral chromatic 

aberration on this scale is acceptable given the small fraction of the observable field and viewing 

configurations for which it is exhibited. 
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Fig. 5.29. Lateral chromatic focal shift at the zoomed-view image plane for all five 

configurations of the final HT-MRFL zoom-view system.  

5.3.8 Wide-view probe 

The starting point for the WVP lens design was a patented objective lens with similar EPD 

and focal length values to the respective ( ) ( )15.5cos 11 62 os mc 2 meye eye objd f    == =   and 

24mmwidef =  values obtained from the first-order design. The design was “walked in” to the 

proper first-order values and then added onto the full HT-MRFL system for performance 

optimization. The rest of the HT-MRFL system was kept constant and unchanged while the WVP 

was optimized and primed for stock lens matching (see section 5.3.9). The resulting design is seen 

in Fig. 5.30. 
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Fig. 5.30. Full HT-MRFL wide-view system layout featuring WVP design just before 

stock lens matching.  

 

Fig. 5.31. MTF (plotted up to the Nyquist limit of the WVP detector) of the full HT-

MRFL wide-view system just before WVP stock lens matching.  

As seen in Fig. 5.31, the MTF at 2/3 Nyquist is around 0.6, indicating excellent performance 

with ample room for degradation due to stock lens matching and fabrication tolerances. Stock lens 

matching and optimization was performed using the methods detailed in section 5.3.9. The final, 

all-stock, WVP is seen in Fig. 5.32 and the nominal MTF is plotted in Fig. 5.33. 
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Fig. 5.32. Full HT-MRFL wide-view system layout featuring an “all stock” WVP design. 

 

Fig. 5.33. MTF (plotted up to the Nyquist limit of the WVP detector) of the full HT-

MRFL wide-view system design after stock lens matching.  

As seen in Fig. 5.33, there was minimal performance loss during stock lens matching. The 

MTF at 2/3 Nyquist is just above 0.4, indicating good performance with room for degradation due 

to fabrication tolerances. A tolerance analysis at 2/3 the Nyquist limit of the WVP detector (see 

Fig. 5.34) confirms adequate sensitivity to fabrication tolerances and assembly errors with an 80% 

probability of the MTF staying above 0.35 for all fields. 
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Fig. 5.34. MTF tolerancing results at 2/3 the effective Nyquist frequency for the full HT-

MRFL wide-view system using an “all stock” WVP design. 

 

5.3.9 Stock lens design 

The eyepiece, ZVP, and WVP all use stock lenses to subsidize fabrication costs. Before stock 

lens matching is attempted, preparation of each subsystem is necessary to increase the likelihood 

of success. To ensure time efficiency and high final performance, the stock matching process is 

only attempted once each subsystem is integrated into the full HT-MRFL design. Furthermore, 

each subsystem is primed to increase the likelihood of successful stock lens matching. Priming is 

an iterative optimization process in which lens shapes, thicknesses, diameters, materials, and 

quantities are adjusted to increase the probability of finding stock lens matches for the greatest 

number of lenses without falling below performance requirements.  

General guidelines for priming include: 1. optimize for initial performance above a threshold 

which is required to account for degradation during matching; 2. use plano-convex, plano-concave, 

bi-convex, and bi-concave lens shapes; 3. use common glass types; and 4. maintain element 

diameter-to-thickness ratios of around 7:1. Some lenses were harder to find stock matches for than 

others even after priming. Though correlations exist among common glass types (and stock lens 

availability in general), lens diameters, and shapes, there is surprisingly little published on the 

subject. To increase priming efficiency, 2,780 lenses were surveyed from multiple common stock 

lens suppliers and the material, diameter, and shape were recorded for each lens. The data was 

organized and plotted in several histograms which are included in APPENDIX G. 
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Fig. 5.35. Portion of final HT-MRFL lens layout containing the eyepiece, WVP, and 

ZVP. Stock components are shaded green and labeled with manufacturer and part 

number. 

The histograms facilitate a guided approach to lens priming resulting in eyepiece, WVP, and 

ZVP designs predominantly comprising stock components (as shown in Fig. 5.35). Using stock 

lenses (not including the BS, scanning mirror, or tunable lenses) saved around $33K (estimate is 

based on an average of prior fabrication quotes for lenses of similar sizes, glass types, and 

tolerances), which would have nearly doubled the total lens fabrication cost for the system. 
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6 HT-MRFL PROTOTYPING, PERFORMANCE EVALUATION, AND 

LIMITATIONS 

A benchtop HT-MRFL prototype was constructed using custom 3D printed opto-mechanics 

and the modulation transfer and resolution capabilities of the prototype were tested. The 

prototyping and performance evaluation are summarized in a published work (see APPENDIX D). 

This chapter discusses both topics in greater depth as well as the withstanding limitations of the 

HT-MRFL prototype.  

6.1 PROTOTYPING 

The final goal in developing the HT-MRFL is to build a practical prototype complete with 

precision machined housings and integrated fiber illumination. In accordance with this plan, the 

HT-MRFL is designed to meet performance requirements when assembled with custom machined 

parts that exhibit high-precision tolerances. Unfortunately, funding does not permit fabrication of 

such pieces at this time, so a preliminary benchtop HT-MRFL prototype has been assembled using 

housings that were designed and 3D printed in-house. All printed parts were designed in 

SolidWorks© and fabricated using our in-lab 3D Systems ProJet MJP 2500 Plus printer. The MJP 

ProJet 2500 Plus features a maximum build volume of 294 x 211 x 144 mm (xyz) with resolutions 

of 31.75 x 28.22 x 32.15 µm (xyz) in HD mode or 15.88 x 28.22 x 32.15 µm (xyz) in UHD mode. 

Typical printing accuracy for this model is listed at ±0.025-0.05 mm per 25.4 mm. Parts are post-

processed in heated steam and oil baths to remove support material and then washed with soap, 

water, and reagent-grade isopropyl alcohol. It should be noted that printed housings require 

substantially thicker walls for structural rigidity as compared to steel or aluminum housings. 

Dimensions of the 3D-printed housings are in no way indicative of the final size or shape of future 

practical HT-MRFL prototypes. 
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6.1.1 Opto-mechanical design 

The ProJet MJP 2500 Plus tolerances are exceptional by 3D printer standards but still fall 

short of the high-precision CNC-machining tolerances assumed during the design and analysis of 

the HT-MRFL. Furthermore, residue (a mix of support material, post-processing solution, and 

water) from printed parts is known to transfer to lens surfaces via contact and condensation (see 

Fig. 6.1).  

 

Fig. 6.1. Close-up images of residue (mixture of water, post-processing solution, and 

support material) deposited on relay lens surfaces via condensation and direct contact 

with printed spacers. 

Deposited residue can affect imaging performance, resist natural lens seating during 

assembly, and create annular seals that trap moisture and air. This is less concerning for systems 

with larger or fewer optics, but catastrophic for systems comprising numerous small-diameter 

lenses. Thus, the likelihood of repetitive disassembly and assembly for cleaning and to outlie 

probabilistic tolerance performance is high. Bearing this in mind, all HT-MRFL housings are 

designed according to the following criteria: (1) housings shall fasten securely to hold optics in 

place; (2) housings shall facilitate easy and quick assembly and disassembly; (3) contact between 

printed parts and optical surfaces shall be kept to a minimum in as far as (1) and (2) are met; (4) 

tube assemblies that house numerous equi-diameter elements shall feature micro-slots in the inner 

wall running the length of the tubing to allow air to escape during assembly; (5) all parts shall 

exhibit an obvious printing orientation at which lens decentering errors are minimized given the 
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non-uniform xyz printing resolutions exhibited by the ProJet MJP 2500 Plus; (6) all parts shall fit 

within the printable volume when oriented in accordance with (5); (7) division of the system into 

separate housings, as necessitated by (6), and the grouping of subsystems within shall ease 

assembly while offering the greatest potential for tolerance compensation; and (8) to avoid 

assembly errors, all parts shall be reversible when feasible or exhibit clear indicators of loading 

order and orientation.   

To meet criterion (2), initial objective and relay housing designs (see Fig. 6.2) featured 

cantilevered ring joints designed to withstand frequent separation according to plastic snap-fit 

design practices [70]. The designs, however, did not account for differences between traditional 

and additive manufacturing. Furthermore, it was observed that part elasticity was highly dependent 

on post processing of the prints. Thus, snap-fitting joints were abandoned. Given the high printer 

resolutions, printed threading was tested and found to be a favorable solution. New housings were 

designed with threaded tubing and retaining caps. 

 

Fig. 6.2. 3D models of the snap-fit objective (left) and relay (right) housing designs 

shown below their respective cross-sections. 

A new challenge surfaced when loading the lenses into the printed tubing. When constructing 

a rigid lens-based laparoscope, the lenses and spacers are typically assembled in a V-groove and 

then slid into a housing tube. V-groove loading is common practice for rotationally symmetric 
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systems in which tube length far exceeds inner tube diameter. The printed inner tube walls, 

however, were not smooth enough to accommodate this method of assembly. Imperfections on the 

inner tube wall were catching the edges of lenses causing the lenses to tilt and become stuck. 

Dislodging a lens without breaking it or harming its coatings required destruction of the printed 

housing. To overcome this hurdle, a new relay lens housing was designed (see Fig. 6.3) for which 

the lenses and spacers are first “sandwiched” between interlocking sleeves. Then, the sleeved optics 

are inserted into a threaded tube and secured by a threaded retaining cap. This design scheme was 

successful and was adopted for the objective lens and zoomed-view probe housings as well. The 

wide-view probe is less sensitive to tolerances, so it features larger gaps between the inner tube 

wall and outer lens diameters that mitigate lens binding without need for sandwiching sleeves. The 

opto-mechanical designs of the subsystems can be viewed in APPENDIX H. 

 

Fig. 6.3. Exploded view (top) and cross-sectional view (bottom) of the relay housing 

design featuring sandwiching sleeves and printed threading. 
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Fig. 6.4. Assembled (top), semi-exploded (middle), and cross-sectional (bottom) views of 

the central HT-MRFL housing model containing the relay lens, eye-piece, scanning 

mirror unit, and beamsplitter cube. 

The relay housing seen in Fig. 6.3 is used for standalone testing of relay lens. Integration of 

the relay into the full HT-MRFL, however, requires contact between the lens shoulders of the last 

and first lenses of the relay and eyepiece, respectively. To ease alignment of the full benchtop 

system, a housing assembly was designed (Fig. 6.4) that is compatible with standard 8-32 mounting 

hardware and incorporates the relay lens, eyepiece, scanning mirror, and beamsplitter cube. 

The extra girth required of the printed housings for rigidity and structural integrity does not 

allow the wide-view and zoom-view probes to sit parallel as they do in Fig. 5.1. This is not a 

problem, however, as the pupil conjugate on the scanning mirror allows the zoom probe to be canted 

beyond 20° (see Fig. 6.5) without significant changes in performance (Fig. 6.6) or tolerance 

sensitivity (Fig. 6.7). 
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Fig. 6.5. HT-MRFL layout configured with a 20° canted zoom-view probe to 

accommodate 3D-printed housings. 

 

 

Fig. 6.6. Nominal MTF plots for all five configurations of the 20° canted HT-MRFL 

zoom-view system design plotted up to the Nyquist frequency of the ZVP detector. 
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Fig. 6.7. MTF tolerancing results at 2/3 the effective Nyquist frequency for all five 

configurations of the 20° canted HT-MRFL zoom-view system.  

 

6.1.2 Subsystem assembly 

Like the MRFL before it, the HT-MRFL consists of many small-diameter lenses and features 

multiple intermediate images near lens surfaces that are highly magnified by the rest of the system. 

As a result, any contaminant on a lens surface is liable to noticeably degrade overall image quality 

(as seen in Fig. 6.8). Therefore, cautious cleaning and assembly practices were adopted for the 

construction of the HT-MRFL. 
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Fig. 6.8. Initial zoomed view (left) and wide view (right) images captured with the 

improved MRFL prototype discussed in Chapter 3. The red ellipses denote visible 

artifacts resultant from lens surface contaminants. 

To prevent dust or particulate from settling on lens surfaces, all subsystems are assembled in 

a vertical laminar-flow hood equipped with filtered compressed air. All instruments used during 

assembly are cleaned prior, gloves are worn throughout the process, and lenses are handled 

exclusively with non-marring rubber-tipped tweezers. Each lens is cleaned using a three-step 

approach before it is loaded into an assembly. First, each optical surface is wiped using a strip of a 

Kimtech© cleanroom dry wipe that is cut to size, folded over, secured in forceps, and dampened 

with reagent-grade isopropanol. Each lens surface is checked for streaks or residue by examining 

the reflection of light off of the surface as well as looking through the lens while holding it in front 

of light and dark backdrops. The first step is repeated until no visible streaks or residue are detected 

on either lens surface and Kimtech© strips are changed frequently. Second, each surface is blasted 

with filtered compressed air to remove any fibers from the wipes that are deposited during the first 

step. Third, the lens edges are re-blackened, if necessary, using black permanent marker.  
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Fig. 6.9. Custom printed (a) relay and (b) objective lens caddies with integrated 

assembly aids, cleaning stations, and (c) organized lens and housing storage.   

Custom relay (Fig. 6.9a) and objective (Fig. 6.9b-c) lens caddies with integrated lens cleaning 

stations were designed to organize lenses, spacers, and housings during assembly. The relay caddy 

features a compound v-groove to facilitate the loading of lenses into sandwiching sleeves (see Fig. 

6.10). Un-sleeved lenses, however, are loaded into place using either tweezers or a vacuum lens 

pick-up tool.  

 

Fig. 6.10. A compound v-groove integrated into the relay caddy facilitates assembly of 

sleeved optics such as (a) the objective lens, (b) the relay lens, and (c-d) a portion of the 

zoom-view probe.   
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6.1.3 Benchtop assembly 

The performance disparity resulting from 3D-printed tolerances as opposed to those of high-

precision CNC machining is not surmountable by good alignment. Benchtop assembly does, 

however, afford more degrees of freedom that can be used to compensate for tolerance sensitivities. 

The benchtop assembly (pictured in Fig. 6.11) was configured to give the necessary degrees of 

freedom to each subsystem.  

 

Fig. 6.11. Annotated top-down (top) and profile (bottom) views of the HT-MRFL 

benchtop prototype.  

The level of precision at which each degree of freedom is controlled is indicative of the 

system sensitivity to such an adjustment (as determined through a tolerance sensitivity analysis in 

CodeV©). To accommodate the close proximity of the WVP components, custom mounts were 

designed (Fig. 6.12) and printed to hold the WVP lenses and detector. The system was aligned to a 
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table-mounted laser using traditional lens alignment techniques and custom printed alignment aids 

(Fig. 6.13) to gauge air spacings.  

 

Fig. 6.12. Custom mounts designed in SolidWorks© to hold the wide-view lens assembly 

(top) and detector (bottom).  

 

 

Fig. 6.13. Top: Alignment aids designed and printed to ease benchtop alignment. 

Bottom: SolidWorks© assembly showing intended placement of the alignment aids 

(yellow). 
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6.2 PERFORMANCE EVALUATION 

6.2.1 Objective and Relay 

Since the HT-MRFL is designed in a modular fashion (see Chapter 5), the objective and relay 

lenses must function well on their own. Slanted edge MTF measurements of transverse and sagittal 

modulation were recorded and averaged for each lens at normalized field heights of H=0, 0.5, and 

0.75. The resulting modulation curves for the objective and relay are shown alongside the 

corresponding nominal and diffraction limited curves in Fig. 6.14 and Fig. 6.15, respectively. Since 

each lens is assembled using 3D printed parts, it is expected that the measured MTF values will be 

lower than those predicted for precision machined tolerances in Section 5.3.4. At 2/3 the effective 

Nyquist frequency (327 cycles/mm), the decreases in objective modulation between the measured 

and nominal values for the H=0 and 0.5 fields are around double those predicted (with 97.7% 

probability) in Section 5.3.4 for precision machining tolerances. Interestingly, the H=0.75 field 

performs at about the same level predicted for precision machined tolerances. The relay lens, 

however, exceeds expectations and shows a maximum drop in modulation from the nominal curve 

of only 0.2.   

  

Fig. 6.14. MTF plot of the measured, nominal, and diffraction limited objective lens 

modulation transfer curves. 



 

 

111 

 

 

 

Fig. 6.15. MTF plot of the measured, nominal, and diffraction limited relay lens 

modulation transfer curves. 

The resolution of the objective lens was characterized using a 1951 USAF resolution target. 

As shown in Fig. 6.16, group 4 element 2 is the smallest set (in both the horizontal and vertical 

directions) for which three lines are distinguishable. Thus, the objective lens exhibits an SRO of 

around 17.95 lp/mm, which exceeds that predicted by the first-order design. There was an attempt 

to measure the resolution limit of the relay lens as well. The resolving power of the relay, however, 

is greater than that which is measurable by the resolution targets in our lab. From Fig. 6.17, in 

which group 7 element 6 is clearly resolved, it can be assumed that the relay resolution limit is 

significantly higher than 228 lp/mm. Overall, both the objective and relay lens perform 

exceptionally well considering each is assembled using 3D-printed opto-mechanics.  



 

 

112 

 

 

 

Fig. 6.16. Image of a 1951 USAF resolution target captured using the HT-MRFL 

objective lens. The image formed by the HT-MRFL objective lens is re-imaged onto a 

detector using a high quality 10X microscope objective lens. 

 

Fig. 6.17. Image of a 1951 USAF resolution target captured using the HT-MRFL relay 

lens. The image formed by the relay lens is re-imaged onto a detector using a high 

quality 10X microscope objective lens. 

6.2.2 Full System MTF analysis 

Monte Carlo simulations were run (5000 trials each) in the lens design software to generate 

expected MTF curves (97.7% probability) for two HT-MRFL prototyping scenarios. The first 

scenario assumes the system is constructed and assembled as it was designed to be, i.e., using CNC-
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machined parts with high-precision machining tolerances. The second scenario assumes the system 

is constructed as a benchtop model with 3D-printed housings. For the second scenario, tolerances 

and compensators were set to emulate the real-life setup. The expected MTF curves for these 

scenarios are plotted along with the nominal, measured, and diffraction limited curves in Figs. 6.18-

6.22.  

 

Fig. 6.18. Plotted wide-view MTF summary. Curves are shown for the measured 

benchtop, nominal, simulated benchtop, and simulated high-precision systems. 

 

 

Fig. 6.19. Plotted HT-MRFL MTF summary for the 2X zoomed view at the central 

scanning ROI. Curves are shown for the measured benchtop, nominal, simulated 

benchtop, and simulated high-precision systems. 
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Fig. 6.20. Plotted HT-MRFL MTF summary for the 2X zoomed view at a peripheral 

scanning ROI. Curves are shown for the measured benchtop, nominal, simulated 

benchtop, and simulated high-precision systems. 

 

 

Fig. 6.21. Plotted HT-MRFL MTF summary for the 3X zoomed view at the central 

scanning ROI. Curves are shown for the measured benchtop, nominal, simulated 

benchtop, and simulated high-precision systems. 
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Fig. 6.22. Plotted HT-MRFL MTF summary for the 3X zoomed view at a peripheral 

scanning ROI. Curves are shown for the measured benchtop, nominal, simulated 

benchtop, and simulated high-precision systems. 

As seen in Figs. 6.18-6.22, the measured MTF is similar to that simulated in CodeV© for the 

benchtop assembly using 3D-printed parts. The prototype’s wide-view modulation exceeds that of 

the simulated benchtop assembly at low spatial frequencies. The measured and simulated wide-

view MTF curves (Fig. 6.18) converge and correlate well moving into the mid- and high-frequency 

ranges. As a general trend of the zoomed view (Figs. 6.19-6.22), the prototype exhibits lower 

modulation in the low-frequency range than that of the simulated system. As spatial frequency 

increases into the mid and high ranges, however, the measured MTF meets or overtakes that of the 

simulated benchtop system. Overall, the measured and simulated benchtop systems perform 

similarly and suggest that a comparable correlation would be observed with the simulated “high-

precision” data if a practical prototype is made with the appropriate CNC machining tolerances. 

6.2.3 Resolution testing 

The horizontal and vertical resolution limits of the system were tested using a diffusely 

backlit 1951 USAF resolution testing target mounted at the nominal working distance of the system. 

The complete set of resolution testing images is found in APPENDIX I. As shown in Table 6.1, the 

wide-view resolution is characterized at normalized field heights of H=0, 0.5, and H=0.75. The 
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measured horizontal and vertical wide-view resolutions across all tested fields lie at the upper limits 

of the 2-5 lp/mm goal range. 

Table 6.1. HT-MRFL wide-view resolution testing data 

Normalized 
Field Height Orientation Group Element lp/mm 

0 
Horizontal 2 2 4.49 

Vertical 2 2 4.49 

0.5 
Horizontal 2 3 5.04 

Vertical 2 2 4.49 

0.75 
Horizontal 2 3 5.04 

Vertical 2 1 4 

The zoom-view resolution is characterized at 2X and 3X zoom (Tables 6.2 and 6.3, 

respectively) for normalized field heights of H=0 and 0.5 at central (on-axis) and peripheral 

scanning ROIs. To account for rotational asymmetry and alignment errors of the prototype, the 

H=0.5 resolution is measured four times at differing radial positions (Fig. 6.23) and averaged. 

 

Fig. 6.23. Diagram indicating the positions (blue circles) within the zoom-view image 

(black rectangle) at which resolution was measured.  

Table 6.2. HT-MRFL zoomed-view resolution testing data for 2X zoom 

Zoom Scanning ROI 
Normalized 
field height Position Orientation Group Element lp/mm 

2X Center 

0 N/A 
Horizontal 3 3 10.1 

Vertical 3 1 8 

0.5 

1 
Horizontal 2 6 7.13 

Vertical 1 3 2.52 

2 
Horizontal 3 1 8 

Vertical 2 4 5.66 

3 
Horizontal 2 6 7.13 

Vertical 0 6 1.78 

4 
Horizontal 3 1 8 

Vertical 1 2 2.24 

Average 
Horizontal     7.565 

Vertical     2.44 
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Edge 

0 N/A 
Horizontal 3 2 8.98 

Vertical 3 1 8 

0.5 

1 
Horizontal 2 3 2.52 

Vertical 2 3 2.52 

2 
Horizontal 2 4 5.66 

Vertical 2 3 5.04 

3 
Horizontal 3 1 8 

Vertical 2 4 5.66 

4 
Horizontal 3 1 8 

Vertical 1 2 2.24 

Average 
Horizontal     6.045 

Vertical     3.092 

Table 6.3. HT-MRFL zoomed-view resolution testing data for 3X zoom 

Zoom Scanning ROI 
Normalized 
field height Position Orientation Group Element lp/mm 

3X 

Center 

0 N/A 
Horizontal 3 5 12.7 

Vertical 2 4 5.66 

0.5 

1 
Horizontal 3 1 8 

Vertical 2 5 6.35 

2 
Horizontal 3 3 10.1 

Vertical 2 4 5.66 

3 
Horizontal 3 4 11.3 

Vertical 2 3 5.04 

4 
Horizontal 3 5 12.7 

Vertical 1 2 2.24 

Average 
Horizontal     10.525 

Vertical     3.858 

Edge 

0 N/A 
Horizontal 3 4 11.3 

Vertical 2 6 7.13 

0.5 

1 
Horizontal 2 6 7.13 

Vertical 2 3 5.04 

2 
Horizontal 3 1 8 

Vertical 2 5 6.35 

3 
Horizontal 3 5 12.7 

Vertical 2 4 5.66 

4 
Horizontal 3 4 11.3 

Vertical 2 4 5.66 

Average 
Horizontal     9.7825 

Vertical     4.542 

The zoomed-view resolution testing reveals large disparities between the measured 

horizontal and vertical resolution limits of the HT-MRFL prototype. The orientational differences 

in resolution are likely caused by alignment errors that are amplified by the rotational asymmetry 

of the system. On average, the on-axis (H=0) 2X zoom-view resolutions meet the 4-10 lp/mm SRO 

goal, but the off-axis resolution varies heavily with orientation. Ideally, the 2X resolution should 

be twice that observed in the wide-view, but performance is limited by the 3D-printer tolerances 

and benchtop alignment errors. A similar trend is observed at 3X zoom. Horizontal resolutions fall 

within the specified 6-15 lp/mm range across all tested fields, but vertical resolution falls short. 
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Overall, the high resolvability in the horizontal direction suggests that the system is capable and 

likely to meet the specified resolution goals when assembled with precision-machined parts.  

6.2.4 Comparative analysis 

Many of the driving design considerations for the HT-MRFL are motivated by participant 

feedback from the Keck School study (see Chapter 4). As discussed previously, the MRFL 

prototype is to be used as a comparative metric for the HT-MRFL and future systems. As such, the 

MRFL prototype MTF and resolution limits were characterized under the same conditions as those 

of the HT-MRFL in the previous section. The measured MTF curves for the wide views, 2X 

zoomed views, and 3x zoomed views of both systems are plotted in Figs. 6.24, 6.25, and 6.26 , 

respectively. The average measured wide-view and zoomed-view resolutions of the two systems 

are given in tables 6.4 and 6.5, respectively. 

 

Fig. 6.24. Plot comparing the measured wide-view MTF curves for the MRFL and HT-

MRFL prototypes. Curves are plotted up to the Nyquist frequency of the HT-MRFL 

wide-view detector. 
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Fig. 6.25. Plot comparing the measured 2X-zoom MTF curves for the MRFL and HT-

MRFL. Curves are plotted up to the Nyquist frequency of the HT-MRFL zoom-view 

detector. 

 

Fig. 6.26. Plot comparing the measured 3X-zoom MTF curves for the MRFL and HT-

MRFL. Curves are plotted up to the Nyquist frequency of the HT-MRFL zoom-view 

detector. 

Table 6.4. Table of measured wide-view resolutions for the MRFL and HT-MRFL 

 Wide-view resolutions (lp/mm) 

 H=0.0  H=0.5  H=0.75 
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 Hor. Vert.  Hor. Vert.  Hor. Vert. 

MRFL 2.52 2.24  2.00 2.24  1.12 1.59 

HT-MRFL 4.49 4.49  5.04 4.49  5.04 4.00 

Table 6.5. Table of measured zoomed-view resolutions for the MRFL and HT-MRFL 

 Zoom-view resolutions (lp/mm): 2X zoom 

 Center ROI  Edge ROI 

 H=0.0  H=0.5  H=0.0  H=0.5 

 Hor. Vert.  Hor. Vert.  Hor. Vert.  Hor. Vert. 

MRFL 4.49 5.04  3.57 2.83  3.56 4.00  4.14 3.21 

HT-MRFL 10.10 8.00  7.57 2.44  9.98 8.00  6.05 3.03 

 Zoom-view resolutions (lp/mm): 3X zoom 

 Center ROI  Edge ROI 

 H=0.0  H=0.5  H=0.0  H=0.5 

 Hor. Vert.  Hor. Vert.  Hor. Vert.  Hor. Vert. 

MRFL 6.35 6.35  5.52 4.80  3.56 4.00  3.57 2.62 

HT-MRFL 12.70 5.66  10.53 3.86  11.30 7.13  9.78 4.54 

 

 

6.2.5 Phantom and tissue analogue imaging 

An imaging phantom (urinary bladder and prostate model) and tissue analogue (pork chop) 

were imaged with the HT-MRFL and the improved MRFL prototype discussed in Chapters 3 and 

4. The full sets of images are included in APPENDIX J and reveal substantial qualitative 

improvements in image quality and utility from the MRFL prototype to the HT-MRFL.  

6.3 LIMITATIONS 

Obvious performance and practical limitations are placed on the system by the natures of the 

3D-printed parts and benchtop assembly. These limitations, however, have already been discussed 

and will not be further addressed in this section. The goal of the HT-MRFL is to solve the image 

quality, brightness, and size issues of previous MRFL systems through enhanced throughput-based 

design. Thus, problematic limitations of previous MRFL prototypes still exist that are either not 

addressable by optical design or do not warrant further advancement at the current stage of research 

and development. Currently, such limitations include the software compatibility, image processing 

method, auto-tracking method, endoscope format, and use case.  
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6.3.1 Software compatibility 

Due to the scanning mirror and zoom-view detector upgrades, the HT-MRFL is not currently 

compatible with the pre-existing MRFL software suite. As shown in Fig. 6.27, the ETL focal 

lengths and scanning mirror angles are controlled manually using software provided by Optotune©, 

while the wide-view and zoom-view camera feeds are displayed using the FlyCap2© and 

Windows© Camera apps, respectively. This setup is advantageous for in-lab testing and 

development, but impractical for clinical use. This limitation, however, can be easily addressed in 

the future by updating the MRFL software suite. 

 

Fig. 6.27. Screenshot showing the ETL controls (green), scanning mirror controls (red), 

zoom-view camera feed (blue), and wide-view camera feed (yellow). 

6.3.2 Image processing and controls 

Currently, MRFL camera feeds and repositioning are processed via an external desktop 

computer. External computer processing, however, introduces undesirable outcomes such as 

latency, less-accessible controls, and excessive device and cable quantities. Commercial 

laparoscopes solve these problems by integrating purpose-built computational processing units and 

controls into the camera heads and camera head controllers. The current budget and research phase 
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do not justify integration of computer processing into the HT-MRFL, but such approaches may be 

necessary at later stages of development.  

6.3.3 Tracking 

The MRFL software suite currently employs a two-step method of tracking involving the use 

of a motion detection algorithm to extract the tool from the wide-view image [71] and heuristic 

geometrical fitting to locate the tool-tip position. This method of auto tracking assumes a static 

background and a single moving tool. Thus, the algorithm fails to reliably track instruments during 

surgery since multiple instruments, background motion, and specular reflections commonly appear 

in the wide view. 

Though not in the scope of this dissertation, improved auto tracking is a realistic and feasible 

goal for the next MRFL system. Numerous methods of auto tracking exist, but most fall into one 

of two categories, digital or physical. Methods from both categories are currently being considered 

to improve the MRFL auto tracking capabilities.  Digital tracking, which relies on image processing 

and computer vision techniques, is advantageous because it requires minimal change to existing 

surgical tools. The most efficient way to improve the MRFL’s current two-step digital auto tracking 

method is to replace the motion detection algorithm with a more robust way of extracting the tool 

image from the wide-view. One possibility is to use color information to detect and extract the 

image of a desired tool. Ideally, color detection would be an easy method to implement and could 

allow detection and tracking of multiple instruments provided each instrument is uniquely colored. 

Color identification, however, can be difficult to implement reliably since the detected color of an 

object depends on lighting, environment, and sensor characteristics. Another viable possibility is 

shape detection, in which the system is programmed to recognize specific objects through template 

matching or deep learning. This method, however, is highly dependent on the quality and quantity 

of data sets used for templates or system training [71,72].  
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For future MRFL generations, it may be more practical to forgo a digital tracking method in 

favor of a physical tracking solution. Physical tracking utilizes tracking devices or signal emitters 

that are affixed to instruments. Like the digital solutions discussed above, physical methods would 

facilitate tracking of multiple instruments. Generally, physical tracking is very robust but requires 

additional equipment or modified tools. Furthermore, a commercial laparoscopic imaging system 

that utilizes physical tracking would likely require proprietary surgical instruments with built in 

tracking devices.  

A third tracking category, hybrid tracking, exhibits a balanced compromise between the 

combined benefits and drawbacks of physical and digital tracking methods. A hybrid approach, 

such as that presented by Jung et al. [73], would likely boost in-vivo tracking performance and 

could be easily adapted to work with the MRFL architecture. 

6.3.4 Endoscope format 

MRFL generations thus far were designed with integrated rigid laparoscopes. For widespread 

use and appeal, it would be advantageous to produce MRFL systems that accommodate detachable 

and flexible laparoscopes. Unfortunately, current limitations on fiberoptic bundle fabrication 

prevent such adaptation to flexible formats. The zoomed-view probe greatly magnifies the small 

intermediate image formed at the proximal end of the endoscope. Traditional rigid endoscopes form 

this intermediate image by capturing an initial image with an objective lens at the distal end and 

relaying that image to the proximal end through a series of lenses.  Flexible endoscopes usually use 

an objective to focus the image onto a fiber bundle that carries the image to the proximal end. 

Unless the individual fibers in the bundle are small enough, the high magnification of the relayed 

image at the proximal end of the fiber bundle results in a low-resolution image at the detector for 

which the constituent fibers are visible. Unfortunately, current fiber bundle fabrication methods are 

unable to produce fibers small enough to prevent this effect. Since most of the MRFL novelty lies 

in the portion of the system that remains outside of the body, it is likely that future MRFL 
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generations could easily be adapted to work with flexible endoscopes if advancements in fiber 

bundle fabrication allow it. 

Most modern rigid videoscopes use detachable laparoscopes that couple to a camera head. In 

addition to facilitating sanitization, detachable laparoscopes reduce operating room congestion 

since the camera head, light source, processing unit, monitor, etc. may be used for a wide variety 

of applications by swapping out specialty laparoscopes. For ease of prototyping, MRFL systems 

thus far, including the HT-MRFL, were designed and built as a fully integrated systems with non-

detachable laparoscopes. The laparoscopic portion of an MRFL, however, follows the same general 

lens design principles and layout as standard detachable laparoscopes. For this reason, future MRFL 

systems could easily adopt a detachable laparoscope format for commercial use in a wide variety 

of applications with very little change to the optical design. Furthermore, the same laparoscope 

optics collect the light for both the zoom-view and wide-view probes. Thus, any benefit gained by 

use of a specialty laparoscope, such as an angled laparoscope, would be bestowed to both the 

zoomed view and wide view without risk of rotational, translational, or angular disparities.      

6.3.5 Applications 

Like its predecessors, the HT-MRFL was developed with the specific goal of improving MIS 

safety and efficiency, so it is currently limited in application to clinical surgery. It is, however, 

worth briefly discussing the surmisable educational benefits of the MRFL architecture. 

Intraoperative in-vivo panoramic still imaging has been validated as a valuable and novel approach 

to improving instruction and training of novice surgeons [74]. Naya et al. report that a supplemental 

panoramic image provides context that eases identification of anatomical structures for novice 

surgeons and provides a visual catalyst for discussion, guidance, and planning between senior and 

novice surgeons.  

The MRFL captures and displays a static wide view of the surgical field in real time that 

exhibits the same educational opportunities described by Naya et al. without being limited to 
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manual non-real-time image capture. Heretofore, education of novice surgeons was not considered 

as a design motive, but software features, such as a real-time sketch overlay mode that allows users 

to draw directly on the wide-view image using a mouse or stylus, could be added to the MRFL 

software suite to increase the educational utility of the system. Should the MRFL project garner 

notable enthusiasm for educational prospects, future generations can be developed with hardware 

features and functionalities that facilitate enhanced instruction.    
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7 CONCLUSION AND FUTURE WORK 

7.1 CONCLUSION 

In this dissertation, improvements to an existing MRFL design are proposed that increase 

clinical practicality, enhance image quality, and improve formfactor. An improved MRFL 

prototype was constructed and utilized in a clinical study. The study validates the potential for the 

MRFL architecture to increase MIS safety and efficiency but reveals several problematic 

limitations of the utilized prototype, such as image quality and low-light performance. To address 

these concerns, a high-throughput multi-resolution foveated laparoscope is proposed and its 

throughput-based design strategy is detailed. An HT-MRFL benchtop prototype was constructed 

using 3D-printed parts. Testing of the benchtop prototype reveals considerable performance 

improvements over the previous MRFL prototype with the demonstrated HT-MRFL image quality 

rivaling that of commercial laparoscopes.  

7.2 FUTURE WORK 

Future work on the high-throughput multi-resolution foveated laparoscope may include the 

following: 

1. Design and precision fabrication of custom opto-mechanics and housings according to the 

nominal design tolerances. 

2. Construction of a practical prototype with integrated fiber illumination. 

3. Adaptation of the HT-MRFL to accommodate detachable endoscope probes. 

4. Updating the MRFL software suite for compatibility with the HT-MRFL hardware. 

5. Implementing improved methods of auto tracking such as those discussed in section 6.3.3. 

6. Development of features to enhance educational utility as discussed in section 6.3.5. 
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APPENDIX G: SURVEY OF 2,780 STOCK LENSES 
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APPENDIX H: GALLERY OF OPTO-MECHANICAL DESIGNS 

 

Exploded (left) and cross-sectional (right) views of the objective lens housing 

featuring sandwiching sleeve inserts and threaded construction. 

 

 

Exploded (left), 3D model (top-right), and cross-sectional (bottom-right) 

views of the assembly that houses the relay lens, eyepiece, beamsplitter cube, 

and scanning mirror. It features sandwiching sleeve inserts and threaded 

construction. 

 

3D model (left and center) and cross-sectional (right) views of the wide-view 

probe housing featuring threaded construction. 
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3D model (top), exploded (middle), and cross-sectional (bottom) views of the 

zoom-view probe housing featuring sandwiching sleeve inserts, ribbon wire 

cutouts, and threaded construction. 
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APPENDIX I: RESOLUTION TESTING IMAGE SETS 

 

Full set of 2X-zoom (center ROI) resolution testing images for the HT-MRFL 

(left) and MRFL (right) prototypes. 
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Full set of 2X-zoom (edge ROI) resolution testing images for the HT-MRFL 

(left) and MRFL (right) prototypes. 

 



 

 

212 

 

 

 

Full set of 3X-zoom (center ROI) resolution testing images for the HT-MRFL 

(left) and MRFL (right) prototypes. 
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Full set of 3X-zoom (edge ROI) resolution testing images for the HT-MRFL 

(left) and MRFL (right) prototypes. 
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Full set of wide view resolution testing images for the HT-MRFL (left) and 

MRFL (right) prototypes. 
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APPENDIX J: COMPARISON IMAGES (MRFL VS. HT-MRFL) 
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APPENDIX K: ADDITIONAL HT-MRFL IMAGES 
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APPENDIX L: List of abbreviations 

3D Three dimensional 

AESOP Automated endoscopic system for optimal positioning  

AOI Angle of incidence 

ASTEC Arizona Simulation Technology and Education Center 

BFD Back focal distance 

BS Beamsplitter 

CA Clear aperture 

CAD Computer-aided design 

CCD Charge-coupled device 

CIT Custom imaging trocar 

CLS Conventional laparoscopic surgery 

CNC Computer numerical control 

DOF Depth of field 

EPD Entrance pupil diameter 

ETL Electrically tunable lens 

F/# F-number 

FC Familiarity condition 

FDA Food and drug administration 

FLS Fundamentals of Laparoscopic Surgery  

FOV Field of view 

G1 The first tunable lens group 

G2 The second tunable lens group 

HT-MRFL High-throughput multi-resolution foveated laparoscope 

IACUC Institutional animal care and use committee 

IVN Intracorporeal vision network 

MAGS Magnetic anchoring and guidance system 

MARVEL Miniature anchored robotic videoscope for expedited laparoscopy 

MIME Multi-imaging motionless endoscope 

MIS Minimally invasive surgery 

MRFL Multi-resolution foveated laparoscope 

MTF Modulation transfer function 

NA Numerical aperture 

OS1 The first offset lens 

OS2 The second offset lens 

PCP Practically constrained parameter 

RGB Red, green, blue 

ROI Region of interest 

SRO Spatial resolution in object space 

SSA Splitting and scanning assembly 

TL1 The first tunable lens 

TL2 The second tunable lens 

USAF United States Air Force 

USC University of Southern California 

WD Working distance 

WVP Wide-view probe 

ZVP Zoom-view probe 
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