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ABSTRACT

Laparoscopic surgery or minimally invasive surgery has great advantages compared with
the conventional open surgery, such as reduced pain, shorter recovery time and lower
infection rate. It has become a standard clinical procedure for cholecystectomy,
appendectomy and splenectomy.

The state-of-the-art laparoscopic technologies suffer from several significant
limitations, one of which is the tradeoff of the limited instantaneous field of view (FOV)
for high spatial resolution versus the wide FOV for situational awareness but with
diminished spatial resolution. Standard laparoscopes lack the ability to acquire both wide-
angle and high-resolution images simultaneously through a single scope. During the
surgery, a trained assistant is required to manipulate the laparoscope. The practice of
frequently maneuvering the laparoscope by a trained assistant can lead to poor or
awkward ergonomic scenarios. This type of ergonomic conflicts imposes inherent
challenges to laparoscopic procedures, and it is further aggravated with the introduction
of single port access (SPA) techniques to laparoscopic surgery. SPA uses one combined
surgical port for all instruments instead of using multiple ports in the abdominal wall.
The grouping of ports raises a number of challenges, including the tunnel vision due to
the in-line arrangement of instruments, poor triangulation of instruments, and the
instrument collision due to the close proximity to other surgical devices.

A multi-resolution foveated laparoscope (MRFL) was proposed to address those
limitations of the current laparoscopic surgery. The MRFL is able to simultaneously
capture a wide-angle view for situational awareness and a high-resolution zoomed-in

view for fine details. The high-resolution view can be scanned and registered anywhere
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within the wide-angle view, enabled by a 2D optical scanning mechanism. In addition,
the high-resolution probe has optical zoom and autofocus capabilities, so that the field
coverage can be dynamically varied while keep the same focus distance as the wide-angle
probe. Moreover, the MRFL has a large working distance compared with the standard
laparoscopes, the wide-angle probe has more than 8x field coverage than a standard
laparoscope. On the other hand, the high-resolution probe has 3x spatial resolution than a
standard one. These versatile capabilities are anticipated to have significant impacts on
the diagnostic, clinical and technical aspects of minimally invasive surgery.

In this dissertation, the development of the multi-resolution foveated laparoscope was
discussed in detail. Starting from the refinement of the 1% order specifications, system
configurations, and initial prototype demonstration, a customized dual-view MRFL
system with fixed optical magnifications was developed and demonstrated. After the in-
vivo test of the first generation prototype of the MRFL, further improvement was made
on the high-resolution probe by adding an optical zoom and auto-focusing capability. The
optical design, implementation and experimental validation of the MRFL prototypes were

presented and discussed in detail.
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1 INTRODUCTION

Laparoscopy or endoscopy has revolutionized patient care not only in minimally invasive
surgery (MIS), but also recently in microscopic imaging for screening and assessment of
early-stage diseases [1-4]. Laparoscopy is now one of the most successful means of
providing MIS procedures and is routinely performed in several fields such as
cholecystectomy, appendectomy, hysterectomy and nephrectomy [5]. It has great
advantages to the patient versus an open procedure, including reduced pain and shorter
recovery time [6-8].

The state-of-the-art laparoscopic technologies have a number of limitations. One
limitation is the trade-off of a limited field of view (FOV) with high spatial resolution
versus a wide FOV with diminished resolution [9, 10]. Standard laparoscopes have a
fixed optical magnification. Lacking the ability to acquire both wide-angle and high-
resolution images simultaneously through a single integrated probe introduces challenges
when used in clinical scenarios requiring both close-up zoomed-in views for fine details
and wide-angle overviews for orientation and situational awareness during surgical
maneuvers. In the current clinical practice, this limitation is addressed by frequently
moving the entire laparoscope forward and backward to achieve close-up views for
details or wide-angle views for orientation. This practice requires a second trained
camera assistant, which introduces ergonomic conflicts, especially with single port access
(SPA) [11, 12].

Due to the need for a camera assistant, another limitation relates to the poor
ergonomics with hand crossover between the surgeon and the camera assistant, which

presents an inherent challenge to laparoscopic procedures [13].
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Finally, the recent development of SPA technique has pushed the boundaries of MIS
procedures and is expected to play a larger role in the future of laparoscopic surgery [11,
12]. Port-grouping, however, raised a number of problems, including tunnel vision due to
the in-line arrangement of instruments, poor triangulation of instruments, requiring
crossing of instruments in order to obtain proper retraction, and increased risk of
instrument collision due to the close proximity to other surgical devices [14]. As this new
technique becomes more widespread, it demands further refinement of laparoscopic
instrumentation to address these limitations and optimize surgical task performance.
There are already attempts to create cameras that have the lowest possible external profile
with HD pictures and automatic focusing. These scopes still require advancing and
withdrawing of the lens to obtain magnification, which is described as one of the most
frustrating aspects of SPA procedures. It has been suggested that varying lengths of
instruments reduces the effect of crowding [11]. A laparoscope with a low profile through
an appropriate range of magnification would greatly improve the maneuverability of the
other instruments.

In recent decades, a number of laparoscopic technologies have been developed in order
to overcome the limitations of the conventional laparoscopic surgery, including
robotically assisted laparoscope arm [15, 16]; zoom laparoscopes [17-19]; laparoscopes
with varying viewing directions and the dual view endoscope system [20-22]. Except the
dual view endoscope system, other technologies still suffer the resolution-FOV tradeoft.
The dual view endoscope system is limited by its low optical throughput and fixed two

levels of magnifications.
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Research in this dissertation is focused on the development of the multi-resolution
foveated laparoscope (MRFL) that can capture a wide-angle view and a high-
magnification view simultaneously with optical zoom and autofocusing capabilities. The
long-term goal is to address those limitations of the current laparoscopes as described
above, thus to improve the safety, efficiency and outcome of the minimally invasive
surgery.

1.1 Dissertation Contribution

The main contribution of the dissertation is the engineering development of the multi-
resolution foveated laparoscope technology. I designed and constructed two prototypes of
the MRFL systems, from custom optics, mechanics to software. The first one was built
with two fixed levels of magnifications for the wide-angle and high-magnification probe.
After the in-vivo test of the first prototype, the second prototype was designed and built
according to the surgeon’s feedback. The high-magnification probe of the second
prototype was redesigned to enable continuous optical zoom and autofocusing
capabilities where the field coverage of the probe can vary in real time without any
mechanical moving parts. The first-order properties of the optical systems were fully
analyzed; the optimization and tolerance techniques for a multiple image relay system
were explored. The design and assembly consideration for an optical system with
multiple image relays were discussed. Besides, the design and optimization methods of
zoom lenses using variable focus elements and off-the-shelf lenses were also developed.
1.2 Dissertation Contents and Format

Following this chapter of introduction, Chapter 2 BACKGROUND AND RELATED

WORK summarizes the background, limitations and challenges of the current
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laparoscopic surgery. Several related technologies aiming to address some of those
limitations are reviewed.

Chapter 3 SYSTEM DESIGN AND ENGINEERING presents the detailed system design
process and performance analysis, from the first-order optical properties selection to the
complete system integration.

Chapter 4 PROTOTYPE DEMONSTRATION presents a detailed performance
evaluation of the system prototypes, including the resolution test, MTF test and in-vivo
test on a live animal model.

Chapter 5 DESIGN AND CHARACTERIZATION OF A CONTINUOUS ZOOM AND
AUTOFOCUSING IMAGING PROBE FOR THE MRFL presents the design method
and performance test of the high-magnification optical zoom probe with auto-focusing
capability.

Appendix A includes a published peer-reviewed paper [23], introducing the idea and
initial prototype of the multi-resolution foveated laparoscope aiming to eliminate the
resolution-FOV tradeoft of the state-of-the-art laparoscopes and other related limitations.

Appendix B includes a submitted paper draft. It presents the engineering details of the
multi-resolution foveated laparoscope prototype, focusing on the design, optimization,
tolerance, stray light, ghost image analysis and system integration.

Appendix C includes a published peer-reviewed paper [24], focusing on the
quantitative performance evolution of the multi-resolution foveated laparoscope, and its

in-vivo test on an animal model for laparoscopic training.
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Appendix D includes a submitted paper draft. It presents the optical design method
and performance evaluation of the zoomable high-magnification probe with autofocusing

capability.
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2 BACKGROUND AND RELATED WORK

Minimally invasive surgery (MIS) or laparoscopic surgery is playing a more and more
important role in modern medical surgery. This chapter introduces the background
information of the MIS and its advantages over the traditional open surgery. The
challenges and the limitations of the current laparoscopic surgery are discussed in details,
including the situational awareness issue and ergonomic conflicts. The relevant
technologies aiming to overcome these limitations of the conventional laparoscopic
surgery are reviewed.

2.1 Minimally Invasive Surgery

Minimally invasive surgery, also known as minimally access surgery, laparoscopic
surgery, or keyhole surgery, is a modern surgical technique in which operations in
abdomen are performed through small incisions (usually less than 15mm) as opposed to
the large incision made in the traditional open surgery. Translated from the Greek,
“Laparoscopy” means examination of the abdomen using a scope which is also known as
an endoscope [25]. In the traditional open surgery, the surgeon must make a large cut that
exposes the organs inside the body to operate on. However, laparoscopy eliminates the
requirements for a sizable cut. Instead, the surgeon uses a laparoscope, a low profile
telescope-like instrument to provide the interior views of the body. Laparoscopy has been
routinely performed in several fields for procedures such as cholecystectomy,
appendectomy, hysterectomy, and nephrectomy. It has become the standard approach for
several procedures including cholecystectomy (96% of 1.06 million cases performed
laparoscopically in 2011 in the USA) and appendectomy (75% of 359,000 cases

performed laparoscopically in 2011) [5].
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As shown in Figure 2.1, during laparoscopic surgery, the surgeon makes a small cut in
the skin, then a trocar is introduced among the muscle fibers. Through the trocar, the
laparoscope is inserted into the patient’s body. The abdomen is then inflated with carbon
dioxide to expand the abdominal walls and permit the surgeon a clear view of the
structures inside, as well as provide them with room to work. A laparoscope is equipped
with a camera and light source that permit it to transmit images through the optical
system to a monitor. The monitor shows a magnified image. By watching the monitor,
the surgeon is able to do the process. In addition, other trocars and instruments may be
put in according to different procedures. For example, another trocar may be needed for a
diagnostic laparoscopy, two more for groin hernia repairs and three more for laparoscopic
gallbladder operation. Instruments are introduced through the trocars and the operation is

conducted similar to an open surgery.

Figure 2.1 Laparoscopic procedure [http://www.edoardorosso.org/]
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In recent years, the single port access (SPA) laparoscopy has been introduced to further
reduce the invasiveness of MIS procedures, and may play a larger role in the future of
laparoscopic surgery. In a SPA procedure (illustrated in Figure. 2.2), only one incision is
made on the patient’s body and all the instruments are introduced though one single

trocar. It is expected to further reduce the pain and recovery time.

Figure 2.2 Single port access laparoscopy [27]
2.1.1 Advantages of MIS
Compared with the traditional open surgery, MIS has a variety of advantages to the
patient [28, 29]. The risk of bleeding during the surgery is reduced because the size of the
incision is much smaller than the large incision of an open surgery. This also reduces the
likelihood of a blood transfusion being needed to compensate for blood loss.

The smaller incision size also reduces the risk of pain and bleeding after surgery.
When a large incision has been made, patients usually require long-term pain relief
medication while the stitch-line heals. With laparoscopic surgery, the post-surgical
wound is much smaller and the healing process is less painful.

The smaller incision also leads to the formation of a significantly smaller scar after
surgery. In cases where the surgical wound is larger, the scar tissue that forms is more

likely to become infected as well as being more vulnerable to herniation.
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In addition, laparoscopic surgery reduces the exposure of internal organs to possible
external contaminates, therefore reduces the risk of post-operative infections.

Last but not the least, the length of hospital stay required is significantly shorter with
laparoscopic surgery. Most patients receive a same-day or next-day discharge and can
return to their normal daily lives much more quickly than after an open surgery
procedure.

2.1.2 Challenge and Limitations of the MIS

Although the laparoscopic surgery has significant advantages over the traditional open
surgery, modern laparoscopic surgery confronts several challenges and limitations [29,
30]. The setup of the laparoscopic surgery is very different from that of the open surgery.
In an open abdominal operation, for example, the surgeon simultaneously observes
his/her hands, the instruments, and the operative field. In laparoscopic surgery, the
images of the operating environment are obtained by a laparoscopic camera. The surgeon
views his/her operating environment indirectly and performs the surgical tasks
bimanually using laparoscopic instruments extended into the patients.

One major limitation of the state-of-the-art laparoscope is the tradeoff of the limited
field coverage with high spatial resolution versus large field of view but with a
diminished spatial resolution. Standard laparoscopes lack the ability to acquire both wide-
angle and high-magnification images simultaneously through a single scope. This
limitation introduces challenges when used in clinical scenarios requiring both close-up
views for details and wide-angle overviews for orientation and situational awareness
during surgical maneuvers. With a standard laparoscope, in order to see fine details of a

surgical field, procedures usually performed at a highly zoomed-in view, where the scope
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is moved in to operate at a short working distance (WD), typically less than 50mm. A
highly zoomed-in view leads to the loss of peripheral vision and awareness of potentially
dangerous situations occurring outside the immediate focus area of the laparoscope. One
example occurs when a non-insulated laparoscopic instrument is in inadvertent and
unrecognized contact with an energized instrument resulting in a spread of electric
current being applied to unintended structures, a situation known as “direct coupling”
[31-33]. Insulation failures in energized instruments themselves can also directly lead to
injury to bowl, vascular, and other structures, as indicated in Figure 2.3. These injuries
often remain unrecognized if they occur on the part of the surgical instrument that is not
within the FOV of the laparoscope. While literature documenting inadvertent injuries in
laparoscopic surgery are likely underreported, the Association of Trial Lawyers of
America has stated that “during laparoscopic monopolar electrosurgery, most
electrosurgical burns are not detected at the time of surgery because they occur outside

the surgeon’s keyhole field of view”, reinforcing the seriousness of this issue [34, 35].

Active electrode

Figure 2.3 Safety issues of laparoscopic surgery [35]
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SPA procedures further increase the concerns for inadvertent electrosurgical injuries
because the close approximation of instruments in a single port leads to the frequent
crossing of instruments out of the surgeons view. As shown in Figure 2.4, a SPA
procedure results in a higher potential for injuries from direct coupling of instruments or
from unrecognized breaks in instrument insulation causing injury to adjacent tissue [36,

37].

Figure 2.4 SPA laparoscopic surgery [36, 37]

In the current clinical practice, the FOV limitation is addressed by manually moving
the entire laparoscope in and out of the camera port to obtain either close-up views for
details or wide-angle overviews for orientation. This practice requires a trained assistant
for holding and maneuvering the camera. The practice of frequently maneuvering the
camera using a trained assistant can introduce ergonomic conflicts with hand cross-over
between the surgeon and the assistant holding the camera, which imposes an inherent
challenge to laparoscopic procedures [11, 12].

The ergonomic conflicts associated with standard laparoscopy are aggravated with the
SPA approach. Port-grouping in SPA procedures raised a number of challenges,
including tunnel vision due to the in-line arrangement of instruments, poor triangulation

of instruments, requiring crossing of instruments to obtain proper retraction, and
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increased risk of instrument collision due to the close proximity of the laparoscope to
other surgical devices [38].

Another serious problem is the effect of misorientation caused by a mismatch between
the line-of-sight of the surgeon and that of the camera controlled by the assistant, because
this particular disturbance is larger and cannot be easily overcome. Research has shown
that misorientations lead to significant decrease in performance. Moving and reorienting
the laparoscope can result in potential confusion about the positions of the internal organs.
2.2 Related Technologies
Aiming to overcome the FOV-resolution tradeoff and the ergonomic limitations of the
standard laparoscopy, robotically assisted techniques, such as voice, foot pedal, or head
motion-activated cameras, have been developed to eliminate the need of a human camera
holder. However, delays in task performance have been reported due to errors in voice
recognition or robotic control of camera speed, and also significant practice is required to
become efficient with set-up and use [39, 40].

Some latest commercial laparoscopes are equipped with optical zoom camera head
with HD pictures and a low external profile, such as the H3 series of Karl Storz [41] and
the HD camera head of Stryker [17]. Although it can change the magnification or field
coverage effectively, the laparoscope cannot simultaneously capture a wide-angle view
and a high-magnification view.

Some research groups have proposed to apply the liquid lens technologies in the
laparoscope systems [18, 19], in order to change the magnification or field coverage.

However, these systems still suffer the tradeoff between the FOV and spatial resolution.
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However, in order to solve the situational awareness issue of the standard laparoscopes,
two types of laparoscopes with varying viewing directions have been proposed or
commercialized. One of them is the laparoscope with an oblique viewing direction, in
which a prism is added in the objective lens to tilt the viewing direction. For this type of
laparoscopes, a camera holder is still required to rotate the entire scope to change the
viewing direction. The other types can automatically change the viewing direction either
by mechanical tilting components [42] or optical method such as rotating prisms [21].
Nevertheless, those optical systems are still limited by the FOV-resolution tradeoft.

The dual-view endoscope prototype demonstrated by Yamauchi et al provides the
ability to capture a zoomed-in view and a wide-angle view simultaneously through an
image-shifting prim, but the prototype is limited by its low resolution, low light
throughput and two fixed level of magnifications [22]. In addition, due to the mechanical

shifting component, the entire system is cumbersome, the total weight is 1.5kg.
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3 SYSTEM DESIGN AND ENGINEERING

This chapter presents the detailed system design of a multi-resolution foveated
laparoscope (MRFL), which has great potential in solving the situational awareness issue
and ergonomic conflicts of the current laparoscopic surgery. Starting from the surgical
application point of view, a MRFL with dual-view capability is proposed. One view is a
wide-angle overview for situational awareness and instrument orientation, the other view
is a zoomed-in view with large optical magnification for fine structure details. Then the
system requirements such as spatial resolution, optical magnification, and imaging sensor
size are specified. Four different types of optical system configurations are discussed and
compared. The final configuration is selected based on optical performance, design
complexity, manufacturing cost and system ergonomic consideration. The optical system
design of the selected configuration is demonstrated including the design challenges and
the optimized result. In the end, guidelines for the requirements, design, assembling and
testing processes of an optical system with multiple image relays are discussed.
3.1 System Overview
To overcome the situational awareness issue and ergonomic conflicts of the conventional
laparoscopic surgery, the MRFL is able to capture a wide-angle overview as well as a
high-resolution zoomed-in view simultaneously at a large working distance through a
single integrated system. The schematic system layout is shown in Figure. 3.1. In the
figure, a low-profile MRFL with an insertion length of 150mm is demonstrated.

The wide-angle probe captures a large overview of the abdominal cavity for orientation
and situational awareness with relatively low magnification, while concurrently the high-

magnification probe with narrow but adequate FOV obtains images of a sub-region of the
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wide-angle field at much higher resolution for accurate surgical operation. The
instrument therefore provides the ability to survey a large surgical field and to visualize a
targeted area with high spatial resolution for surgical treatment. Concurrent access to
both imaging scales in real time offers un-compromised context and resolution, which is
expected to offer improved situational awareness and therefore better patient safety and

surgical outcome.

Figure 3.1 Schematic layout of MRFL in clinical use for MIS applications
In addition, a 2D scanning mirror integrated within the system can steer and engage the
high-magnification probe to any region of interest (ROI) within the wide-angle field.
Therefore, the MRFL system can be secured at a fixed location on the abdominal wall,
and different views can be obtained without any physical advancing or withdrawing of
the scope. Such arrangement will not only allow MIS procedures to be performed without
requiring a dedicated camera assistant or robotic arm, but will also reduce physical

interference with other surgical instrument and awkward ergonomic conflicts.
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Thirdly, the high-magnification probe provides improved spatial resolution compared a
standard laparoscope and enables highly resolvable visualization of tissues and thus
enhances intro-operative surgical decision makings. Therefore, it is expected to improve
the surgical accuracy, and potentially reduce operation time.

Finally, it is worth noting that the MRFL is optimized to maintain a much longer
working distance and low-length profile than those of a standard laparoscope. As
illustrated in Figure 3.1, the designed WD of a MRFL is about 120mm or larger, while
the typical WD of a standard laparoscope is about S0mm for operation. The length of a
low-profile MRFL is about 150mm while a SL has a typical insertion length of more than
350mm. With a longer working distance, the surgical area captured by the MRFL can be
effectively increased, and the instrument can be positioned at a further distance from the
surgical site to mitigate physical interferences with other surgical instrument in the
abdominal cavity. The low-length profile characteristics of the MRFL system further
helps to reduce instrument crowding.

In the SPA procedures which suffer from severe instrument crowding and keyhole
tunnel vision, these features of an MRFL scope are highly desirable. Since the MRFL is
secured at a large distance away from the surgical area and no physical movement is
needed, it reduces the interference between the laparoscope and other surgical
instruments. In addition, the multi-resolution foveated capability eliminated the keyhole
tunnel vision of the standard laparoscope used in the SPA procedure.

3.2 System Specifications
Most of the MRFL specifications were driven by the clinical requirements that need to be

met through the research development. This section focuses on how to define the critical
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system specifications such as FOV, resolution, magnification, light throughput, and first
order configuration.

3.2.1 Field of view and spatial resolution

A standard laparoscope usually captures 70° FOV and an optimized working distance of
50mm. The spatial resolution at the optimum working distance is about 2.1lp/mm and the
surgical area captured by the camera is about 56x42mm? [10]. Compared with a standard
laparoscope, the wide-angle probe of the MRFL captures a 8x~9x surgical field area with
a similar spatial resolution (~2lp/mm), the high-magnification probe captures a similar
surgical field (56x42mm?) with 3x better spatial resolution (~61p/mm).

To increase the field coverage, we can either increase the angular FOV or increase the
working distance. Since one of the objectives for the MRFL system is to reduce the
instruments crowding during the surgery, we choose to increase the working distance
while maintaining an 80° angular FOV. In order to increase the spatial resolution of the
high-magnification probe, the entrance pupil of the optical system should be increased as
well. The maximum spatial resolution in object space is determined by the cutoff
frequency denoted in Eq. 3.1

1 EPD
AXFE/#  AxWD

f;rutqu" = (Eq 31)

At a desired working instance, increasing the entrance pupil diameter (EPD) is
required to improve spatial resolution. For the MRFL system, the EPD is set to be
0.8mm, while the EPD of a standard laparoscope is typically about 0.3mm. As a result,
the cutoff frequency of the system is 12.12Ip/mm. For the required 6lp/mm resolution, a

near diffraction limited system can provide reasonable image contrast.
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3.2.2 Magnifications and F/#

The magnifications of the two probes in the MRFL system are determined by the ratio
between the imaging sensor height and the surgical field height. By considering the
optical invariant, the magnifications of the optical system determines the F/# in image
space which will affect the choice of imaging sensor. Since a CCD has better signal-to-
noise ratio compared with a CMOS sensor at low light level, we selected the CCD
sensors for both probes of the MRFL. However, the smallest pixel size for a CCD sensor
is about 3.75um, and thus the maximum sampling frequency for a CCD sensor is
140.056lp/mm. As indicated previously, the cutoff frequency in object space determined
by the entrance pupil diameter is 12.12lp/mm, therefore if the magnification of the high-
resolution probe is larger than 0.0865, the maximum achievable resolution is limited by
the optical system, otherwise, the resolution is limited by the pixel sampling. In our
prototype, two PointGrey DragonFly II (1280%960) cameras were selected for both
probes. The diagonal size of the sensor is 6mm, so the magnification of the high-
resolution probe is 0.1055, as shown in Eq. 3.2. Thus the high-magnification probe is
limited by the optical system. While the wide-angle probe is limited by the pixel
sampling, and its magnification is 0.0298 as shown in Eq. 3.3.

_ hsensor — 3 — 01055 (Eq 32)

mhigh—mag - h

HEOV- 120 x tan (42}

e 3 =0.0298 (Eq. 3.3)

m vide—angle —
" Bypoy 120x tan (40)

Once the magnifications of two imaging probes are finalized, their working F/#s can be

calculated by Eq. 3.4. The wide-angle probe is F/4, and the high-magnification probe is
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F/15.8. As we can expect, although the wide-angle probe has lower spatial resolvability
than the high-magnification probe, due to its low F/#, its image will be sharper than that
of the high-magnification probe.

F/#, =mx WD
EPD

(Eq. 3.4)

3.3 First Order Configuration

A laparoscope is a complicated optical system which consists of an objective lens,
multiple relay lenses and an eyepiece for direct eye viewing, as shown in Figure 3.2. For
the MRFL, the objective lens and relay lenses are shared by the two imaging probes. In
addition, there is an optical 2D scanning system (as shown in Figure 3.3) that can steer
the high-magnification probe to any ROI within the wide-angle image, and a beam

splitter to split light to different probes.
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Figure 3.2 Conventional Laparoscope layout

Figure 3.3 MRFL layout
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In this section, four different system configurations of the 2D scanning system are
discussed and compared by considering the optical design complexity, manufacturing

cost, and ergonomic conflicts.

Figure 3.4 1* configuration of MRFL
The 1% configuration is shown in Figure 3.4. The objective lens captures the entire
large field, and the relay lenses relay the intermediate image several times to achieve a
suitable insertion length. Behind the last intermediate image formed by the relay lenses is
the scanning lens which images an intermediate pupil to the 2D scanning mirror. The

scanning lens can work as an eyepiece for direct viewing as well. A polarization beam
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splitter (PBS) and a quarter wave plate (QWP) are utilized for light splitting. The s-
polarized light is reflected to the wide-angle probe, while the p-polarized light transmits
the PBS. However, after passing the QWP, reflected by the mirror and passing the QWP
again, the p-polarized light becomes the s-polarized light. Therefore it is reflected by the
PBS and directed into the high-magnification probe.

This configuration is straightforward, the optical design is relatively easy to achieve.

As will be discussed later, this is the configuration we choose for the real system design.

Figure 3.5 2™ configuration of MRFL
Figure 3.5 shows the second configuration of the MRFL, in which the beamsplitting
occurs before the scanning lens and the scanning lens is double passed. Therefore, no

extra lenses is needed in the high-magnification probe, the high-magnification probe
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could be quite compact. However, the limitation of this configuration is that the image
height of the high-magnification probe is the same as that of the intermediate image of

the last relay group, which may not be equal to a standard sensor size.

Figure 3.6 3™ configuration of MRFL
To adjust the final image height, a lens group with certain magnification is needed in
the high-magnification probe to match the image size to a standard sensor size. Figure 3.6

shows the third configuration, the only difference between the third and the second
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configurations is that the high magnification probe has a relay lens to magnify the

intermediate image relayed by the scanning lens to match the height of the sensor.

Figure 3.7 4™ configuration of MRFL
Another method to achieve a compact high-magnification probe is shown in Figure
3.7. The objective lens group and the multiple relay groups are the same as the previous
configurations, but an eyepiece and a focusing lens is inserted in front of the scanning
lens to magnify the intermediate image of the last relay group to fit the size of a standard
imaging sensor. Therefore no additional lenses are needed in the high-magnification
probe. However, the drawback of this configuration is the system is longer than the

previous ones due to the additional eyepiece and focusing lens.
Several initial designs were carried out to evaluate the performance and design
complexity of each configurations. The first configuration is quite straightforward and the
design is less complex than the second and the third one. The second and the third one is

difficult to design because the beam splitter is inserted in front of the scanning lens, thus

36



the scanning lens requires a large front focal distance. Since the objective lens and the
relay lens groups have low F/#s, the scanning lens also has a low F/#, therefore it is quite
difficult to achieve the required performance. Additionally, since the scanning lens is
double passed in these two configurations, the aberration balancing is quite different than
the first one. The scanning lens design of the fourth configuration is less complex than
the second and third ones, because the intermediate image before the scanning lens is
magnified and has large F/#. However the scanning system is much longer than others,
and it needs more lenses than the first configuration.

By considering all these factors, we choose the first configuration for our customized
design. Because for the customized design, less lens elements can reduce the
manufacturing cost, and the integrated system should be as compact as possible to reduce
the ergonomic conflict during the surgery. Before starting the customized design, an
initial bench prototype was built to demonstrate the basic functions of the MRFL by
using a commercially available laparoscope, off-the-shelf lenses and cameras which will
be demonstrated in the next chapter.

3.4 First-order Parametric Design
In this section, a detailed first-order parametric design is carried out based on the 1%
configuration of MRFL as discussed in the previous section. The first-order calculation
will guide the design and optimization process of the optical system of the MRFL, such
as the focal length and magnification of each sub-system, the lens diameter on the first-
order scale, and the selection of the 2D scanning mirror.

The objective lens is shared by the wide-angle probe and the high-magnification probe.

It captures the entire surgical field with high spatial resolution. One requirement of the
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objective lens is the telecentricity in image space. Because the intermediate image is
relayed multiple times by the following relay lens groups, the telecentricity would
minimize the image quality degradation through multiple image relays.

By using Gaussian optics, the relationship between the intermediate image height and

the focal length of the objective lens can be expressed by Eq. 3.5.

= Jo x tan( HFOV') (Eq. 3.5)

int—img

The first-order diameter of the objective lens can be calculated by Eq. 3.6. Under the
assumption of an 80° full FOV, Figure 3.8 demonstrates the relationship between the
focal length of the objective lens and the diameter of the objective lens. As the focal
length of the objective lens increases, its diameter increases as well. To meet the
requirement of our selected laparoscope packaging, the maximum lens diameter is

5.5mm. Therefore the focal length of the objective lens cannot be larger than 2.8mm.

D, =2xf, x tan( HFOV )+ Dy, (Eq. 3.6)

Objective lens diameter

1
1 1.2 14 1.6 1.8 2 22 24 26 28 3
focal length of the objective lens

Figure 3.8 Relationship between the objective lens diameter and its focal length
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The relay lenses relay the intermediate image multiple times to guarantee enough
insertion length of the MRFL for the laparoscopic surgery. The magnification of each
relay group is -1. In order to maintain the image quality though multiple relays, the relay
lens is required to be telecentric in both object and image spaces. Therefore, the first-
order lens diameter can be calculated by Eq. 3.7. Figure 3.9 shows the first-order
diameter of the relay lens as a function of the focal length of the objective lens and that of

half of the relay lens group.

D =2xh +D

relay — int-img relay—stop

=2xf,, xtan(HFOV)+MxDEP (Eq. 3.7)

obj

Figure 3.9 Diameter of the first-order model of the relay lens as a function of the focal
lengths of the objective lens and the half relay group
The scanning lens relays the pupil to the 2D scanning mirror. The diameter of the
relayed pupil or the minimum diameter of the scanning mirror can be calculated by Eq.
3.8. The field angle of the scanning lens can be express by Eq. 3.9. Figure 3.10 shows the
scanning mirror diameter as a function of the focal lengths of the objective lens and the

scanning lens. Figure 3.11 demonstrates the scanning range of the 2D mirror as a function
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of the focal lengths of the objective lens and the scanning lens. These figures indicates
that there is a tradeoff between the scanning mirror diameter and scanning range. When

the scanning mirror has smaller diameter, it requires a large scanning range and vice

versa.
Dmirror = @X DEP (Eq 38)

Sow
0 =tan [&xtan(HFOV)} (Eq. 3.9)

Figure 3.10 Scanning lens diameter as a function of the focal lengths of the scanning lens

and the objective lens
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Figure 3.11 Scan range of the 2D scanning mirror as a function of the focal lengths of the
scanning lens and the objective lens
The wide-angle probe images the entire field of view to the imaging sensor. Its focal

length is expressed by Eq. 3.10.

h,
f;w'de—angle = hSEﬂ X f;can (Eq 3 10)

int-img

In a similar fashion, the high-magnification probe magnifies a sub field of the entire

field of view and relays it to the imaging sensor. Eq. 3.11 demonstrates focal length.
Fuat g = T f o (Eq.3.11)

g int-img

By considering all these parameters and constraints, we selected the focal length of the
objective lens as 2mm, that of the half relay as 4mm and that of the scanning lens as
14mm. Therefore, the diameter of the scanning mirror needs to be larger than 5.6mm and

the scanning range is +1.9°.
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3.5 Throughput Analysis
Throughput is an optical invariant that characterizes the light collection capability of an
optical system. It is defined as the product of the area of the source and the solid angle
that the system’s entrance pupil subtends as seen from the source, as indicated by Eq.
3.12.
throughput = AQ (Eq. 3.12)
Table 3.1 summarizes the image space throughput comparison between a standard
laparoscope and the MRFL. The throughput of a standard laparoscope is 0.086 mm? sr,

and 0.34 mm? sr for the wide-angle probe and 0.04 mm? sr for the foveated probe of the

MRFL.
Throughput (mm? sr)
WD (mm) | F/# (obj. lens) | BS ratio
Foveated | Wide-angle
SL 50 7 N/A N/A 0.086
MRFL 120 2.5 50/50 0.04 0.34

Table 3.1 Throughput Analysis
3.6 Optical System Design
In this section, the design challenges of the MRFL system are first discussed and then the
design procedure is described in detail. In the end, the performance of the optimized
MRFL is demonstrated. A more detailed optimization procedure is described in Appendix
B.
3.6.1 Design Challenges
The main challenge of the optical system design of the MRFL arises from the large

throughput of the system while maintaining the same volume as a conventional
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laparoscope. Spherical aberration, coma, and astigmatism become quite difficult to
correct due to the low F/#s of each sub-systems, because they are proportional 4™ power,
3™ power and 2™ power of the entrance pupil diameter respectively. Besides, the image
quality should not degrade much as the number of relays increases. However, as the
number of relay increases, the even order aberrations accumulate, such as spherical
aberration, astigmatism, field curvature and axial chromatic aberration. During the design
procedure, we found it was quite difficult and cost-inefficient to design the system by just
using conventional refractive glass lenses. So we apply a refractive-diffractive hybrid
plastic lens by single point diamond turning to correct those aberrations.

3.6.2 Design Procedure

Figure 3.12 Flow of the optical design procedure
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The MRFL consists of an objective lens group, multiple relay lens groups, a scanning
lens group, a high-magnification probe and a wide-angle probe. The design strategy we
chose is to design each sub-system first, then combine them together for further
optimization. A detailed design flow is shown in Figure 3.12. In addition, when designing
each sub-system, we can intentionally overcorrect some aberrations, so that they can
compensate when combining other sub-systems. For example, the field curvature and
astigmatism of the objective lens could be overcorrected to compensate the accumulated

field curvature and astigmatism of the multiple relay lenses.

Figure 3.13 Layout of the low-profile MRFL
The optimized optical system of the MRFL is shown in Figure 3.13. Figure 3.14
shows the MTF of the wide angle probe. Figure 3.15 demonstrates the MTF performance
of the high-magnification probe aiming at the central FOV and the peripheral FOV. The
MTF indicates the high-magnification probe is near diffraction limited; and at the

required 60lp/mm frequency, the image contrast is better than 0.1.
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Figure 3.14 MTF of the wide-angle probe

Figure 3.15 MTFs of the foveated probe
3.7 Discussion
In this section, based on the design of the MRFL, we will discuss the generalized design,
assembling and testing strategy of an optical system with multiple image relays.
3.7.1 “Divide and conquer” strategy
During the design of the MRLF, we adopted a “divide and conquer” design strategy as
illustrated in Figure 3.12, which enabled us to carry out the optimization of the key lens
groups in parallel before integrating them. This method is suitable for designing an
optical system with multiple image relays. In the initial design phase, each sub-optical
system is optimized separately, therefore it allows us to find the best solutions to the sub-
systems by applying our knowledge and experience with those well-known lens forms,

rather than directly venturing into a complex system.
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In the process of optimizing the individual sub-systems, the key constraints must be
satisfied in order to meet the optical and mechanical requirements of the integrated
system. For example, in the MRFL system design, the lens diameter constraint and
telecentricity requirement of the objective lens and relay lenses should be met during the
optimization of sub-system. Otherwise, these key constraints will be quite difficult to
optimizing during the system integration.

3.7.2 Assembling and testing consideration

By adopting the “divide and conquer” design method, the system assembly and testing
procedures become straightforward, since each sub-system has good performance before
system integration. Although in the final design stage, all the sub-systems are optimized
together for better aberration balancing, the performance of each sub-system does not
vary significantly.

For an optical system with multiple image relays, each sub-system could be
assembled and tested separately before integration. The residual wavefront aberrations of
each sub-system can be read out from the optical design software such as Code V and
Zemax. An interferometer could be used to measure the actual wavefront aberrations of
each assembled sub-system. Each assembled system is adjusted and fine-tuned until the
wavefront errors meet the error budgets. During the system integration, one only needs to
adjust those predefined compensators to fine-tune the performance of the integrated
system. In the last step, the wavefront error, spatial resolution and MTF are measured to
verify the integrated system meets the design requirements. The detailed flow of the

assembling and testing procedure is summarized in Figure 3.16.
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Figure 3.16 Assembling and testing flow of an optical system with multiple relays
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4 Prototype Demonstration

Three generations of the MRFL were designed and implemented as part of this research
effort. The first generation prototype was a preliminary, proof-of-concept system built
with a commercially available laparoscope and off-the-shelf optical and opto-mechanical
components. Building it helped me to improve my system design technique and to
validate, or correct various design decisions from the optical system to the mechanical
constructions. The image quality of the first prototype is limited by the commercial
laparoscope which has a small entrance pupil diameter and small working distance.
However, it successfully demonstrated the multi-resolution foveated capability.

The second generation prototype is a substantial improvement over the first
preliminary implementation. The entire system is a customized design with much larger
entrance pupil diameter and working distance while maintaining a standard 10mm
laparoscope packaging. Two prototypes were designed and assembled, one is a normal
length profile system which has an insertion length about 300mm, thus it could be
adapted to the current standard MIS procedure; the other one is a low-length profile
system as we proposed in Chapter 2, which has an insertion length of 150mm and has
great potential to reduce the instruments conflicts. The second generation prototype was
evaluated in a laparoscopic training session to demonstrate its capabilities. In addition,
feedback was collected from the surgeon for further refinement of the MRFL.

The third generation prototype adds the optical zoom and autofocusing capability to
the high-magnification probe. Therefore, the field coverage or the optical magnification
of the zoomed-in view can vary while keeping the same focus distance as the wide-angle

probe. In addition there are no mechanical moving components in the zoom probe. Two
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variable focus elements (VFEs) are implemented to achieve the zooming and
autofocusing functions. The detailed design procedure and prototype of the zoom probe
will be demonstrated in Chapter 5.

4.1 Initial Prototype

An initial prototype system was designed and built using a commercially available
laparoscope and off-the-shelf-lenses, to demonstrate the multi-resolution foveated
function of the proposed system. As mentioned in Chapter 3, the 4™ system configuration
was selected for this initial prototype. The optical properties of the commercial
laparoscope were measured first. Then the scanning system and the two imaging probes
were designed and optimized with off-the-shelf lenses.

4.1.1 Specifications of a commercial laparoscope

The specifications the manufacturer provides are field of view of the objective lens which
is 70 degrees and 0 degree viewing direction. In order to design the following foveated
imager, the exit pupil diameter and location had to be characterized, since it should match
the entrance pupil of the following optical system. In addition, the field of view of the
eyepiece should also be measured in order to choose proper focal lengths and
magnifications of the two imaging probes.

A good quality lens was used to measure the exit pupil diameter and location, and to
estimate the field of view of the eyepiece of the commercial laparoscope, as shown in
Figure 4.1. The lens focal length of that lens is measured by the nodal slide. The result
shows that it has an effective focal length of 30mm, a front focal distance of -21.8mm
and a back focal distance of -21.8mm. The steps of the experiment are (1) Image the exit

pupil of the laparoscope sharply on the detector; (2) Measure the distance L1 between the
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last surface of the laparoscope and the front surface of the lens; (3) Measure the diameter
(D) of the image of the exit pupil by reading the pixel number of the image; (4) Fix the
lens and the imaging sensor, replace the laparoscope by a bar target. Move the target
along the rail until it is clearly imaged on the detector. The position of the bar target is the
position of the exit pupil of the laparoscope; (5) Measure the distance (L2) between the
bar target and the front surface of the lens; (6) Measure the width of each bar of the bar
target image (W’), similar to step (3); (7) The physical width of each bar (W) is
0.698mm; (8) The magnification is m = -W’/W; (9) The diameter of the exit pupil is D =
D’/Im|; (10) The location of the exit pupil is at a distance (L1-L2) behind the last surface

of the laparoscope.

Figure 4.1 Experiment of measuring the exit pupil diameter and location of the commercial
laparoscope
The images of the exit pupil and the bar target are shown in Figure 4.2. The measured

exit pupil diameter is 1.78mm, and its location is 2mm behind the last surface of the

laparoscope.

Figure 4.2 Exit pupil measurement: (a) image of the exit pupil; (b) calibration target image
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Another method to measure the diameter of the exit pupil is shown in Figure 4.3. Since
the exit pupil is behind the last surface of the laparoscope, a CCD sensor is directed

placed at the location of the exit pupil.

Figure 4.3 Layout of the direct measurement of the exit pupil diameter
The diameter of the exit pupil is measured in Matlab by a circle fitting function, as
illustrated in Figure 4.4. The fitted data indicate the pupil radius is 238.967 pixels. Each
pixel is 3.75um, therefore the diameter of the exit pupil is 1.7923mm. This result also

validates the first method.

Figure 4.4 Result of the direct measurement of the exit pupil diameter
Another important parameter is the angular field of view of the eyepiece of the
laparoscope. An experiment was set up as shown in figure 4.5. Two high-quality 28mm
lenses were used. One of them formed an intermediate image, and the other one relay that

intermediate image onto the sensor. Similar to the measurement of the exit pupil of the
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laparoscope, a bar target was used to calculate the magnification of the second lens. The

measured field angle of the eyepiece is +/-7.06°.

Figure 4.5 FOV measurement of the eyepiece of the laparoscope

In summary, the key parameters of the commercial laparoscope is listed in Table 4.1.

FOV of the objective lens 70°

Exit pupil location 2.3mm behind the last surface
Exit pupil diameter 1.79mm

FOV of the eyepiece +/- 7.06°

Table 4.1 Specifications of a commercial laparoscope
4.1.2 Optical system design of the initial prototype
The initial prototype using the Karl Storz laparoscope was designed based on the optical
properties measured above. They system layout is shown in Figure 4.6. In this prototype,
the FOV of the wide-angle probe is 2x that of the high-magnification probe. All the
lenses are off-the-shelf lenses, and the cameras used in the initial prototype were

PointGrey DragonFly (640x480 pixels) with a color pixel size of 15um.
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Figure 4.6 MRFL initial prototype layout
The layout and MTF performance of the high-magnification probe are shown in
Figure 4.7. The layout and MTF performance of the wide-angle probe are shown in
Figure 4.8. The imaging sensor has a cutoff frequency of 33.33lp/mm. The high-
magnification probe has a contrast larger than 0.1 at 40lp/mm. Although the image
contrast of the peripheral field of the wide-angle probe is slightly lower, it still met our
prototyping requirement, since the wide-angle probe is for instrument orientation and

situational awareness.

Figure 4.7 Layout and MTFs of the foveated probe
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Figure 4.8 Layout and MTF of the wide-angle probe
4.1.3 Functional test
Figure 4.9 shows the images captured by the initial prototype. Figure 4.9 (a) is the image
captured by the wide-angle probe; Figure 4.9 (b) shows the high-magnification image
oriented at the center FOV; Figure 4.9 (c) and (d) are the high-magnification images

oriented at the peripheral FOV.

Figure 4.9 Images captured by the MRFL initial prototype: (a) wide-angle image; (b)
high-resolution image of the center field; (c) and (d) high-resolution images of peripheral

fields
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4.2 Customized System Integration and Evaluation

As the initial prototype demonstrated the multi-resolution foveation capability
successfully, a customized system was designed (Appendix B). The detailed performance
evaluation is presented in APPENDIX C. In this section, I will discuss the mechanical
design and the system assembling process, and go over the image quality test result and
the in-vivo test in the laparoscopic training lab.

4.2.1 Mechanical system design

A standard laparoscope packaging from Precision Optics Cooperation (Www.poci.com)
was selected for the MRFL, as shown in Figure 4.10. The outer diameter of the
laparoscope tube has a diameter of 10mm. The optical elements are assembled in an inner
tube which will be inserted into the outer tube. The objective lens and multiple relay lens

groups were assembled in that standard packaging.

Figure 4.10 Laparoscope packaging
The scanning mirror is a high precision mirror mounted on a 2D scanning gimbal
mount (T-OMG series, Zaber). The tilting range is +/- 7°. The resolution for the azimuth
axis is 2.0l14prad (0.000115378°) and that of the elevation axis is 1.007urad
(0.000057689°). The speed resolution is 0.00054deg/s for the azimuth axis and

0.00027deg/s for the elevation axis.
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Figure 4.11 2D scanner gimbal mount
The mechanical mountings were designed in Solidworks and manufactured by a
professional machine shop. Appendix C: (Section xx) shows the mechanical design of
the MRFL. All the components of the MRFL including the optical components, 2D
scanner, mechanical housing were modeled in Solidworks for clearance verification as

well as visualization, shown in Figure 4.12.

Figure 4.12 3D model of MRFL
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4.2.2 System Assembling Process

The assembly of the MRFL was divided into two parts. The first part is the assembly
of the objective lens and the relay lenses; the second part is the assembly of the scanning
lens, the 2D scanning mirror and the two imaging probes. As mentioned before, the
objective lens and the multiple relay groups were assembled in the inner tube of the
standard laparoscope packaging. The rest of the MRFL were assembled in a customized
designed mechanical housing.

When assembling the objective lens and the relay lenses, the optical elements were
aligned on a V-groove firstly as shown in Figure 4.13, and carefully pushed into the inner
tube using a high-precision gauge. The rest of the MRFL was assembled in a mechanical

housing, the complete MRFL prototypes are shown in Figure 4.14.

Figure 4.13 MRFL assembling procedure
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Figure 4.14 Prototypes of MRFL

4.2.3 Image quality verification
The image quality was verified to ensure the performance of the as-built MRFL.
Appendix C describes the quantitative image quality test. In summary, the USAF 1951
resolution target was used to characterize the spatial resolution of both imaging probes,
and the slanted edge method was used to test the MTF of the high-magnification probe.

Figure 4.15 (a) shows the captured image of the resolution target with the high-
magnification probe at 120mm working distance at the center field, along with the
intensity profiles of three horizontal target bars in Group 2 (element 4 through 6). Figure
4.15 (b) shows the intensity profiles of three horizontal bars in Group 2 (element 2
through 4). It demonstrates that when the high-magnification probe is at the center field,
the group 2 element 5 bar (6.35 lp/mm or 78.74um) can be resolved in the vertical
direction, and the group 2 element 4 bar (5.66 Ip/mm or 88.34um) is resolvable in the

horizontal direction.
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Figure 4.15 Images and intensity profiles of the resolution target of the high-
magnification probe at 120mm working distance orienting at the center field, (a) in

vertical direction; (b) in horizontal direction.

Figure 4.16 Images and intensity profiles of the resolution target of the high-
magnification probe at 120mm working distance orienting at the corner field, (a) in

vertical direction; (b) in horizontal direction.
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Figure 16 (a) and (b) demonstrate the captured image and intensity profiles of the
resolution target with the high-magnification probe at 120mm working distance at the
corner field in the vertical and horizontal directions, respectively. It demonstrates that the
high-magnification probe is able to resolve the group 1 element 6 bar (3.56 Ip/mm or
140.45um) in both directions when it orients at the corner field.

Compared with the resolution of the high-magnification probe orienting at the center
field, the resolution is lower when it orients at the corner field. One reason is that the
MRFL is designed for a flat field, when the high-magnification probe orients at the
corner field, the actual working distance is equivalent to 134mm, substantially larger than
120mm, and thus the spatial resolution is expected to decrease. Another reason is the
distortion of the optical system, which is a magnification error related to field position.
Alike a typical wide-field of view imaging system, the corner field of the MRFL is
subject to a substantial amount of barrel distortion (15% at diagonal 80 degrees).
Consequently, the actual magnification of the corner field is smaller than the center field,
which leads to a lower spatial resolution.

Figure 4.17 shows the resolution of the center field of the wide-angle probe at 120mm
working distances. In the center field, the group 1 element 4 bar can be resolved, which

corresponds to a spatial frequency of 2.831p/mm or a limiting resolution of 176um.
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Figure 4.17 Images and intensity profiles of the resolution target of the center field of the
wide-angle probe at 120mm working distance, (a) in vertical direction; (b) in horizontal
direction.

Figure 4.18 demonstrates the resolution of the corner field of the wide-angle probe at
120mm working distance. It is shown that the group 0 element 5 can be resolved, which
corresponds to a spatial frequency of 1.591p/mm or a limiting resolution of 314um.

Comparing Figure 4.17 and Figure 4.18, it can be found that in the corner field, a
certain amount of distortion and lateral color are observable. These aberrations degrade
the performance of the corner field. However, it is still acceptable since the wide-angle
probe is used for orientation and situational awareness, the performance is not as critical

as that of the high-magnification probe.
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Figure 4.18 Images and intensity profiles of the resolution target of the center field of the
wide-angle probe at 120mm working distance, (a) in vertical direction; (b) in horizontal
direction.

To further verify the optical performance of the high-magnification probe, we
adopted the slanted edge method to measure the MTF of the high-magnification probe at
the center field [Imatest LLC]. The MTF measurements in both horizontal and vertical
directions were carried out. As shown in Figure 4.19, the dashed black line is the
diffraction limited MTF, the red curve is the MTF of the designed high-magnification
probe, the solid blue curve is the measured MTF in horizontal direction, and the dashed
blue curve is the MTF in vertical direction. In the horizontal direction, about 10% MTF
drop was observed across the measured spatial frequency range (up to 70lps/mm), while
in the vertical direction, about 20% MTF drop was observed. These performance drops

may be attributed to lens manufacturing errors and system assembling errors.
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Figure 4.19 MTF measurement

4.2.4 In-vivo test

The MRFL prototypes were evaluated on a live pig model at the live animal lab in the
Keck School of Medicine, University of Southern California. The pig was placed under
general anesthesia with its abdomen inflated with a CO,. Three incisions were made on
the abdominal wall of the pig with three standard trocars for laparoscopic procedures.
During the test, one of the trocars was utilized for positioning a MRFL prototype while a
standard laparoscope for comparison or a laparoscopic grabber or scissor may be inserted
through the other trocars. Figure 4.20 demonstrated the setup with a normal-length
MRFL prototype inserted through the bottom trocar. The images shown in Figure 4.21
and Figure 4.22 were captured with this setup where only about half of the normal-length

tube was inserted into the trocar to ensure a working distance round 120mm.
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Figure 4.20 In-vivo animal test

Figure 4.21 (a) and (b) demonstrate the high-magnification image and wide-angle
image of the spleen captured simultaneously by the two imaging probes of the MRFL
prototype, where the splenectomy was performed. Figure 4.21 (c¢) and (d) demonstrate
images of the gallbladder for cholecystectomy. The cyan-boxes in Figure 4.21 (b) and (d)
marks the corresponding regions of interest captured the high-magnification foveated
probe. The surgical areas displayed in Figure 4.21 (a) and (c) by the high-magnification
probe are similar to those by the standard laparoscope used for comparison. These
pictures further demonstrate that the high-magnification probe’s capability of capturing
the adequate fine structures of the spleen and the gallbladder for surgical procedures.
Figure 4.21 (b) and (d) demonstrate the surgical fields of the wide-angle probe which are
substantially larger than those of the standard laparoscope in comparison. The wide-angle
views can guide the manipulation of other instruments without collision. In addition,
Figure 4.21 (d) shows the position of a standard laparoscope used for comparison, which
suggest that the working distance of the standard laparoscope is much smaller than that of

the MRFL. In order to get the close-up view similar to that by the high-magnification
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probe of the MRFL system or wide-angle view similar to that by the wide-angle probe,
the standard laparoscope needs to move forward or withdraw backward from the surgical

site.

Figure 4.21 MRFL in-vivo evaluation with a porcine model at an approximately 120mm
working distance from the surgical cite: (a) high-magnification image of the spleen; (b)
wide-angle image of the spleen; (c) high-magnification image of the gallbladder; (d)
wide-angle image of the gallbladder. The high-magnification and wide-angle images

were acquired simultaneously through the MRFL prototype.
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5 DESIGN AND CHARACTERIZATION OF A CONTINUOUS ZOOM

AND AUTOFOCUSING IMAGING PROBE FOR THE MRFL

The multi-resolution foveated laparoscope successfully demonstrated its capability of
providing the surgeon high-resolution images and situational awareness during the
minimally invasive surgery. Although the foveated probe was found to offer an adequate
magnification for viewing surgical details, the existing MRFL prototype is limited to two
fixed levels of magnifications. The fixed level of magnification without turning to a
manual maneuver of the instrument presents limitations. A fine adjustment of optical
magnification is highly desired for the foveated probe to obtain high-resolution views
with a desired field coverage. For instance, since the optical magnification of the
foveated probe of the existing MRFL prototype is 3% that of a standard laparoscope, it is
sufficient to perform MIS such as cholecystectomy and appendectomy. However, for
surgeries like liver resection and colon resection, larger field coverage may help the
surgeon to perform the operation more efficiently.

In this chapter, a high-magnification probe with continuous zooming (2% ~ 3%) and
auto-focusing capabilities is presented. The wide-angle probe of the MRFL remains the
same as the existing prototype; the foveated zoom probe is able to adjust its optical
magnification and keep focused on the same object without any mechanically moving
part. This is achieved by utilizing two electronically controlled tunable lenses. The
optical approach and the design challenges of the high-magnification zoom probe are
presented. Then the optimized design and the prototype are demonstrated. In the end, the

spatial resolution performance of the prototype is evaluated and an initial experiment
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imaging a bladder model is presented to show the field coverage change of the high-
magnification zoom probe at different zoom ratio.

5.1 Design Overview

The objective of the zoom probe is to change the magnification of the foveated probe
without affecting the wide-angle view and keep the same the focusing distance in the
object space for different zoom positions. This requirement imposes a major challenge
because varying the optical power for zoom inevitably causes a change of object-image
conjugate planes; which results in a change of focusing distance in the object space or a
change of the detector plane position in the image space. If not appropriately
compensated, varying the optical power of the foveated probe alone may cause severe
mismatch of focused object between the wide-angle and foveated probes and cause image

blurring during zooming.

Figure 5.1 Field coverage of different zoom ratio
In the customized MRFL prototypes, the magnification of the foveated probe is 3% of
that of the wide-angle probe. As suggested by the surgeon with whom we are
collaborating, the foveated probe could be more efficient in practical use if the

magnification of the foveated probe could vary from 2% to 3x. The field coverage of
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different zoom ratios is illustrated in Figure 5.1. At 2x zoom ratio, the field coverage of

the foveated probe is about 2.2 times of that of 3x zoom ratio.

Figure 5.2 Schematic layout of the zoom probe

The schematic layout of the zoom probe with continuous zooming and auto-focusing
capabilities is shown in Figure 5.2. It consists of a tunable telescope and a lens group
with fixed focal length. The tunable telescope has two variable focal elements (VFEs),
therefore its magnification can change by properly adjusting the optical power of the
VFEs.

In a conventional zoom lens, at least two lenses need to mechanically move in order
to change the zoom ratio and maintain the same focal position. By adopting the
configuration shown in Figure 5.2, no mechanically moving components are needed. Two
electrically controlled VFEs can change the zoom ratio and keep the focal position in real
time.

The tunable telescope can be either a Keplerian type or a Galilean type, as shown in
Figure 5.3. The Keplerian type consists of two positive tunable lens groups; and the
Galilean type tunable telescope has a positive tunable lens group and a negative tunable
lens group. The equivalent focal length of the zoom probe is calculated by Eq. (5.1),
where frz; and fri2 are the focal lengths of the first and second tunable lens group

separately; and fing is the focal length of the imaging lens.
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Figure 5.3 Configurations of the zoom probe: (a) Keplerian type; (b) Galilean type

1
—xf;mg =

mtelescope

fTLl
fTL2

f;oom = X f;mg (Eq' 5' 1)

5.2 Tunable lens

The tunable lenses we selected are Optotune EL-10-30-LD, because this is the only
commercially available tunable lens that has a large enough clear aperture. The focal
range is from 40mm to 120mm (8.3diopters ~ 22.22diopters). It is controlled by a 12-bit
driver with 0.1mA accuracy. Figure 5.4 shows the relation between the driving current

and the focal power.

Figure 5.4 Relation between the driving current and optical power of the tunable lens
As indicated in Figure 5.4, the optical power of the tunable lens is a linear function of

the driving current. Eq. (5.2) shows the accuracy of the optical power.
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A
¢ 4096

=0.0034 diopters (Eq. 5.2)

In terms of the accuracy of the focal length, Eq. (5.3) shows that the maximum focal

error is 49um and the minimum focal error is 6.9um.

Ag
Af = —7
A = % =4Tum (Eq.5.3)
0.0034
L= =6.9u
o 22.22°

5.3 Focal error analysis
Since each tunable lens has a finite focal accuracy, it may cause image blurring during
zooming. However, if the focal error is smaller than the depth of focus of the zoom probe,
that error can be ignored.

The objective lens is F/2.5, which corresponds to a numerical aperture of NA 0.2.
Therefore the NA on the foveated camera is calculated by Eq. (5.4). Since foom varies
from 60mm to 90mm, NA varies from 0.0311 to 0.0467

Ng=—02 02 (Eq. 5.4)

- f;OOHI /ﬁcan - ﬂoom /14

The depth of focus of the zoom probe can be calculated by Eq. (5.5), where B’ is the
pixel size. Therefore the minimum depth of focus of the zoom probe is £80um.

DOF ~ iz% (Eq. 5.5)

Assume the first tunable lens has a focal length error of Af;=0.049mm, which is the
maximum focal error; and the second tunable lens has a focal length error of Af>=-

0.049mm, which has the same amplitude as Af;, but with opposite sign. On the second
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tunable lens, use the Newtonian Equation to calculate the image distance. Since now the
object is 0.098mm left to the front focal point of the second tunable lens, the image

distance can be calculated by Eq. (5.6).

z = Fzz
bo2af

(Eq. 5.6)

Ideally, the final image is at the back focal plane of the fixed lens. However, when
there is focusing error of the tunable lenses, the final image position will shift. Assuming
the distance between the second tunable lens and the imaging lens is ¢. We use the
Newtonian Equation, as shown in Eq. (5.7) to calculate the final image position, where F

is the focal length of the imaging lens.

szz ’ 2
{Mf [ty —F = (F, —Af)]}x Z=F (Eq. 5.7)
Since,
2A2f >, —F—(F,-Af) (Eq. 5.8)

We can make an approximation to get Eq. (5.9).

2

B P (Eq. 5.9)
2Af

Therefore,
2

z'= F—2 x2Af < DOF =0.08mm
F

2
£, /& =0.9035
F,  \2x0.049

By a similar analysis, we can conclude that for the Galilean type tunable telescope, as

(Eq. 5.10)

long as Eq. (5.11) is met, the focal error from the tunable lenses can be ignored.
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F

<0.9035 (Eq. 5.11)

2
5.4 Optical design and system prototype

For the optical system design of the zoom probe, I also adopted the “divide and conquer”
strategy described in Chapter 3. In the initial design phase, the zoom probe was optimized
separately. When the performance and the key constraints were satisfied, it was
integrated with the MRFL.

As mentioned in the previous section, the tunable telescope can be either a Keplerian
type or a Galilean type. In the initial design phase, both types can achieve good starting
point. However, when integrating with the MRFL, only the Keplerian type worked well.
It was difficult for the Galilean type to meet the constraints of the clear apertures of the
tunable lenses. The reason is that the Galilean type telescope is not a pupil-forming
telescope, and the pupil aberrations arising from the MRFL would be very difficult to
correct over a zoom range. Conversely, the Keplerian type forms an intermediate pupil,
thus it is easier for the Keplerian type to meet the clear aperture constraints and provide a
uniform performance over the different zoom range.

The MRFL with the optimized zoom probe is shown in Figure 5.5. As discussed in
the previous sections, two tunable lens groups form a Keplerian telescope which is
capable of continuous zooming and autofocusing. Besides the tunable lenses, all other
lenses in the zoom probe are off-the-shelf lenses from Edmund Optics and Ross Optical.
In The first tunable group, the plano-convex lens is used to reduce the beam size, because
the clear aperture of the tunable lens is 10mm in diameter. The plano-concave lens adds
the adequate optical power to the first tunable group and corrects the spherical aberration

to some extent. In the second tunable group, a doublet with a strong middle surface is
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applied near the relayed pupil location, in order to correct the chromatic aberration and
sphero-chromatism. In the imaging lens group, a plano-concave lens and a plano-convex

lens were used to correct the field curvature and astigmatism.

Figure 5.5 high-magnification zoom probe layout
The MTF performance of the zoom probe is demonstrated in Figure 5.6, where Figure
5.6(a) shows the MTF of the center FOV of 3% zoom, Figure 5.6(b) summarizes the MTF
across the zoom and scan range. Each line is the average MTF of a specific zoom and
scan value. As indicated by the figure, all the fields and zooms have a similar near-

diffraction limited performance.

Figure 5.6 MTF performance of the high-magnification zoom probe
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The 3D model of the zoom MRFL is shown in Figure 5.7. The zoom probe is
mounted by the cage system from Edmund Optics, and all the lens mounts are 3D printed
by QuickParts using stereolithography. The lenses are UV cured with the 3D printed lens
mounts. The total cost of the zoom probe is less than $1500, because all the components
including the optics are off-the-shelf-components. For comparison, we quoted another
design with all customized lenses, and it cost about $10,000 and the delivery time was
more than 1 month. In the next section, the performance of the zoom probe will be
demonstrated. Moreover it also demonstrates the capability of off-the-shelf lenses to

build high quality optical system.

Figure 5.7 3D model of the zoom MRFL
5.5 Performance evaluation
A USI1951 resolution target was used to test the resolution of the zoom probe. The
resolution target is located at the optimized 120mm working distance. Figure 5.8
demonstrates the resolution of the zoom probe of different zoom ratios. From Figure
5.8(a) to (d), the zoom ratio changes from 2x to 3x. As shown in the figures, the best
resolvable bar images vary from element 3 group 2 (5.04lp/mm) to element 2 group 3

(8.981p/mm), at the corresponding zoom ratio from 2x to 3x.
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Figure 5.9 demonstrates the field of view change of different zoom ratios. A bladder
model is used as the object, and is placed at 120mm working distance. Figure 5.9(a) to
(d) shows the different field coverage of different zoom ratios from 2x to 3x%. To be
noted, as the field coverage changes when varying the optical magnification of the zoom

probe, the bladder model is always in focus.

Figure 5.8 Images of US1951 resolution target at different zoom ratio: (a) 2x; (b) 2.33%;

(c) 2.67; (d) 3.

Figure 5.9 Images of the gallbladder model at different zoom ratio: (a) 2x; (b) 2.33%; (¢)

2.67%; (d) 3x
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6 CONCLUSION AND FUGURE WORK

6.1 Conclusion

In this dissertation, a multi-resolution foveated laparoscope was proposed to address the
limitations of the current laparoscopes, such as situational awareness issue, FOV-
resolution tradeoff, instruments conflict and ergonomic conflict. It has great potential in
improving the safety and efficiency of the laparoscopic surgery.

High performance MRFL prototypes were designed and constructed, which is
suitable for in-vivo testing in laparoscopic training lab. A high-resolution imaging probe
with optical zoom and auto-focusing capabilities were designed and constructed, after
collecting feedbacks of the first in-vivo test from the surgeon.

6.2 Future Work

Future work on the multi-resolution foveated laparoscope may include the followings:

(1) Design a compact and robust mechanical housing to integrate the zoom foveated
probe to the mutli-resolution foveated laparoscope.

(2) Develop a calibration procedure to calibrate the distortion and scanning mirror
accuracy, as well as the magnification error of the zoom foveated probe.

(3) Develop and compare the efficiency of different display modes for the laparoscopic

training lab.
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APPENDIX A: Multiresolution foveated laparoscope
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