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ABSTRACT 

The topic of this dissertation is on the design and construction of miniature 

microscope objective optics. The design of miniatiure microscope objective is both 

similar and different from conventional microscope objective. The design and 

construction of two miniature microscope objectives are presented in this dissertation. 

The first one is a high numerical aperture (NA), water-immersion objective and it is a 

part of a fiber confocal reflectance microscope (FCRM). The second one is a moderate 

NA dry objective and it is a part of a miniature microscope array (MMA). The 

capability, complexity and fabrication method of the two miniature objectives are 

different but they both share some similar design traits as result of their miniaturization. 

FCRM's miniature objective has a NA of 1.0 and it is designed to operate at near infixed 

X = 1,064 nm. It is 7 nmi in outer diameter and 21 mm in length (measured fi-om object 

plane to image plane). This kind of dimension is approximately 10 times smaller than a 

conventional microscope objective of similar caliber. Sub-micrometer resolution has 

been experimentally demonstrated with this miniature objective. MMA's miniature 

objective has a NA of 0.4 and it is designed to operate over the visible spectrum. It is 1.2 

mm in diameter and 9.4 mm in length. The image quality of MMA's miniature objective 

is experimentally demonstrated to be comparable to the state-of-art commercial 

microscope objective. 
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CHAPTER 1: INTRODUCTION 

The topic of this dissertation is the design and construction of miniature 

microscope objective optics. Microscopy is a matured technology but miniaturization of 

high performance microscope objective optics is still relatively new and there is an 

increasing need for it in the field of biomedical imaging. 

A microscope is an optical instrument used to increase the apparent size of an 

object.' The word "microscope" was first used by members of the scientific society 

"Academia dei Lincei" in the seventeenth century.^ The microscope is an invention, like 

many other great inventions, motivated by human curiosity. Microscopes offer an 

extension to the natural capability of human eyes and allow us to see what otherwise 

catmot be seen. The size and fine details of an object distinguishable by human eyes 

depend on its distance away from the eyes. A closer object will appear to be larger than a 

distant one of the same physical size. The difference is because when the object is near it 

subtends a larger angle with respect to the viewer. Therefore, we should be able to see 

smaller features and distinguish more details if we bring the object closer to the eyes. 

This procedure can be used until the object is at the near point of the eyes. Near point is 

defined as the closest point that can be focused by the eyes and it is approximately 250 

mm in front of the cornea. On average, the human eye has an angular resolution of 

approximately one arc minute. At the near point the smallest feature that can be resolved 

is approximately 75 ^m. Anything smaller than that is beyond the natural capability of 

human eyes and can only be seen with the aid of a microscope. 
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Although the invention of the microscope is ofBcially accredited to Zacharias 

Janssen and Galileo in 1590 and 1610 respectively, it had existed in its most simple form 

since 612 B.C. as used by the ancient Assyrians. Crude glass lenses were found in the 

ruins of Nineveh. Microscopes in the form of simple magnifiers existed in Europe since 

the thirteenth century. In the seventeenth century, Leeuwenhoek had developed simple 

microscopes with magnifications up to 200In the eighteenth century, mechanical 

features for the microscope advanced. In the same century achromat lenses were 

invented; however, achromat lenses did not significantly benefit microscopes until the 

early nineteenth centiuy. The evolution of the microscope continued in the nineteenth 

century. Rapid advancement in microscope objective optics are made in the later half of 

the century and by the 1880's an oil immersion microscope objective of numerical 

aperture (NA) of 1.4 had demonstrated the capability of resolving two points separated by 

0.2 fim over a small field of view (FOV). A resolution of 0.2 ^m is the theoretical limit 

of a conventional light microscope. Many achievements in microscopy occurred in the 

nineteenth century can be credit to Ernest Abbe. In 1877 Abbe formulated his famous 

equation that related the resolution of the microscope objective to its aperture. In 1886 

Abbe, Schott, and Zeiss developed a series of Apochromatic microscope objectives based 

on the formulation of Abbe's sine condition and invention of fluorite doped glass. In the 

twentieth century the scope and sophistication of microscope grows. In 1932, Knoll and 

Ruska constructed the first magnetic electron microscope. In 1942, Brumberg, Burch, 

and Grey designed a series of two-mirror reflective microscope objectives for UV 

applications. In 1953 Zemike received his Nobel Prize for his development of the phase 
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contrast microscope.^ In the late twentieth century the rapid development of microscope 

objectives led to a dramatic increase in number of patents directly related to microscope 

objectives filed in U.S., Europe, and Japan. In the 70's approximately 90 patents directly 

related to microscope objective were granted, in the 80's 117 patents were granted, and in 

the 90's that number increased to about 200.'* A high performance microscope objective 

today may contain a dozen lens elements and uses several different materials. A timeline 

diagram of the evolution of microscope and the development of some of its enabling 

technologies is shown in Figure 1. 

Eariy days 17tti Century 18lh Century 

19th Century 20tti Century 

Figure 1. A timeline shows the evolution of microscope and the development of 
some of its enabling technology. 
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The capability and performance of the modem microscope is far beyond the ones 

used by the ancient Assyrians. Today, oil-immersion microscope objectives can easily 

achieve diffraction-limited performance at NA of 1.4 with a flat field and good color 

correction. The improvement of microscope objectives over time is mainly due to 

developments in two key areas: aberration correction and use of anti-reflection (AR) 

coatings.^ Better aberration correction has been made possible by the technological 

advancements in optical and mechanical fabrication, material science, and optical design 

methodology. Advancements in optical and mechanical fabrication allow more precise 

and exotic optical elements to be made and assembled. Advancements in material 

science give designers a wider range of material choices. A significant improvement in 

lens design can be attributed to the invention of high index-of-refraction and low 

dispersion glass such as the lanthanum crown. The LaK series from Schott Glass 

Technology Inc is an example of a lanthanum crown glass.^ Advancements in design 

methodology have derived from better understanding of geometric optics and aberration 

theory allowing designs to be more efficient. The recent development of computer 

technology has greatly contributed to the development of design methodology. Use of 

AR coating reduces the Fresnel reflection from the glass/air interface and allows higher 

throughput. Fresnel reflection from the glass/air interface ranges from approximately 4% 

for BK7 up to 10% for SF59. The contribution of an AR coating is especially significant 

for high performance microscope objectives that contain many lenses. 

This dissertation is devoted to microscopy and more specifically the design and 

construction of miniature microscope objective optics used for biomedical applications. 
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The miniature objectives referred to here have similar capabilities and performance 

compared to conventional microscope objectives. However, the sizes of the miniature 

microscope objectives are only on the order of a millimeter up to a few millimeters in 

diameter. Design and fabrication benefits and challenges associated with miniature 

optical systems are different from large-size optical systems, and they will be discussed 

throughout this dissertation. 

Miniaturization of optical systems will be discussed in Chapter 2. Two miniature 

microscope objectives have been actually designed, constructed, and tested and they will 

be used as examples. The first one is a large NA, water-immersion objective that is be 

part of an endoscopic fiber confocal reflectance microscope (FCRM). The FCRM will be 

used for confocal imaging of the oral cavity and cervix in-vivo for cancer detection. The 

second miniature objective is a moderate-NA, dry objective that is part of a miniature 

microscope array (MMA). The MMA will contain several miniature microscope 

objectives and will be used to demonstrate the concept of parallel imaging. The intended 

application of the MMA is rapid high-resolution digitization of microscope slides. The 

design and construction of these miniature microscope objectives will be the emphasis of 

this dissertation, and they will be discussed in detail in Chapter 3 and Chapter 4. 
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CHAPTER 2. OPTICAL SYSTEM MINIATURIZATION 

2.1 Motivations Behind Miniaturization of an Optical System 

Motivations behind miniaturization of an optical system can be divided into two 

categories. One category is referred to as application-driven miniaturization and the 

other category is referred to as design-driven miniaturization. 

In the case of application-driven miniatiuization the size of the optical system is 

limited by its intended application. Miniaturization of this kind imposes a hard constraint 

and generally has little room for compromise. Medical endoscopes are examples of 

application-driven miniaturized optical systems. Since an endoscope is used inside the 

body cavity, its size must be smaller than the cavity it operates in or at least smaller than 

you can stretch the cavity. 

Design-driven miniaturization is relatively less well known. In this case 

miniaturization is motivated from an engineering perspective. For example, it is possible 

that through miniaturization aberrations can be better controlled, or through 

miniaturization a design might become compatible with more fabrication options, or 

perhaps miniaturization makes possible to extend an instrument's capabilities. Design-

driven miniaturization allows the designer to consider tradeoffs between size and 

performance and choose the most appropriate combination. 

In Chapter 3 and Chapter 4 we will examine two miniature microscope objective 

designs. The miniature microscope objective for the FCRM is a classical example of an 

application-driven miniaturized optical system. The intended application, confocal 
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imaging in-vivo of the oral cavity and the cervix demands the miniaturization of the 

imaging optics in order to obtain easy access to the organ site. 

The miniature microscope objective for the MMA is an example of a design-

driven miniaturized optical system. The construction of MMA is intended to demonstrate 

the concept of large FOV imaging using multiple miniature optical systems in parallel 

instead of a single large optical system. The intended application of the MMA is high-

resolution, rapid digitization of microscope slides. The intended application does not 

impose a strict size limitation on the instrument, for example, the size in lateral direction 

is only limited by the size of the slide and the size in longitudinal direction unlimited. 

However, miniaturization is desired from a design perspective. Miniaturization of 

individual microscopes allows formation of an array which in turn gives the MMA with 

its rapid scanning capability. 

2.2 Pros and Cons of a Miniature Optical System 

The size of the miniature optical systems referred to in this dissertation is still 

large enough, compared to the wavelength of the light, that their behavior can still be 

predicted by the laws of geometric optics. Nevertheless, the design, fabrication, and 

assembly of miniature optical systems do exhibit certain differences compared to large-

size optical systems. Miniaturization can contribute both positively and negatively 

toward the performance and capability of the optical system. Therefore it is important to 

understand the advantages and disadvantages associated with miniaturized optical 

systems in order to design one. 
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2.2.1 Scaling behavior of an optical system 

From a simplified point of view, miniaturization of an optical system can be 

thought of as a linear scaling of the optical system. The best way to study the scaling 

behavior of an optical system is to examine what happens when all of the linear 

parameters e.g., lens diameters, and lens thicknesses, and lens-to-lens separations, of the 

optical system are shrunk. If all of the linear parameters are scaled down by the same 

factor then the angular parameters i.e., NA, should remain invariant. Some characters of 

the optical system are independent of scaling, for example the resolution. For a 

diffraction-limited optical system, resolution is determined only by the wavelength of the 

light and the NA of the optical system. Therefore, if the NA of the optical system is 

independent of scaling then the resolution is also independent of scaling. Other 

characteristics that are invariant to the scaling are depth of the field, depth of the focus, 

and angular FOV. 

Most of the other characteristics of the optical system will be affected by the 

scaling. For microscope optics the most important characteristics affected by the scaling 

are the linear FOV and the working distance (WD). Normally, large FOV and WD are 

desired; unfortunately, scaling down the optical system will result in the opposite effect. 

Therefore, the design of a miniature microscope objective cannot simply be a shrunken-

down version of a conventional microscope objective. An effort must be made to reduce 

the scaling factor that applies to FOV and WD. 
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Aberration correction is the most important task in designing an optical system, 

especially in microscope objective optics. Due to their application, microscope objective 

optics are expected to deliver dif&action-limited performance. The scaling behavior of 

aberrations is favorable towards miniaturization. Transverse ray error, a linear parameter, 

decreases proportionally with the size of the optical system. For this reason difiOraction-

limited performance can be achieved more readily with a miniature optical system. The 

consequence of doing so is reduction of light collection for an infinite conjugate optical 

system or a decrease of linear FOV and WD for a finite conjugate optical system. 

Tolerance is an integral part of optical design. Scaling of an optical system will 

affect some aspect of its tolerance. Tolerance of angular parameter such as lens tilt is 

independent of scaling. Tolerances of linear parameters such as lens de-centering, lens 

thickness and lens separation are affected by scaling of the optical system. For a given 

optical system the amount of degradation as result of certain amount of perturbations 

scales linearly with size of the given optical system. This statement is not intended to 

convey the message that smaller optical systems have tighter tolerances. When an optical 

system is scaled down its nominal performance as well as its capabilities are changed, 

therefore, a direct comparison of their tolerances are irrelevant. In fact, properly 

designed an optical system of all sizes will have very similar tolerances. For example, a 

astronomical telescope has comparable tolerances as a microscope objective. 
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2.2.2 Fabrication considerations 

Many aspects of lens design are dictated by fabrication methods. To a large 

extent, the size of the optical system often determines which fabrication method is best 

and what kind of optical materials can be used. Conventional fabrication using glass is 

the most common optics fabrication technique and it is also the most mature technique. 

A wide range of glass types is available. The index of refraction of optical glass can 

range from = 1.46 (FK3) up to = 1.95 (SF59). Glass optics offer advantages of high 

surface accuracy and surface quality as well as good thermal and mechanical properties. 

For miniature optical systems, conventional fabrication methods using glass materials are 

still applicable in most cases but can be difBcuh. The difficulty level increases as the 

size of the optics decreases. Miniature components such as lenses that are a few 

millimeters or sub-millimeter in diameter (except for ball lenses) are generally difficult to 

fabricate by grinding and polishing methods. 

In recent years plastic has becoming increasingly popular for mass-produced 

optical components. One example is lenses for disposable cameras. Plastic optics can be 

fabricated by several methods including single point diamond turning (SPDT), injection 

molding, and compression molding. SPDT is capable of achieving very high surface 

accuracy and it is most suited for small-quantity, rapid prototyping. Compression 

molding is best suited for large two-dimensional components such as a Fresnel lens, 

bijection molding is best suited for large quantity production of both optical and opto

mechanical components. The most significant advantage of plastic optics fabricated by 

one of above methods is the availability of aspherical surfaces. Use of aspherical 
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surfaces in an optical design helps correct aberrations and can reduce the number of 

optical elements and decrease the overall size of the system. Plastic optics, however, can 

be made using only a few materials. This limitation imposes difficulty in correcting 

chromatic aberrations for more than two wavelengths. Additionally, there are no high 

index plastic materials suited for optical components. High index materials, especially 

high index crown-like materials, are very valuable in lens design. An index of refraction 

of nd = 1.59 is the highest index available for plastics. 

Miniature optical systems can take advantage of some unconventional fabrication 

techniques not available on the macroscopic scale. One option is to use Gradient index 

lens (GRIN) lenses. GRIN lenses provide optical power through index-of-refraction 

variation in the direction perpendicular tc the optical axis. Index-of-refraction variation 

is obtained through an ion exchange process. GRIN lenses with diameters ranging from 

0.35 mm to 3 mm are commercially available. This diameter range makes GRIN lens an 

attractive option for our miniature microscope objectives. 

Another fabrication technique available for miniature optics is lithography. 

Lithography techniques can be used to fabricate both refractive and diffractive optics. 

Recent developments in printing refractive optics using gray-scale lithography on hybrid 

glass can be easily applied to our miniature microscope objectives.^ Aspherical surfaces, 

as well as non-rotationally symmetrical surfaces such as cylindrical lenses, can be 

fabricated with the same level of difficulty. The most critical limitation associated with 

lithographically printed lenses is the limited lens sag due to material properties. For a 
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given lens diameter, the lens sag determines optical power. Consequently, limited sag 

translates to limited optical power. 

Table I presents a summary of different optical fabrication methods and their 

suitability for miniature optics. 

Element diameter 
Above 3 mm 1 mm to 3 mm Below 1 mm 

Conventional glass optics Yes Difficult Only ball lenses 
Plastic optics Yes Yes Difficult 
GRIN lenses Not available Yes Yes 

Ijithogi2ghicalljjjrinted^^brid^lassJens«____DiffiaUt_^^_^^__Jf^_^^_^__J^e^____ 

Table 1. Potential fabrication methods for making miniature optics and their 
suitability for different size optics. Optical element diameter is arranged in three 
groups. 

In the case of two miniature microscope objectives presented in this dissertation 

one was made with conventional glass optics and one was made with diamond turned 

plastic optics. However, several alternative designs explored other fabrication options 

listed in Table 1. 

2.3 Miniaturization of microscope objective optics 

The diameter of a typical microscope objective is approximately 20 mm. The 

length of a microscope objective, if measured from the position of the object to the 

position of the image, is approximately 200 mm. The length is composed of two parts: 

the physical length of the microscope objective and the tube length. The standard tube 
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length is 160 mm. For a miniature microscope objective miniatiuization needs to be 

realized for both dimensions, diameter and length. 

2.3.1 Miniaturization of microscope objective diameter 

The diameter of a microscope objective, a finite conjugate optical system is 

affected by the object distance, linear FOV, and NA. The object space of a microscope 

objective is telecentric meaning that the chief ray is parallel to the optical axis. These 

first-order properties impose a theoretical limit on how small the diameter of the 

microscope objective can be without vignetting. The theoretical limit can be calculated. 

Minimum diameter=full FOV + 2 tan • -I ( ] sm ( ] 
K "o'>J J 

WD. (1) 

The above equation indicates that theoretically the minimum diameter of a microscope 

objective increases with the WD, FOV, and NA in the object space. The theoretical 

minimum diameter predicted by Eq. (1) may not be valid if the microscope is also 

required to be telecentric in image space, in which case the equation needs to be modified 

and applied in image space. The modified equation is 

Minimum diameter={full FOV) |OT|+2 tan sm -I 
NA,  ̂uxg 

V "'"e / 

(2) 

where m is the transverse magnification and z' is the image distance measured from the 

last optical surface. 

The theoretical limits predicted by Eq. (1) and Eq. (2) can rarely be realized in 

practice, as aberration correction limits the minimum diameter of a microscope objective. 
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To keep the microscope objective diameter small, light must be severely refracted at the 

first optical surface. In fact, to achieve the theoretical minimum diameter, the first 

optical surface must refi^t the ray so that the ray exits the surface with an exit angle at 

least parallel to the optical axis. Optical surfaces that generate such large refraction will 

introduce a large amount of aberration. Additionally, such surfaces will be extremely 

sensitive to perturbation. A small amount of misalignment will severely degrade the 

optical performance. Therefore, when miniaturizing a microscope objective design the 

designer must balance size-imposed constraints with imaging perfomiance requirements. 

2.3.2 Miniaturization of microscope objective length 

In the first order, the overall length of a microscope objective is directly related to 

its transverse magnification. Minimum length occurs when the magnification factor is m 

= -1. This is the 2/-2/(/"stands for focal length) or one-to-one-imaging configuration. As 

the magnitude of microscope objective's transverse magnification increases, the overall 

length, L, will increase as described by 

vm / 
(3) 

where fobj is the effective focal length of the microscope objective. For m = -1, the 

overall length is Z, = 4 fobj.^ L is known as the throw. 

Traditionally, microscope objectives have been designed to have large 

magnifications. For example, a = 0.4 microscope objective will typically have a 

magnification of 20x. At 20* the overall length will be at least L = 12 fobj- The image 

space NA will be 0.02 and the diffraction limited spot size will be approximately 40 ^m 
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in diameter. Large magnification is needed because, traditionally, compound 

microscopes are intended to be a visual instrument. However, with the development of 

electronic image sensors direct visual viewing is no longer necessary for many 

microscopy applications. In fact, it is often desirable to have the image displayed on a 

monitor. A microscope objective that uses an electronic sensor array in its image plane 

does not require a large transverse magnification because today CCD and CMOS detector 

arrays have pixel size down to just over 3 ^m and the majority of the magnifying power 

can be obtained electronically. A pixel on a typical computer display is approximately 

200 ^m. For detector pixel size of 3 ^m the electronic magnification is approximately 

67><. This magnification factor is large compare to the magnification factor of a typical 

eyepiece, which is around I Ox. For a NA = 0.4 microscope objective that uses an 

electronic image sensor magnification factor of m = -4 is sufficient. At m = 4 the overall 

length of the objective can be as short as I = 6.25 fobj according to Eq. (3). 

Aberration correction is also an important factor determining the overall length of 

the microscope objective. To better control aberrations in an optical system light needs 

to be refi:acted gradually over many optical elements. A large number of optical elements 

and gradual ray bending will result in longer designs. To better control aberrations the 

optical system's design form often contains bulges and valleys. Bulges and valleys are a 

result of the combination of positive and negative optical elements. Aberrations can be 

better controlled if the design contains multiple bulges and valleys, e.g. photolithography 

systems. Multiple bulges and valleys will also result in an increase in overall length. 
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Microscope objective designs generally contain two bulges and one valley. These kinds 

of designs generally are corrected for field curvature. 

In summary, to miniaturize the overall size of the microscope objective the 

following must be considered: (1) introducing large refraction by all of the optical 

elements but especially the first one, (2) limiting the transverse magnification, and (3) 

limiting the number of bulges and valleys in the design form. 
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CHAPTERS: ENDOSCOPIC FIBER CONFOCAL REFLECTANCE 
MICROSCOPE (FCRM) 

An endoscope is a classical example of an application-driven miniature optical 

system. In this chapter we present the design and operation of an endoscopic fiber 

confocal reflectance microscope (FCRM) with an emphasis on the design and 

construction of its miniature microscope objective. The intended application of the 

FCRM is direct imaging of the oral cavity and cervix in-vivo for the detection of pre

cancerous lesions. The goal is to use the FCRM to diagnose cancer non-invasively in its 

early stage with both high sensitivity and specificity. Reflectance-based fiber confocal 

7.8 9 systems that use a conventional microscope objective have been studied previously. 

However, the size of a typical conventional microscope objective is on the order of 20 

mm, which renders it impractical for many endoscopic applications. A crucial 

component of the FCRM is the custom designed and fabricated NA = 1.0, water-

immersion, miniature microscope objective that has an optical clear aperture diameter of 

4 mm and an overall outer diameter (including the mechanical housing) of 7 mm. The 

design of this miniature microscope objective will be the emphasis of this Chapter. 

A brief description of the motivation behind the development of the FCRM as 

well as an overview of confocal microscopy is included in the background section. 

Section 3.1. Following the background section we will discuss specifications and 

construction of the FCRM system in Section 3.2. Two FCRM prototypes have been 

constructed. The first FCRM prototype will be discussed in Section 3.3. The design of 

intermediate optics such as the telescope lens, scan lens system, and coupling lens system 
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will be discussed in this section. The second FCRM prototype will be discussed in 

Section 3.4. Detailed discussion of the miniature microscope objective design will be 

included in this section as well. 

3.1 Background 

3.1.1 Motivation 

Cancer ranks second among leading causes of death in United States and is 

exceeded only by heart disease.Cancer is a disease in which cells become abnormal 

and divide without control. Cell growth and division is carefully regulated by the body, 

but when that regulation mechanism breaks down and cells grow and divide when they 

are not needed, a mass of tissue called a tumor forms." Tumors can be of two types, 

benign and malignant. Benign tumors are localized and generally do not pose a threat to 

life. Malignant tumors are life threatening. Cancer cells can spread and invade tissues 

away from the original tumor site through the lymphatic system or the bloodstream. 

Among all types of cancers, cervical cancer is the second most conmion among 

women worldwide, exceeded only by breast cancer. Worldwide, cervical cancer kills 

more than 230,000 women each year while in the United States, according to the 

American Cancer Society, an estimated 12,900 new cases of invasive cervical cancer will 

be diagnosed in 2001 and 4,400 women will die from it.'^ Cervical cancer 

disproportionately affects women from poor regions of the world due to a lack of 

prevention and screening. In fact, 80% of the cervical cancer deaths occur in developing 

nations.'^ When detected at an early stage, cervical cancer is ahnost always curable. 
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The most common test used today to detect cervical cancer is the Papanicolaou 

test or Pap smear test. During a Pap smear test, ceil samples are taken from the cervix 

using a scraper and placed on a glass slide and examined under a light microscope. The 

Pap smear test is a non-invasive test; however, it is only moderately accurate. The 

estimated sensitivity and specificity of Pap smear test varies greatly ranging from 11% to 

99% and 14% to 97%, respectively.''* High sensitivity and specificity caimot be achieved 

concurrently. An increase in sensitivity is always accompanied by a decrease in 

specificity and vice versa. Therefore, a more accurate test is needed. The goal of the 

FCRM is to permit detection of pre-cancer lesions with both high sensitivity and 

specificity. 

3.1.2 Overview of confocal microscopy 

Confocal microscopy was first conceived by Dr. Marvin Minsky in 1957.'^ 

However, confocal microscopes were not widely used until the middle of the eighties 

after advanced lasers, precise scanners, and fast computers had become available. Today, 

confocal microscopy is a well-established technique used to image thin optical sections 

within a thick object: this is known as optical sectioning.'^ This unique capability 

renders the confocal microscope a popular instrument for biomedical imaging. The basic 

operation of a confocal microscope is shown in Figure 2. Unlike a conventional 

microscope, a point illumination source is used for a confocal microscope rather than an 

extended source. Illumination Ught is focused onto the object by a microscope objective 

at a certain object plane. An exit pinhole is positioned in the image plane and is 
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conjugate to the intended object plane. Light originating from intended object plane 

(shown in green lines in Figure 2) will form a sharp focal spot in the image plane 

centered at the exit pinhole, the majority of the light will pass through the pinhole, and 

will be seen by the detector. Light from depths above and below the intended object 

plane (shown in red and blue lines in Figure 2) will be defocused at the exit pinhole and 

thus most of the light will be blocked by the pinhole. 

Figure 2. The basic operation of a confocal microscope. The green lines (solid 
lines) represent in-focus light and the blue and red lines (dashed lines) represent 
out-of-focus light. The in-focus light will pass through the exit pinhole but the 
out-of-focus light will be largely blocked by the exit pinhole. 

The rejection of out-of-focus light by the exit pinhole is the most important advantage of 

the confocal microscope. Rejection of the out-of-focus light allows imaging of a thick 

object by providing high axial resolution. The axial resolution is dependent on the size of 

the exit pinhole. An estimated range of axial resolution measured at the 3dB width can 

be calculated as in Eq. (4).'^ 

Pont 
Soum 

(4) 
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where r is the radius of the exit pinhole, m is the transverse magnification factor, and 9 is 

the marginal ray angle in the space of the exit pinhole. 

The exit pinhole can also be used to improve the lateral resolution of a confocal 

microscope. Normally, a microscope objective's lateral resolution is limited by the 

diffraction of light. For a confocal microscope, lateral resolution beyond the diffraction 

limit can be achieved by using a pinhole with a clear aperture appreciably smaller than 

the Airy disc. Lateral resolution improvement up to 1.4 times is possible.'^ However, 

the lateral resolution improvement is achieved at the cost of blocking off the in-focus 

light and consequently reducing the signal strength. Other advantages of a confocal 

microscope as pointed out in the original patent application are reduced blurring of the 

image from light scattering, and improved signal-to-noise ratio. 

The most significant disadvantage of a confocal microscope is that it can only 

image one point at a time. A large two dimensional image must be built up point by 

point through scanning. There are several groups trying to circumvent this problem by 

using slit aperture or multiple apertures.'*'" 

i.i.i Fiber confocal microscope 

Confocal imaging in-vivo using a conventional confocal microscope is mainly 

limited to skin and the cornea due to difficulties in accessing internal organ sites.^""^' 

This limitation motivated the development of the fiber confocal microscope. Optical 

fiber creates a flexible connection between the confocal microscope's objective and the 

rest of the system. The flexibility allows greater access to different organ sites and thus 
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allows confocal imaging in-vivo. The optical fiber delivers the illumination to the 

microscope objective, and it serves as the exit pinhole that only allows focused light to 

propagate through it. 

There are two types of fiber confocal microscopes: one type uses a single fiber, 

and the other type use a fiber bundle. If a single fiber is used, either the object or the 

fiber itself must be translated laterally to acquire a two dimensional image. If a fiber 

bundle is used then the two dimensional image can be formed by raster scan of the beam 

across the proximal end of the fiber bundle. The later type eliminates any physical 

movements at the distal end of the confocal microscope and therefore is more suited for 

endoscopic applications. Beam scanning can be done using scanning mirrors and is 

generally faster than scaiming by translation of the object or fiber. 

3.2 FCRM System Overview 

A FCRM can be used to detect pre-cancerous lesions in the oral cavity and cervix 

via direct imaging of the tissue in-vivo. FCRM is a reflectance-based system that uses the 

index-of-refraction mismatch between a cell's nucleus and cytoplasm to generate an 

image. The cell's nucleus has a higher index of refiaction than the surrounding 

cytoplasm. Light will be reflected fi-om the nuclei-cytoplasm interfaces, and nuclei will 

appear to be bright in the image. Where there are no nuclei, no light will be reflected, 

and those regions will appear dark in the image. The reflection generated image shows 

morphological features of cells. By examining the elements of the cell morphology, such 

as density, size of cell nuclei, and nuclear-to-cytoplasmic ratio, one can determine their 
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normality. For example, the nuclear-to-cytoplasmic (N/C) ratio for normal tissue is 

^proximately 1:5 while for abnormal tissue the ratio approaches 1:1.^^ 

Two prototypes of FCRM have been constructed. The two prototypes differ only 

in objective optics. For both prototypes the design, fabrication, and testing of all of the 

optical components are accomplished by this author at University of Arizona. System 

integration, system characterization, and clinical trials are accomplished by Kung-Bin 

Sung of University of Texas - Austin. The first prototype uses a standard commercially 

available microscope objective. Figure 3 shows the layout of the first FCRM prototype. 

The second prototype uses a custom designed miniature microscope objective. Figure 4 

shows the layout of the second FCRM prototype. The first FCRM prototype was used to 

image biopsy tissue. The second FCRM prototype was used to image oral cavity and 

cervix in-situ without removal of tissue. 

NtfTafl Laaa 
(10Mna«) 

Cou^ing 

Maliala 
(SOini) 

Figure 3. Components layout for the first FCRM prototype. A standard 
microscope objective used. 
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Figure 4. Components layout of the second FCRM system. A costume designed 
miniature microscope objective was used and it was attached to the distal end of 
the coherent fiber bundle. 

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

A continuous wave (CW) Nd:YAG laser (Optomech Ltd.) operating at >1=1,064 nm 

serves as the illumination source. The laser light is spatially filtered and collimated 

before passing through an X-Y scanning system. The light is then delivered onto the 

object via, in order, the scan lens system, the coherent fiber bundle, and the microscope 

objective. Illumination light is focused on the tissue sample to the depth of interest. 

Light is reflected from the tissue due to variations in index of refraction. The reflected 

light retraces the same path in reverse imtii the beam splitter. There it is deflected, passes 

through a pinhole and a re-imaging lens and onto a high-speed avalanche photodiode 

(APD). Each fiber within the coherent fiber bundle acts as a point source and an exit 
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pinhole thus creating a scanning confocal microscope system. The laser has a relatively 

short coherence length compared to the length of the fiber bundle, which prevents 

possible interference effects between light coming from the object and light specular 

reflected fi'om the proximal face of the fiber bundle. 

The X-axis scan mirror is a resonant scaimer (Electro-Optical Products 

Corporation, model number SC30) that operates at 7.68 kHz with a maximum scan angle 

of 12 degrees. The Y-axis scan mirror (Cambridge Technology, model number 6800HP) 

operates at IS Hz with a maximum scan angle of 17 degrees. The diameter of the 

coherent fiber bundle (Sumitomo Electric U.S.A., Inc., model number IGN-15/30) is 1.37 

mm while each individual fiber has a core diameter of 4.1 ^m and the fiber center-to-

center distance is approximately 7.1 )im.^^ 

A two-dimensional (2D) image is built up point-by-point through X-Y scanning 

of a focused spot across the fiber bundle by means of the scan mirrors. At any given time 

only one fiber is illuminated and imaged. The FCRM operates at a firame rate of 15 

fi*ames/sec. Tissue may be translated axially towards or away fi'om the microscope 

objective to allow imaging of different depths. Axial translation of the tissue is done by a 

hydraulic system.^^ The object space is filled with saline and the hydraulic system can 

pull the tissue closer to the miniature microscope objective by removing the saline out of 

the object space. 

The lateral sampling of FCRM is determined by the fiber spacing within the 

coherent fiber bundle and the transverse magnification of the microscope objective. For a 

given fiber spacing and magnification the lateral sampling can be calculated by: 
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Uter^i sampling . (5) 
motj 

Maximizing the signal strength relative to the background radiation is an 

important design consideration since the index-of-refraction mismatch between the nuclei 

and the cytoplasm is only approximately An = 0.05. Such a small index mismatch 

translates to a Fresnel reflectance of 0.034%. The index mismatch can be increased to 

approximately 0.07 by the application of a weak acetic acid solution to the tissue.^^ In 

addition to low reflectance the signal suffers additional loss from fiber coupling, Fresnel 

reflection loss at the microscope objective, and scattering and absorption in the tissue. 

The low object reflectance requires effective suppression of background radiation. 

Background radiation originating from random stray reflections and scattering can be 

effectively blocked by the pinhole. However, the pinhole does not block background 

radiation caused by the specular reflection from the proximal and distal faces of the 

coherent fiber bundle.^^ Confronting the problems of noise in the form of specular 

reflection from the terminal faces of the fiber bundle is the main difficulty associated 

with a reflectance-based fiber confocal system. Reflectance-based fiber confocal systems 

cannot suppress unwanted specular reflected light using filters as do fluorescent-based 

fiber confocal systems. The solution that we have adopted involves the use of index 

matching oil at both coherent-fiber-bundle faces in order to reduce specular reflections 

from these surfaces. At the distal face the index matching oil matches the index of the 

fiber cores. At the proximal face the index matching oil matches the average index of the 

core and the cladding. Specular reflection from the distal face of the fiber bundle is small 
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because the Hght has to propagate back through the fiber bundle. Specular reflection 

from the proximal face of the fiber bundle is approximately 0.0025%. This amount of 

specular reflection is significant compared to the signal level. The estimated strength of 

the signal is approximately two times the strength of the specular reflected light when the 

object plane is near the top surface of the tissue. 

3.3 First FCRM Prototype 

The first FCRM prototype uses a standard microscope objective that is 

commercially available. However, the intermediate optics such as the telescope system, 

the scan lens system, and the coupling lens system need to be custom designed. In this 

Section we will discuss the design of the intermediate optics. The design of the telescope 

and scan lens system is presented in Section 3.3.1. The design of the coupling lens 

system is presented in Section 3.3.2. The first FCRM prototype was intended for 

confocal imaging of biopsy tissues in-vivo, and some imaging results obtained are 

presented in Section 3.3.3. 

3.3.1 Telescope and Scan Lens Design 

In this section we will discuss the design and testing of the telescope and scan 

lens systems. 
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3.3.1.1 Desim requirements 

An afocal telescope is needed to couple the two scan mirrors in the setup (see 

Figure 4). The X-axis scan mirror and Y-axis scan mirror are mechanically separated and 

differ in size. Both mirrors need to be positioned at a pupil location of the scan lens 

because each mirror generates only one direction of scanning. In addition, the size of the 

entrance pupil of the scan lens needs to match the effective size of the Y-axis scan mirror, 

and the effective size of the Y-axis scan mirror also needs to match the effective size of 

the X-axis scan mirror. Therefore, the two scan mirrors need to be coupled optically. A 

telescope inserted between the two scan mirrors that images the X-axis scan mirror onto 

the Y-axis scan mirror with the proper magnification factor is required to accomplish the 

optical coupling. 

The scan lens immediately follows the scan mirrors and is used to couple the 

incident light into individual fibers in the coherent fiber bundle (see Figure 4). The scan 

lens has its entrance pupil located at the Y-axis scan mirror to achieve pupil matching 

with the telescope. The size of its entrance pupil matches the size of the Y-axis scan 

mirror. The scan lens requires a NA of 0.3 in its image space to match the acceptance 

NA of the optical fibers. The scan lens must be diffraction limited so that it will only 

illuminate one fiber at a time to achieve the highest possible coupling efficiency. High 

coupling efficiency into a single fiber leads to a higher image contrast. 

The scan lens needs to be telecentric in the image space so the principal rays are 

parallel to the optical axis for all of the field positions. This condition is necessary so that 

the cone of converging light has a normal incidence onto every fiber within the bundle. 
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If the telecentricity condition is not satisfied then the coupling efficiency would vary 

across the fiber bundle and so would image contrast. 

The field of view (FOV) of the scan lens is defined by the FOV of the miniature 

microscope objective and the transverse magnification of the miniature microscope 

objective. The FOV of the miniature microscope objective is approximately 250 ^m. 

The transverse magnification (m) of the objective is 3.8. The minimum FOV of the scan 

lens system can now be determined to be 

fOVs,a„uns =0.95ot/w . (6) 

The actual FOV is designed to be larger than the required minimum value. The actual 

FOV is designed to be 1 mm. 

2.3.1.2 Final Design Form 

The telescope is constructed using two achromatic doublets. Both achromatic 

doublets are conmiercially available from Melles Griot (LA0037 and LA0059). Figure 

5(a) shows the optical design of the telescope. The focal lengths of the two doublets are 

40 mm and 50 mm, respectively. The resultant transverse magnification is 1.25. This 

magnification factor is needed to match the size of the entrance pupil of the scan lens to 

the effective size of the Y-axis scan mirror and the exit pupil of the telescope. The 

entrance pupil of the telescope system is located at the fi"ont focal plane of the/= 40 mm 

doublet, and the exit pupil is located at the back focal plane of the/= 50 mm doublet. 

The two scan mirrors are positioned at these pupil locations (see Figure 3). 
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The scan lens system is constructed with five refractive singlets. The design of 

the scan lens also takes advantage of off-the-shelf components. Three of its lenses are 

commercially available: The third lens is from Melles Griot (LPX267), the fourth lens is 

from Coherent, Inc. (43-3730) and the last lens is a GRADIUM lens (GPX-10-10).^' 

GRADIUM lenses have an index of refraction that varies along the optical axis. The first 

two lenses are custom made by MediVision.^® Figure 5(b) shows the optical layout of the 

scan lens. Detailed prescriptions data for the telescope and scan lens are given in Table 

2. This scan-lens design satisfies all of the requirements stated in the previous section. 

The design may be simplified further if off-the-shelf elements are replaced by additional 

custom elements. 

f=40mm f=50mm 
X-axis 

Scan Mirror 

Location of 
Y-ans 

scan mirror 

Y-axis 
Scan Mirror 

GRAOIUM 
Lens 

Index 
matching 

oil 

Entrance 
pupil All three lenses here 

are off-the-shelf lenses 

(b) 

Figure 5. Telescope and scan-lens designs. Part (a) shows the optical layout of 
the telescope. Part (b) shows the optical layout of the scan lens assembly. The 
color of each ray bundle corresponds to a different field position at the coherent 
fiber bundle. Layouts shown in (a) and (b) do not have the same scale. 

Surf Comment Radius (mm) Thickness (mm) Glass 
OBJECT Infinity Infinity 

STOP Infinily v 
2 LA0037 27.25 5.94 SSIC4A 
3 -17J6 2.1 ^ 
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4 -101.11 83.22 
5 8935 1.5 •• 
6 22.46 4.46 SKll 
7 LAOOS9 -32.15 48.7g 
8 Infinity 95 
9 Custom 20 20.£Z LAKld 
10 10.12 13.97 
11 Custom 24.9g 8 -BET-? 
12 -57.15 134.02 
13 LPX267 103.74 2i6 BK7 ' 
14 Infinity 27.55 
15 43-3730 15.67 5.4 
16 35.12 10.1 
17 GPX-10-10 7.52 3 
18 Infinity 10.27 Index matching oil 

IMAGE bfinity 

Table 2. Prescription data for telescope and scan lens system. 

The telescope and scan-lens system can be designed separately and both have to 

be well corrected for aberrations. Alternatively, these two optical systems can be 

designed together so that the aberrations introduced by the telescope can be used to 

balance the aberrations introduced by the scan-lens system. The latter approach was used 

here since it will generally lead to better designs. The detailed optical design was 

executed using the ray trace program ZEMAX.^^ 

3.3.1.3 Desien Performance 

The performance of the telescope/scan-lens system was first predicted in 

ZEMAX. The telescope/scan-lens optical system is diffraction limited with a Strehl ratio 

of 0.97 on axis and near diffraction limited with a Strehl ratio of 0.72 at the edge of the 

field. Strehl ratio of 0.75 or higher can be considered diffraction limited.^" Figure 6 

shows the predicted spot diagrams of the design at three radial positions on the coherent 
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fiber bundle. The RMS spot diameter is approximately 1.3 |im on axis and 2.9 ^m at the 

edge of the field (h = 0.5 mm). The dominating aberration at the edge of the field is 

coma as can be seen fi-om the shape of the geometric spot diagram (see Figure 6). The 

blurred geometric spot is still within the diameter of the Airy disc, which is indicated by 

the solid circle on the spot diagrams in Figure 6. The geometric spot size is also smaller 

than the fiber-core diameter and thus should not cause image-contrast degradation. 

S P O T  O T R G B O M  

h=0 mm h=0.35 mm h=0.5 mm 

F I E L O  1 2  3  
ens RROius a.sae 0.695 i 382 
CEO RfiDIUS I.BH9 2.083 2 692 

Figure 6. Geometric spot diagram for the telescope/scan lens system at three 
different field positions at the coherent fiber bundle, denoted by h. The circle in 
each diagram represents the size of the diffraction Airy disc. Sjjot radius values 
given in the diagram are in micrometers. 

The image quality of the telescope/scan lens system was tested experimentally by 

directly examining the focal spot. Collimated light incident onto the telescope/scan lens 

system forms a focal spot at the back focal plane. The focal spot is then examined 

through a microscope objective. Figure 7(a) shows the focal spot; its diameter is 

approximately 3.4 (xm. The diffraction Airy Disc diameter is calculated to be 

(7) 
NA 
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Therefore, the telescope/scan lens has experimentally demonstrated dif&action-limited 

performance. The calculated diameter in Eq. (7) corresponds to the first zero location of 

the point spread function (PSF). The measured diameter of the focal spot is smaller than 

the calculated value. This difference is because the camera used in the measurement has 

a finite dynamic range and sensitivity and is not capable of detecting the edge of the focal 

spot where the intensity is near zero. The ability of the telescope/scan lens system to 

couple light into a single fiber was also tested. Collimated light is coupled into the fiber 

bundle using the telescope/scan lens system. Ideally, the telescope/scan lens system will 

focus light only onto a single fiber. This is demonstrated in Figure 7(b). Here the distal 

end of the fiber bundle is shown with only one fiber illuminated by the telescope/scan 

lens system. The approximate size of the illuminated fiber is outlined with the red solid 

circle. The dotted circles represent the position of surrounding fibers. Virtually all of the 

light is focused on a single fiber. This allows maximum image contrast to be achieved. 

(a) (b) 

Figure 7.Part (a) shows the focal spot formed by the telescope/scan lens 
system. The spot diameter is approximately 3.4 |im. Part (b) shows the distal 
end of the fiber bundle when only one fiber is illuminated by the telescope/scan 
lens. Red solid circle outlines the diameter of the illuminated fiber. Dotted 
circles represent the surrounding fibers. 
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3.3.2 Coupling lens design 

The functionality of the coupling lens system is similar to that of the scan lens 

system. It is responsible for coupling illumination from the coherent fiber bundle to the 

microscope objective and reflected light from the microscope objective into the fiber 

bundle. Therefore, its entrance pupil must match the size and location of the exit pupil of 

the microscope objective. The coupling lens has similar performance requirements as the 

scan lens, specifically the system must be diffraction limited at NA = 0.3 in order to 

couple light into only one fiber at a time. Finally, the coupling-lens design was derived 

from the scan-lens design, which explains the similarities in design forms between the 

two. 

Entrance pupil of 
coupling lens located 

at Exit pupil of ttie 
microscope objective 

Figure 8. Optical layout for the coupling lens system. The color of the ray 
bundle corresponding different field position. 

Figure 8 shows the optical layout of the coupling lens, and Figure 9 shows its 

predicted spot diagrams. The optical clear aperture diameter of the coupling lens is 26 

mm and total length is approximately 190 mm, as measured from the first lens vertex to 

the image plane. The detailed surface prescription for the coupling lens is given in Table 

3. The RMS spot diameter is approximately 1.5 ^un on axis and 2 ^m at the edge of the 

field. The Strehl ratio is 0.99 on axis and 0.88 at the edge of the field. The coupling-lens 

GRAOIUM 
Lens 

Index 
matctiing 

oil 
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system is also telecentric in image space for the same reason as is the scan-lens system. 

The coupling lens system was tested experimentally and its performance is comparable 

with the telescope/scan lens system. Additionally, the coupling lens is constructed using 

only four lenses and these are the same lenses that are used for the telescope/scan lens 

system. Therefore, no new optical elements need to be fabricated. This is a direct benefit 

resulting from the similarity of the coupling-lens and scan-lens designs. 

SPOT DTRCRHM 

h=0 mm h=0.35 mm h=0.5 mm 

flEtC 
SMS BflOIUS : 
CEQ BfiOIUS : 

1 2 

a 710 a 6^7 
I 753 I 369 

3 0 qvz 
: 736 

Figure 9. Geometric spot diagrams for the coupling lens system at three 
different field positions at the coherent fiber bundle, denoted by h. The 
circle in each diagram represents the size of the diffraction Airy disc. Spot 
radius values given in the diagram are measured in micrometers 

Surf Comment Radius (mm) Thickness (mm) Glass 

OBJECT Infinity Infinity 

STOP biftnity 97J6 
2 20 20.62 LAKIO 

3 10.12 1632 

4 24.98 8 BIC7 

5 -37.15 9Ul 

6 LA0037 27.25 5.94 SSK4A ^ 

7 -I7J5 2.1 • 'sEg- . 

8 -101.11 25.88 

9 GPX-10-10 7SI ^ • 3 - • 
10 Infinity 11.611 Index matching oil 

IMAGE Infinity •• • ' • • • • -

Table 3. Prescription data for the coupling lens system. 
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3.3 J First FCRM Prototype Testing and Imaging Results 

Imaging experiments were performed using the first FCRM prototype to evaluate 

its lateral resolution, axial resolution and optical sectioning capability. 

3.3.3.1 Lateral resolution 

A common method of measuring the lateral resolution of a confocal microscope is 

to measure the intensity profile of an edge response and determine the distance between 

the 10% intensity and 90% intensity.^' The intensity profile of the edge response of the 

first FCRM prototype is plotted in Figure 10. The distance between the 10% intensity 

and 90% intensity is approximately 1.8 ^m. 

55 
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Figure 10. The edge responds of the first FCRM prototype. The distance 
between 10% intensity and 90% intensity is approximately 1.8 

The FCRM was used to image a resolution target to demonstrate its lateral 

resolution. The resolution target used is a standard United States Air Force resolution 

test target^^. Figure 11 shows the image of the resolution target taken with the FCRM. 
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The smallest set of bar patterns shown in Figure 11 has line thickness and spacing of 2.19 

and it can be resolved. The actual bars on the resolution target are rectangle. The 

bars seen in Figure 11 are distorted. This is due to the intrinsic distortion of the coherent 

fiber bundle. 

Figure 11. Image of resolution target taken with the first FCRM prototype. The 
smallest features have line thickness and spacing of approximately 2 |im. 

3.3.3.2 Axial resolution 

The axial resolution of FCRM was measured by imaging a plane mirror moved 

through focus. A strong reflected signal is detected when the mirror is at the focal plane. 

The reflected signal decreases as the mirror is defocused because the pinhole rejects the 

defocused light. Figure 12 shows the reflected signal as a function of defocus. The axial 

resolution is determined by the profile's FWHM, which is approximately 6 
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Figure 12 Reflected signal from imaging a plane mirror as a flmction of defocus. 
The FWHM determines the axial resolution and it is approximately 6 ^m. 

3.3.3.3 In-vivo imasinz of human biopsy tissue 

Finally, the FCRM was used to image human cervical biopsy tissue. Figure 13(a) 

and Figure 13(b) show the confocal images of epithelial cells from normal and abnormal 

cervical biopsies, respectively. Both images correspond to an object plane at an 

approximate depth of 30 ^m below the surface. Figure 14(a) and Figure 14(b) show the 

confocal images of a normal and abnormal section located in the middle of epithelium of 

a tissue slice from a cervical biopsy. The bright spots are the nuclei and the dark region 

is the cytoplasm. The index mismatch between the nuclei and cytoplasm is An = 0.05-

0.07. A 6% acetic acid solution was used to enhance the image contrast by highlighting 

the nuclear morphology. Cell nuclei can be clearly resolved in both Figure 13 and Figure 

14 which provide useful information regards to nuclei size and density as well as nuclear-

to-cytoplasmic ratio. In both Figures the abnormal tissue clearly shows a higher nuclear-

to-cytoplasmic ratio. The background subtraction was performed to enhance contrast in 
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Figure 13 and Figure 14. Background image is produced by taking an image with 

uniform-index-of-refraction object in object space, for example, a large pool of water. 

Background subtraction reduces the contrast degradation due to specular reflections from 

the proximal end of the fiber bundle. The images shown here demonstrate that the 

FCRM is sufficiently sensitive to distinguish index variation on the order An = 0.07. 

(a) (b) 

Figure 13. Confocal image of epithelial cells from cervical biopsies. Part (a) 
shows normal tissues and part (b) shows abnormal tissues. Acetic acid solution of 
6% concentration was used to enhance the contrast Scale bar indicates 20 ̂ m. 

(b) (a) 

Figure 14. Confocal image of tissue slice from cervical biopsies. Part (a) shows 
normal tissues and part (b) shows abnormal tissues. The sections imaged are 
located in the middle of the epithelium. 
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3.4 Secood FCRM Prototype 

For the second FCRM prototype the standard microscope objective and coupling 

lens system are replaced by a custom designed miniature microscope objective.^^ The 

telescope and scan lens system used are the same as the first FCRM prototype. The 

design of the miniature microscope objective will be the emphasis of this Section. Image 

results obtained from the miniature-microscope-objective-equipped FCRM will be 

presented in section 3.4.2 

3.4.1 Miniature Microscope Objective Design 

An important component of the FCRM system is the miniature microscope 

objective. The miniature microscope objective is attached to the distal end of the 

coherent fiber bundle (see Figure 4). It replaces the commercial microscope objective 

and the coupling lens system fi-om the first FCRM prototype. The miniature microscope 

objective is responsible for delivering illumination light onto the desired location and 

then imaging the reflected light back onto the fiber bundle. Similar miniature microscope 

objectives designed for fluorescence-based confocal microscopes have been studied by 

several groups. Gmitro, et al., reported a. NA = 0.5 microscope objective design that 

consists of lenses with 5-mm diameter.^'* Gmitro's design has a fiill FOV of 480 jim and 

a WD of 50 ^m. Knittel also reported a. NA = 0.5 microscope objective design 

constructed with only 1-mm diameter optical elements.^' Knittel's miniature microscope 

objective is constructed using custom made GRIN lenses. Knittel's design has a full 
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FOV of 280 nm and a WD of 74 nm. Although NA = 0.5 is accq)table for a 

fluorescence-based fiber confocal system, it is not sufficient for a reflectance-based fiber 

confocal system. For a reflectance-based fiber confocal system, the signal to noise ratio 

is lower because noise in the form of specular reflection from the proximal face of the 

fiber bundle cannot be eliminated with a spectral filter. Reflected signal level from 

biological tissues is approximately 3 to 4 orders of magnitude less than the signal from a 

perfect reflector.^^ At the same time noise in the form of specular reflection from the 

proximal face of the fiber bundle is in the same order of magnitude. Therefore, a large-

NA miniature microscope objective needs to be used in order to maximize signal 

collection. 

Reflectance-based fiber confocal microscopes need to effectively suppress noise 

in the form of background radiation resulting from stray reflections. The dominant 

source of noise is the specular reflection from the two terminal faces of the fiber bundle 

(see Figure 4, approximately 4% reflectance from each face). The two fiber faces are 

conjugate to the image plane so reflections from these surfaces will appear focused on the 

image plane and will completely overwhelm the signal; therefore, these reflections need 

to be suppressed. This is achieved by application of index matching oil in the space 

adjacent to both fiber faces. Due to the index-of-refi^ction difference between the fiber 

core and cladding as well as index inhomogeneity across the entire fiber bundle, specular 

reflection cannot be completely eliminated. Approximately 0.0025% reflectance still 

remains from each terminal face of the fiber bundle. The resulting signal to noise ratio 

depends on the depth of the object plane. If the object plane is near the top surface of the 
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tissue the ratio is approximately two.^'^'^ In addition to suppressing specular reflections 

from two fiber faces, the optical design needs to avoid surfaces on which the marginal ray 

is near normal incidence since these surfaces will generate strong background signal. 

Antireflection (AR) coatings are applied to all of the lenses to reduce Fresnel reflections 

and in turn further reduce the background radiation. For monochromatic systems, AR 

coatings can readily reduce the reflectance down below 0.5% per surface. 

3.4.1.1 Desien requirements 

Establishing a set of design requirements is the first step in designing an optical 

system. For the miniature microscope objective the optical performance needs to be 

diffraction limited. Additionally, the miniature microscope objective needs to meet some 

first-order requirements. Key first-order requirements are given in Table 4 and they will 

be discussed in detail in this Section. 

Object space NA 1 
Image space NA 0.3 
Object space full FOV 250 fim 
WD 450 (iiTi 
Entrance pupil location Infinity 

^wt|[uginocatio^__^_^^__In^it^_ 

Table 4. A list of first-order requirements for FCRM's miniature microscope 
objective design. 

Numerical aperture consideration 

The miniature microscope objective delivers illumination from the coherent fiber 

bimdle onto the tissue and then collects reflected light and focuses it back onto the fiber 

bundle. The miniature microscope objective is water-immersion in the object, or tissue. 
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space and index-matching-oil-immersion in the image, or fiber space. The NA of the 

miniature microscope objective in image space is NAi^age - 0-3. NAi^ige matches the 

acceptance NA of the fibers in the bundle. At the operating wavelength of A = 1,064 nm, 

the Airy disc diameter for NA = 0.3 is 4.3 |im, which is approximately the same size as 

the fiber-core diameter (4.1 iim). 

Generally, the NA in object space determines the resolution limit of a diffraction-

limited, optical system for a given wavelength. For the FCRM system the lateral 

resolution is limited by the fiber spacing. However, it is still desirable to have a large NA 

and diffraction-limited performance. The large NA enables the microscope objective to 

collect more light reflected from the tissue. Diffraction-limited performance allows the 

microscope objective to couple the reflected light into the core of a single fiber thus 

maximizing image contrast. Considering these requirements and considering the design 

complexity associated with \arge-NA optical systems, we decided on a NAobjea = 1.0 in 

object (i.e., tissue) space. This choice of NAobjea determines the transverse magnification 

of the miniature microscope objective, i.e., niobj = -3.33. The transverse magnification 

and fiber spacing, approximately 7 jam, determine the lateral sampling of the FCRM to be 

2.1 ^m according to Eq (5). 

Pupils at infinity 

The miniature microscope objective is required to be doubly telecentric. The 

miniatiu'e microscope objective needs to be telecentric in tissue space so that light 

reflected fix)m the tissue will be transmitted back to the same fiber that delivered the 

illumination without vignetting. The miniature microscope objective needs to be 
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telecentric in fiber space to achieve a high coupling efficiency across the entire coherent 

fiber bundle. If the telecentricity condition is not met in fiber space, then the principal 

ray will not be parallel to the optical axis of each fiber. Consequently, coupling 

efficiency will decrease and contrast will be reduced towards the edges of the field of 

view. 

Field of view 

The field of view (FOV) of the miniature microscope objective is 250 ^un in 

diameter. It is determined by balancing the advantage of having a large FOV and the 

disadvantage of a larger, increasingly complex optical design associated with a large 

FOV. The FOV diameter is also determined by the approximate size and the desired 

number of cells to be encompassed by the FOV. A typical cell is approximately 15 ^m in 

diameter. The 250-|im FOV allows 15 to 20 cells to span the diameter of the FOV, 

which is a sufBcient number for the intended application. 

Working distance 

Large WD is generally desired for a microscope objective. For a typical large NA 

microscope objective the WD is usually small, around 100 ^un to 200 )im. The miniature 

microscope objective for FCRM must have a larger WD since we are interested in 

imaging planes deep beneath the tissue surface. A working distance of at least 300 ^m is 

needed while a larger distance is always desired. A large WD of 450 ^m was obtained 

for the FCRM's miniature microscope objective. Large WD generally complicates the 

design and makes miniaturization of the design more difficult according to Eq. (1). 
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Operating environment 

The object space of the miniature microscope objective is filled with tissue and 

saline solution. Both the tissue and the saline solution have an index of refraction similar 

to water. Therefore, the miniature objective is effectively water-immersion in object 

space. The image space of the miniature microscope objective is filled with index 

matching oil. The index matching oil is used to reduce the Fresnel reflection from the 

distal end of the fiber bundle. Therefore, the miniature objective is oil-immersion in the 

image space. 

Obiect-space index-of-refraction variation 

When the FCRM is imaging the surface of the tissue, the entire object space is 

filled with saline solution with an index of refraction of approximately n = 1.33. The 

exact value of the index-of-refraction of saline depends on its salt concentration but the 

value will not be less than 1.33. When the FCRM is imaging an optical section below the 

tissue surface, the object space consists partially of saline solution and partially of tissue. 

Index variation in tissue ranges from an index of refraction of /i = 1.36 (cytoplasm) to n = 

1.43 (nuclei).^^ In addition, the index of refraction of tissue varies with depth and also 

from person to person. Depending on the depth of interest, the miniature objective will 

see an average object-space index-of-refraction ranging from « = 1.33 when the surface 

of the tissue is imaged to an index-of-refraction of approximately w =1.37 when the 

imaged optical section is 200 ^m below the tissue surface. An index-of-refraction 

variation of this magnitude can significantly degrade the image quality for a large-^^ 
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optical system.^^ Object-space index-of-refraction discontinuities need to be considered 

during the optical-design process. 

3.4.1.2 Desien process 

The miniature microscope objective is a finite-conjugate optical system. Both the 

object and the image are located at a finite distance from the microscope objective itself 

and both are real. The design approach used here is to divide the miniature microscope 

objective into two halves. Each half is designed separately and forms a separate optical 

system. Each half-system forms an image of an object at infinity. One half-system's 

image space is filled with saline solution. That half-system has an image space NA = 1.0 

with its stop aperture located on the inside surface of the meniscus lens [Figure 15(a)]. 

The other half-system's image space is filled with index-matching oil. That half-system 

has an image-space NA = 0.3 with its stop aperture located approximately 3 mm outside 

the system [Figure 15(b)]. The FOVs of the two halves are related to each other by the 

ratio of their NAs. In effect, the miniature microscope objective is designed first as two 

separate, infinity-corrected objectives. 

Once both half-systems are well corrected for aberrations over their respective 

FOV, they can be combined to construct the entire miniature microscope objective. The 

sizes of the pupils of the two half-systems must be the same and the pupil positions need 

to be matched when the two halves are combined. In this fashion, a diffraction-limited 

miniature microscope objective is constructed. 
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(b) (a) 

Figure 15. Design by halves. Part (a) shows the optical layout for the high-M4 
half-system {NA = 1.0) with water-filled image space. Part (b) shows the optical 
layout for the low-^y4 half-system {NA = 0.3) with index-matching-oil filled 
image space. 

Designs formed through this approach can be simplified, their performance 

improved, or both, through further optimization. This opportimity derives from the fact 

that it is unnecessary to have both halves well corrected for aberrations independently, 

but rather to have the aberrations introduced by each half cancel one another. 

3.4.1.3 Final desien form 

Using the design approach described above an eight-lens miniature-microscope-

objective design was obtained. The design meets all of the requirements described in 

Section 3.4.1.1 and it has an optical clear-aperture diameter of only 4 mm. All of the 

optical surfaces are spherical. Figure 16(a) shows the optical layout of the final design. 

Figure 16(b) shows a photograph of the fabricated and assembled miniature microscope 

objective. The optical elements are encased in a brass barrel. Brass was used because it 

can be blackened so it does not need to be anodized. Anodization layer can affect the 

diameter tolerance on the mechanical housing. Brass is also biologically compatible with 

tissue. The outer diameter of the barrel is approximately 7 mm. The finished objective is 
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placed next to a U.S. petmy and a U.S. dime to demonstrate its size. The lens 

prescription data for the design shown in Figure 16(a) is given in Table 5. 

Image/Fiber space 
Index matching oil 

Lens #2 
(SF10) 

Lens #4 
(SF10) 

Lens #6 Lens «8 
(SF10) (LAK10) 

(n=1.48 ®1064nm) v V 

fTK V y fTK It JjJ. 
—Z Z r •tsA-l 

JjJ. 
Lens #1 
(BK7) 

Lens *3 
(SF10) 

Lens #5 
(SF10) 

Lens #7 
(SF10) 

Object/Tssue 
space is water 
immersion 

-4 
mm 

Figure 16. Miniature microscope objective. Part (a) shows the optical layout of 
the miniature microscope objective. The maximum clear-aperture diameter is 
4nmi. Part (b) shows a photograph of the miniature microscope objective placed 
next to a U.S. peimy and a U.S. dime to show relative size. The brass barrel of 
the miniature microscope objective measures 7 mm in diameter. 

Surf Lens# Radius Thickness Glass 

OBJ Infinity 5.63 Index oil 
1 LENS#1 Infiaily 
2 -3.616 0.097 
3 LEN&Ha -17 0m : 
4 -5.997 0.257 
5 LENSie 
6 Infinity 0.52 
r -3.181 
8 11.521 0.597 
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SIQ ^E£NS  ̂ -4.158 imi SFIO  ̂
10 -3.242 0.437 
li LENS #6 tafinity I - .  / ;  spio 
12 -7.331 0.05 
13 LENS #7 3  ̂ 0J5 
14 7.614 0.05 
IS LENSM 1.436 
16 1.664 0.45 Water 

IMA -1.994 

Table 5. Prescription data for the miniature microscope objective design shown 
in Figure 16(a). 

A comparison of the final design in Figure 16 to the designs of the two half-

systems shows that the former is notably simpler. The final design has one less lens and 

three of its lenses have a planar surface. Planar surfaces make fabrication simpler. 

The performance of the final design is superior to the performance of either half-

system. The final design is diffraction limited with a Strehl ratio of 0.997 on axis and 

0.986 at the edge of the field of view.^° Figiu-e 17(a) shows the performance of the final 

design by means of geometric spot diagrams. The calculated RMS spot size is only 0.16 

^m on axis and 0.46 ^m at the edge of the field. The calculated RMS spot size is 

calculated firom geometric ray trace. The diffraction Airy Disc is 1.3 (am in diameter and 

is shown on the spot diagram denoted by the solid circle. Figure 17(b) shows the 

distortion plot. Distortion increases with field position and is approximately 0.03% at the 

edge of the field. For an image height of A = 0.5 mm, 0.03% distortion translates to 0.15 

nm lateral displacement of the chief ray from its paraxial height. This level of distortion 

is acceptable for the FCRM considering that (1) the fiber center-to-center spacing is 

approximately 7 ^m and (2) the fiber bundle has an intrinsic distortion on the order of a 
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few micrometers. Unlike the conmionly known distortion as one of the third order 

aberration intrinsic distortion of the fiber bundle is due to irregular packing of fibers in 

the fiber bundle. 

SPOT oiRcsm Distortion Plot 
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Figure 17. Predicted performance of the miniature microscope objective design 
of Figure 16(a). Part (a) shows the geometric spot diagrams for three radial 
distances from the optical axis at the object surface. The radial distances are 
denoted by h. The solid circle represents the size of the diffraction Airy Disc. 
Part (b) shows a distortion plot for the miniature microscope objective design. 

The ray fan is plotted in Figure 18(a) for the design of Figure 16(a) at a field 

position of A = 0 mm, h = 0.075 mm, A = 0.11 mm, and A = 0.125 mm. Aberrations are 

very well corrected and ray-fan plots show only residual coma and higher order 

aberrations at large field positions. The calculated MTF for the miniature microscope 

objective design is given in Figure 18(b). The MTF for A = 0 mm, h = 0.075 mm, h = 

0.11 mm, and A = 0.125 mm are plotted on top of the MTF of an equivalent diffraction-

limited system and all of the lines coincide. 
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Figure 18. Calculated ray fan plot for the miniature microscope objective design 
of Figure 16(a) is given in (a). Calculated MTF plot for the miniature 
microscope objective is given in (b). Both plots are for field positions: h = 0 
mm, A = 0.075 mm, A = 0.11 mm, and A = 0.125 mm. 

Curvature of field is not controlled in this design. The radius of curvature of the 

object surface was allowed to vary during the design process. Since the intended 
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application involves imaging a 3D volume of tissue, it is not necessary to image a flat 

plane within that volume. It is perfectly acceptable if the imaged surface is curved. The 

final object-siuface radius of curvature was selected to be 1.994 mm inward (concave 

toward the miniature objective). 

The miniature microscope objective is designed for a single wavelength of A = 

1,064 nm. Therefore, the glass choice is less critical than it would be in the case of a 

broad-band imaging system. In general, in the case of positive lens elements, a higher 

index-of-refraction will resuh in better aberration correction. In the case of negative lens 

elements, sometimes it is favorable to use low refractive index glass to help balance 

inward field curvatiu*e.^® However, since a flat field is not necessary for this miniature 

microscope objective design, high index glass is used for negative lenses as well. 

Schott's SFIO glass is used for all six middle lenses [see Figure 16(a)]. LAKIO glass is 

used for the Lens #8 [see Figure 16(a)] because of its mechanical properties: the hardness 

of LAKIO glass is 720 HK which is 67% harder than SFIO. Lenses made of LAKIO 

glass is more resistant to scratch which is important for the front lens. BK7 glass is used 

for Lens #1 [see Figure 16 (a)] to match the index of the index-matching-oil. All of the 

glasses used for this design are Schott's preferred glasses. 

The design was optimized in multiple configurations. Multi-configuration 

optimization takes account of the possible index-of-refi:action variation in object space 

when different depths are imaged. As a larger proportion of the object space becomes 

tissue, the average index-of-refraction of object space increases. A change in the object 

space index of refiiaction will introduce defocus as well as other aberrations such as 
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spherical aberration, coma, and astigmatism. However, as this miniatm^ microscope 

objective is used in a confocal system, the pinhole will reject the out-of-focus light and 

automatically image the surface of best focus. The pinhole's effect will not correct all of 

the additional aberrations introduced by object space index-of-refraction variation, but it 

will eliminate defocus and additional field curvature, hi effect, the design uses object 

position and object surface curvature to compensate for the object space index variation. 

The design shown in Figure 16(a) performs near the dif&action limit even at the extremes 

of the range of index-of-refraction (/!„,„ = 1.33 to n„ax = 1.37). The predicted object 

position for n„i„ = 1.33 is 444 ^im in front of the first lens and for rimax - 1-37 is 457 nm 

in front of the first lens. The nominal object position is 450 ^m. The predicted radius of 

curvature of the object surface for = 1.33 is 2.096 mm. The predicted radius of 

curvature for n„ax = 137 is 2.023 mm. The nominal object surface radius of curvatiu^e is 

1.994 mm. 

3.4.1.4 Tolerance analysis 

An optical design is not complete without performing a tolerance analysis. The 

analysis will define a set of tolerance values that will assure a minimum desired level of 

performance from the optical system after fabrication and assembly. The tolerance 

analysis must take into account the capability of the optics-fabrication shop that is going 

to construct the optical system, the cost and delivery time, as well as the performance 

requirements of the optical system.^® The tolerances are generally inversely proportional 
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to the NA of the system: Lax%Q-NA optical systems normally have tighter tolerances than 

do Iow-M4 optical systems. 

For the miniature microscope objective, a thorough tolerance analysis was 

performed. The primary requirement that needed to be met is near-dif&action-limited 

performance. Since the geometric spot size is smaller than the Airy disc [see Figure 

17(a)] the system can be degraded until the geometric spot is comparable to the size of 

the Airy disc. For complex optical systems with tight tolerances, a systematic approach 

is needed for performing the tolerance analysis. For the miniature microscope objective 

design, an inverse tolerance analysis was performed first using ZEMAX. During inverse 

tolerance analysis the designer specifies maximum meht function degradation. The 

program then perturbs each parameter independently until the specified degradation is 

met. The results were used to estimate the tolerance values for every system parameter. 

These values must be reasonable and within the capability of the optics manufacturer. 

The estimated tolerance values were then used to perform Monte Carlo simulations on 

the objective's design. Depending on the results of Monte Carlo simulations, the 

estimated tolerance values were either tightened or loosened. The Monte Carlo 

simulations were repeated with the new set of tolerance values. The process continued 

until an acceptable set of tolerance values was achieved. This is a very iterative and 

time-consuming process. For the case of the miniature microscope objective design in 

Figure 16(a), a list of five tightest parameters is shown in Table 6. These tolerance 

values are considered to be between "Precision" and "High Precision" quality level.^' 
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Tolerance Parameter Tolerance Value 
De-centering of Lens #8: 4 

Surface total indicator runout (TIR) on first surface of lens #8; 3 nm 
Radius of curvature on second surface of lens #8: 0.50% 

Thickness of Lens #8; 5 

Separation between lens #7 and lens #8: 5 mn 

Table 6. List of the five tightest tolerance parameters and their corresponding 
tolerance values. 

Most of the parameters listed in Table 1 are associated with Lens #8 [see Figure 

16(a)]. The tight tolerances on Lens #8 are expected since that lens is first on the large-

NA side of the miniatiire microscope objective. Lens #8 has more optical power than any 

other lens in the system. As the result of that, light is refracted more at Lens #8 than 

anywhere else in the optical system. The large angles of rays on the rear surface of Lens 

#8 lead to a more perturbation-sensitive of that lens in particular and therefore, tighter 

tolerance values.'*® 

3.4.1.5 Alternative design 

Several alternative designs were considered prior to the preferred design shown in 

Figure 16. One alternative design will be discussed here: a design consisting of both 

glass lenses and GRIN lens. Figure 19 shows the optical layout of the alternative 

design. This alternative design is smaller than the preferred design. The diameter is 

approximately 2.7 mm compare to 4 mm for the preferred design. The alternative is very 

simple and consists of only three optical elements. One negative element is sandwiched 

in between two positive elements. The design form is similar to that of the Cooke 

Triplet. The simplicity can be partially attributed to the use of GRIN lens. The GRIN 
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lens refracts the light gradually (see Figure 19), which reduces the amount of aberration 

introduced. To achieve a similar effect using conventional lenses one must use multiple 

lenses. The performance of the hybrid design is somewhat inferior to the preferred 

design. The geometric spot diagram in Figure 20(a) indicates larger spots across the 

field. The distortion plot given in Figure 20(b) shows a maximum distortion of almost 

1%. Aberration can be better corrected if more lenses are used. This alternative design 

was not chosen because the necessary gradient profile needed for the GRIN lens is not 

conunercially available for a lens diameter greater than 1.8 nun. 
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Figure 19. The optical layout of the second alternative design. The optical clear 
aperture diameter is approximately 2.7 mm. The last lens is a GRIN lens. 
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Figure 20. Predicted iierfonnance of the second alternative design. Part (a) 
shows the geometric spot diagram for three field heights, h = 0 mm, h = 0.0.075 
mm and h = 0.125 mm. The solid circle represents the size of diffraction Airy 
Disc. Part (b) shows the distortion plot; maximum distortion is approximately 
1%. 
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3.4.1.6 Testine of the Miniature Microscope Objective 

The resolution of a diffraction limited optical system depends on the wavelength, 

and the NA. The minimum resolvable separation between two equal-intensity point 

sources is 

D = 0.61 — (8) 
NA 

For NA = I.O and A = 1,064 nm the minimum resolvable distance for the miniature 

microscope objective is 650 nm. 

The miniature microscope objective is designed to be diffraction limited. This 

level of performance is sought to increase the overall throughput of the FCRM by 

focusing light onto the core of each fiber. For the FCRM the lateral resolution is not 

limited by the microscope objective; rather it is limited by the spacing between adjacent 

fibers in the fiber bundle. The center-to-center spacing between adjacent fibers is 

approximately 7.1 fim. Considering the transverse magnification of the miniature 

objective of niobj = -3.33, the sampling distance on the object surface is 2.1 ^un. 

The miniature microscope objective was first tested by itself and not as part of the 

FCRM. The miniature microscope objective was tested in a reverse configuration due to 

the lens barrel design. The object surface is recessed inside the lens barrel in order to 

create a saline-filled volume in front of the objective. Saline solution may be added to or 

removed from this reservoir in order to control hydraulic pressure and move a soft object 
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through the object surface of the miniature microscope objective. The image plane, on 

the other hand, is accessible. 

A standard United States Air Force (USAF) resolution target was placed at the 

image plane of the miniature microscope objective [see Figure 16(a) for location of the 

image plane]. An image of the resolution target was formed at the objective's object 

plane at a transverse magnification of -0.33. This image was then relayed onto a CCD 

camera by means of a standard microscope objective. The setup is illustrated in Figure 

21. 

CCD 

Stardard 
microscope 

objective 

Miniature 
objective 

Resolution 
target 

Oe-magni(ied image 
formed tjy the 

miniature oOiective 

Obiect plane 

Image plane 

Uniform 
Illumination 

Figure 21. Test setup for the miniature microscope objective. Lateral resolution 
is measure by direct imaging of a USAF test target. 

To measure the full resolution of the miniature microscope objective, a large-AM 

(ideally 1.0 or larger) water-immersion viewing objective with sufficient WD is needed 

to ensure the miniature microscope objective under test limits the resolution of the testing 

setup. The most suitable objective available at the time was diNA = 0.75 dry objective. 
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The resolution limit oidi NA= 0.75 objective at A = 1,064 nm is approximately 0.86 fim. 

Such an objective will not be able to test the full resolution of the miniature objective but 

it will test the resolution to well below the sampling distance of the FCRM system. 

Figure 22 shows some of the images obtained with the setup of Figure 21. From these 

images it can be determined that the miniature objective can resolve features separated by 

0.93 ^un. Consequently, the miniature microscope objective exhibits resolution sufficient 

for the FCRM system. 

1 Bum 

III 
(a) (b) (c) 

Figure 22. Images of a standard USAF resolution test target obtained with the 
setup shown in Figure 21. Bar patterns in Part (a) have a line width and spacing 
of 1.8 ^m. Bar patterns in Part (b) have a line width and spacing of 1.2 ^m. Bar 
patterns in Part (c) have a line width and spacing of 0.93 

3.4.2 Second FCRM Prototype Testing and Imaging Results 

The miniature microscope objective is integrated into the FCRM system as shown 

in Figure 4. The miniature objective equipped FCRM is tested by direct imaging 

experiments. A variety of targets are used including a Ronchi grating, microspheres, and 

and human cervix.^^ Background image is produced by taking am image with uniform-

index-of-refraction object in the object space, for example a large pool of water. 

Background subtraction reduces the contrast degradation due to specular reflections. 
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3.4.2.1 Lateral edse response 

FCRM is used to image a 25.4-^m-pe^iod amplitude grating. The image is shown 

in Figure 23. The dimension of the image is measured to be approximately 180 ^m by 

170 |im. The center of the image appears to be brighter while the edge is darker. This 

phenomenon is because the grating is a planar object but the miniature microscope 

objective is designed to image a curved object. The grating lines appear to be wavy in 

Figure 23 because resonant scan mirror has a sinusoidal motion. The edge spread 

flmction (ESF) of the FCRM system was obtained from the images show in Figure 23. 

Lateral resolution of the FCRM system can be estimated using the ESF. A profile of the 

edge is plotted in Figure 24. The edge responds estimated by the distance between 10% 

and 90% intensities is approximately 2 ^m, which is about the same value as the 

calculated distance between adjacent fiber illumination spots on the object surface. 

Figure 23. Image of a Ronchi grating taken with FCRM. The period of the 
grating is 25.4 The image displayed here is approximately 180 ^m by 170 
^m. The edge of the field appears to be darker because the miniature microscope 
objective is designed to image a curved object but the grating is a planer object. 
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Figure 24. Relative intensity profile of the image of Rochi grating. The distance 
between 90% intensity and 10% intensity is approximately 2 jmi. 

3.4.2.2 Axial response 

The axial response of the confocal microscope was measured by moving the 

amplitude grating through focus of the miniature microscope objective and recording a 

series of images at different axial positions. A bright region in the image was selected and 

intensity was averaged over the same region for each image. The through-focus intensity 

is plotted in Figure 25. The axial resolution of the FCRM can be determined by the 

FWHM of the through-focus intensity variation. The axial resolution is approximately 10 

^m. The axial resolution is larger than expected. The problem may be caused by the 

cross talk between adjacent fibers. However, given the size of a typical cell which is 

around 15 ^m, the cuirent axial resolution is sufficient. 
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Figure 2S. Reflected signal from imaging a plane mirror as a function of 
defocus. The FWHM determines the axial resolution and it is 10 

3.4.2.3 Microspheres 

The miniature microscope objective equipped FCRM is used to image 

microspheres suspended in water. Figure 26 shows an image of microspheres suspended 

in water. Imaging microspheres suspended in water demonstrates the optical sectioning 

capability of the miniature objective equipped FCRM. In Figure 26 several microspheres 

are residing within the FOV and at the correct depth. Those microspheres are identified 

with arrows. Light reflected from microspheres from the correct depth is represented by 

a cluster of bright spots (see Figure 26). Light reflected from microspheres residing at 

depth above or below the correct depth does not efficiently propagate through the fiber 

bundle and is mostly blocked by the exit pinhole. Each bright spot in Figure 26 

corresponds to a single fiber. The diameter of each microsphere is approximately 4.3 

^m. Given the transverse magnification of the miniature objective of mobj = -3.33, the 

size of each microsphere at the image plane of the miniature microscope objective is 

approximately 14.2 |im in diameter. The fiber bundle has a fiber center-to-center 
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distance of 7.1 ^un. Consequently there will be two to three fibers across the diameter of 

each microsphere. Dimmer spots dispersed over the image are "noise" fi'om specular 

reflection fi'om the proximal face of the fiber bundle. Background subtraction was 

performed on all of images taken with the FCRM. Background image is produced by 

taking an image with uniform-index-of-refraction object in the object space, for example 

a large pool of water. Background subtraction reduces the contrast degradation due to 

specular reflections. They are visible despite the application of background subtraction. 

The fact that specular reflection is brighter over certain areas (upper right comer of 

Figure 26) but dimmer over other areas suggests the index-matching oil cannot match the 

index-of-refi'action uniformly across the entire fiber bundle. The fiber bundle exhibits 

some intrinsic index variation. 

- • - 4 3  u r n  

>-

Figure 26. Image of polystyrene micro spheres suspended in water. The average 
size of a micro sphere is 4.3 ^ and the index of refi^action is approximately 
1.57. The solid circle is approximately 4.3 (im. The diameter of a single micro 
sphere expands two to three fibers. 

*-
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2.4.2.4 Biolosical tissues 

The miniature objective equipped FCRM system was used in in-vivo imaging 

experiments. The lip of K.B. Sung was imaged. Prior to imaging, a 6% acetic-acid 

solution was applied to the area to be imaged to enhance contrast. The index-of-refraction 

difference between the nuclei and cytoplasm is approximately O.OS < A/i < 0.1. Acquired 

images are shown in Figure 27. The two images are taken at different depths. The exact 

depths are unknown but they are both from ^proximately 30 ^m below the top surface 

of the tissue. In both images several cell nuclei are visible and are identified by arrows. 

A cluster of bright spots represents nuclei and dark regions represent the cytoplasm. 

-< 

(a) (b) 

Figure 27. In-vivo images of the lower lip of K.B. Sung. The FOV measures 170 
fmi on a side. The two images are located at different depth. The arrows point to 
some visible nuclei. The scale bar is approximately 20 |im. 
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Finally, the FCRM was used in clinical trial to image human cervical without 

removing the tissue from the patient. Clinical trail is performed at M. D. Anderson 

Cancer Center in Huston Texas by K.B. Sung. Figure 28(a) and Figure 28(b) show the 

confocal images of normal and abnormal cervical tissue respectively. In Figure 28(a) the 

image of normal tissue shows nucleus that are clearly distinguishable. Their size is 

smaller and their volume density is lower. In Figure 28(b) the image of abnormal tissue 

shows what are provisionally identified as nuclei that are less distinguishable and their 

volume density is significantly higher compared to the normal tissue in Figure 28(a). The 

nuclei are more readily identifiable in video segments than in individual single images as 

in Figure 28(a) and Figure 28 (b). Biopsy confirmed that the tissue in Figure 28(a) is 

normal tissue and tissue in Figure 28(b) is low grade malignant lesion. Therefore, the 

confocal images captured by the miniature-objective-equipped FCRM showed 

differences between normal and abnormal tissue. This capability and the size of the 

miniature objective may allow the FCRM to be used to detect precancerous lesions in the 

cervix and oral cavity in-situ. 
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(a) (b) 

Figure 28. Confocal image of human cervix. Part (a) shows normal cervix tissues 
and part (b) shows abnormal cervix tissues (low grade lesion). 

3.5 Future Work 

The miniature microscope objective design shown in Figure 16(a) has fulfilled all 

of the design requirements listed in Section 3.4.1.1. It has demonstrated its capability and 

performance through in-vivo imaging of human cervix. Useful images were obtained. 

The fabrication and assembly of the miniature microscope objective was a very 

difficult and expensive task. The direct fabrication and assembly cost of the current 

objective shown in Figure 16 is $8,000. This cost does not include design and testing. 

The cost will likely decrease if a large number of objectives are made but the decrease 

will not be substantial. In order for the FCRM to create a greater impact in cervical 

cancer detection it is important to have a large number of systems distributed at different 

research facilities. Therefore, it is desirable to have a low cost version of the miniature 

microscope objective or even a disposable one. 
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The word "disposable" has never been associated with high performance 

microscope objectives, which generally have complicated design and require very 

accurate assembly. Currently, Oescour's group is working on designing the next 

generation of miniature microscope objective that can be fabricated by high precision 

injection molding techniques. Injection molding is a proven technology that is widely 

used in optics fabrication. Injection molding offers the advantage of extremely low cost 

if large quantities of optics are made. The alignment and assembly effort can be 

minimized by built-in alignment-aid features. These alignment-aid features will be 

fabricated concurrently with the optical features. One idea I devised is to use a V-groove 

optical stacking technique that automatically aligns adjacent lenses using precision ball 

bearings. The ball bearings and V-groove will allow automatic centering of the lenses 

and provides appropriate longitudinal separations between the lenses. The "V" groove 

optical stacking technique is illustrated in Figure 29. The ball bearing can be made 

extremely accurate; therefore the alignment accuracy using this method is determined 

mainly by the accuracy of the V-groove. Longitudinal displacement as result of V-grove 

inaccuracy can be easily compensated by using a different size ball bearing. Lateral 

displacement as result of V-grove inaccuracy cannot be easily compensated. Current 

injection molding technology can achieve lateral displacement accuracy of S ^m. This 

kind of accuracy is sufficient for majority of microscope objective designs. 
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Figure 29. Schematic depiction of optics assembly by stacking. Each injection-
molded lens element consists of an optical surface surrounded by a flange. The 
microscope objective is constructed by stacking of individual lens elements. 
Alignment is accomplished by the use of glass or metal spheres (i.e., ball 
bearings) located in circular, V-grooves. 
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CHAPTER 4: MINIATURE MICROSCOPE ARRAY (MMA) 

As the name implies, MMA is an array of miniature microscopes. Formation of 

an array of microscopes is an efficient method of increasing the viewing area. Although 

there are many potential applications suited for the MMA, the particular application that 

motivated the development of our MMA is telepathology applications. The practice of 

telepathology requires high resolution, rapid digitization of microscope slides. For the 

instrument that performs this digitization there is limited size limitation imposed by the 

intended application, specifically, in the lateral direction the optics should not grossly 

excess the size of the microscope slide. The miniaturization of individual microscope 

within the MMA is motivated purely out of design considerations. Therefore, the 

miniatiire microscope for the MMA is an example of a design-driven miniaturized optical 

system. 

Microscope objectives are delicate instruments; their performance is generally 

limited only by dif&action. Traditionally, microscope objective optics is encased in 

bulky and complex casing to achieved tight tolerance needed for maintain good optical 

performance. Additionally, microscope objectives are expensive. These factors cause 

the construction of an array of microscopes impractical. In this dissertation, we will 

explore a new method of making microscope objectives. This new method of 

construction uses high precision plastic optics. Additionally, this method of construction 

integrates the fabrication of optical and opto-mechanical features, which results in 

minimum-effort required in assembly and alignment. We demonstrate here the design 
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and construction a MMA that contains three miniature microscope objectives. Three 

objectives are sufficient to demonstrate the MMA concept and its feasibility. The three 

microscope objectives are identical, and each has a = 0.4 and full FOV of 250 ^m. 

The design, fabrication, assembly, and testing of the 3-objective MMA prototype is 

discussed in detail in this chapter. 

Section 4.1 provides a brief overview of application background. The concept of 

imaging using an array of miniatiu-e optical systems instead of a single large optical 

system is discussed in Section 4.2. Section 4.3 discusses the system design of the MMA 

and Section 4.4 is devoted to the optical design of the individual microscope objective. 

The design of the alignment features that results in minimum alignment is examined in 

Section 4.5. Fabrication and assembly of the MMA is discussed in Section 4.6 and 4.7 

respectively. Component and system characterization is discussed in Section 4.8. 

Finally, Section 4.9 presents the imaging results from the 3-objective MMA. 

4.1 Application Background 

Pathology is a study of the cause of diseases and the modifications in cellular 

function and changes in cellular structure produced in any cell, organ, or part of the body 

by disease. The most important instrument used by pathologists is the light microscope. 

As noted in the Columbia Encyclopedia in the entry for "pathology," 

"The microscope is an important factor in detecting tissue changes, 

especially in the examination of small sections of tissue removed for 
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diagnosis (biopsy); for this reason real progress in pathology was not 

made until the 19th cent. " 

Telepathology is the practice of pathology at a distance in the digital domain via 

telecommunication systems. The practice of telepathology is still relatively new. In fact 

the word telepathology was only first used in 1986 in an editorial in the journal Human 

Pathology.'^^ Such practice requires exchange of information, such as images of 

microscope slides, in digital format. The practice of telepathology can improves 

efRciency in pathology applications such as intraoperative frozen sections services and 

routine surgical pathology services by not requiring the pathologist to be located onsite. 

The practice of telepathology improves the convenience and tum-around time for 

pathology applications such as second opinion seeking and subspecialty consultations by 

providing remote pathologist quick access of slide images.'*^ Over the past decade the 

enabling technologies needed for practicing telepathology have matured. As noted by Dr. 

Weinstein, the irmovation of these enabling technologies appears to follow a S-curve. 

After a long incubation periods, the efficiency and effectiveness accelerate.^^ Several 

generations of telepathology systems have been developed. These telepathology systems 

can be operated in one of two modes: real-time imaging mode or store-and-forward 

mode. In real-time imaging mode the specimen is viewed by a distanced viewer using a 

remote controlled microscope. In store-and-forward mode the slide is either partially or 

entirely scanned and the image stored in digital format and then transmitted to distanced 

viewer through a telecommunication network. 



In the store-and-forward mode and when the slide is only partially scanned, field 

selection is an important factor in diagnostic accuracy.'*^ Earlier generations of 

telepathology systems suffered some diagnostic inaccuracy due to poor field selection. 

Therefore, it is beneficial to be able to store-and-forward the image of the entire slide and 

let the remote pathologist make the field selections. When an entire microscope slide is 

scanned digitally and stored in a computer it becomes a 'Virtual slide." A virtual slide 

contains all of the information of an actual slide. The pathologist can look at different 

fields on the virtual slide and zoom in at the area of interest. Additionally, virtual slide 

offers many advantages over the actual slide; for example, it can be readily duplicated 

and distributed to pathologists at different locations, and it can be easily stored, and it 

does not degrade with time. 

The practicality of store-and-forward virtual slides resides on the capability of 

scanning optics. Modified digital microscope is often used to scan the slides. This kind 

of digital microscopes are commercially available fi-om a variety of vendors. Most of the 

major microscope makers offer microscopes equipped with digital cameras and 

automated translation stages. This kind of microscope enables electronic stitching of 

small individual tiles of images into a large image. A common problem among existing 

digital microscopes is their inability of rapid image acquisition. This problem is the 

result of their inability of concurrently obtaining both high resolution and large viewing 

area. A typical 40>< NA0.7 microscope objective has a FOV diameter of a few hundred 

microns. To image a large tissue sample requires raster scanning of the object. 

Depending on the size of the viewing area raster scanning back and forth can be very 



time consuming. Acquiring a high resolution digital image of an entire slide, 

approximately 20mm by 50nmi, can often take hours. The latest development by Aperio 

Technology Inc. dramatically reduces the scanning time down to approximately 25 

minutes.'*^ Although 25 minutes scanning time is rapid compare to hours, an even faster 

scanning is still desired. The next leap forward in scanning time reduction can be 

achieved with the implementation of the MMA. 

4.2 Concept of Parallel Imaging 

To scan an entire microscope slide in a single pass instead of raster scan can 

dramatically decrease the scan time. However, to scan the slide in a single pass requires 

the scanning optics to have a FOV that extents at least the width of the microscope slide. 

The typical microscope slide has physical dimension of 1 inch by 3 inch with an usable 

area of approximately 20 mm by 50 mm. Typical microscope objectives have a FOV of 

only a few hundred microns. The only optical systems that have full a FOV on the order 

of 20 mm with 1 ^m resolution or better are the photolithograph systems used to print 

circuits. However, photolithograph systems are generally large, bulky, and extremely 

expensive. For example, to achieve a 1 |im resolution over the visible spectrum requires 

a NA of approximately 0.4 and diNA= 0.4 photolithograph system can be 1000 mm long 

and contain 20 lenses.'*^ An alternative method to using a photolithograph system is to 

use an array of miniature microscopes. Each microscope will have a finite FOV, a few 

hundred microns, but when an entire array of them is combined, any FOV can be 

achieved. This idea is called parallel imaging. The approach of using an array of 
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miniature microscopes has the advantage of extending the FOV while maintaining a 

relatively simple optical design. It also has the advantage of overall compactness. If 

properly designed the array-of-miniature-microscope approach also has a significant cost 

advantage. The only disadvantage of the array approach is that it still requires single pass 

scanning. 

Parallel imaging using a simple lenslet array instead of a single large-size system 

has been studied previously by Sasian and Mansuripur in the context of data storage.'*^ 

Sasian and Mansuripur proposed that using a lenslet array instead of a large single-axis 

system in a read-write-erase data storage system may potentially be advantageous. 

Simple lenslet arrays might be sufiGcient for data storage applications, but for 

microscopy, a more sophisticated system is needed. 

Parallel imaging using a stack of lenslet arrays has been studied previously by 

Volekl et al. A low NA, 1:1 imaging system constructed using 4 layers of lenslet arrays 

was introduced. The intended application was imaging of a photomask onto a 

photosensitive layer to achieve contact-less photolithography."*®"^' However, for the 

majority of microscopy applications 1:1 imaging cannot provide sufficient resolution. 

4.3 System Design 

The design of the system geometry is inter-related with the design of each 

individual miniature microscope, and the opto-mechanical design, and method of 

fabrication. For example, the FOV of each miniature microscope objective will 

determine the total number of objectives needed in the MMA, and the ratio of each 
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microscope objective's FOV to its outer diameter will determine the array geometry. In 

this section we will look at the top level system design of the MMA both in terms of 

possible array geometry and possible implementation methods. 

4.3.1 MMA arn  ̂geometry 

Each of the MMA's miniature microscope objectives has a fiill FOV of 250 ^m. 

To scan the entire microscope slide in a single pass requires approximately 80 to 100 

miniature objectives. The exact number depends on the amount of FOV overlap between 

adjacent objectives. The diameter of the FOV of each miniature microscope objective is 

much smaller than the physically outer diameter of each objective. The ratio of the 

diameter of the FOV to the diameter of the microscope objective is referred in this 

dissertation as the "fill factor" and it is express mathematically in Eq. (8). This term 

should not be confused with the fill factor associated with lenslet arrays and detector 

arrays. 

nil factor^ microscope full FOV 
Diameter of microscope optical clear aperture 

Because the fill factor is less than one, a single column of objectives cannot image 

the entire width of a microscope slide. There will be gaps between the FOV of 

neighboring objectives. The solution is to arrange the miniature objectives into multiple 

columns that form a staggered rectangular array. Each column will be shifted with 

respect to each other. A large fill factor is desired. A large fill factor means a smaller 

number of columns is needed in the array and that will result in a shorter scanning 
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distance. A conceptual representation of the MMA is shown in Figure 30. Figure 31 

shows the footprint view of an array arrangement. The smaller filled circles represent the 

diameters of the full FOV of each miniature objective. The larger circles represent the 

physical diameter of each miniature objective. 

Figure 30. A conceptual representation of the concept of MMA. An array of 
miniature microscope arranged in a staggered rectangular fashion is shown 
scanning across a microscope slide. 

Figure 31. Diagram of the footprint of a MMA. The filled circles represent the 
footprint of the full FOV of each miniature microscope objective. The outer 
circles represent the footprint of the physical diameter of each miniature 
microscope objective. 
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The MMA prototype only consists of three miniature microscope objectives 

which are shown in Figure 31 in red. Three objectives are sufficient to demonstrate the 

efficiency of the optical design and to test the feasibility of the alignment features and the 

fabrication method. The three miniature microscope objectives are arranged in a tilted 

straight-line fashion. Figure 32 shows the footprint of the 3-objective MMA prototype. 

The smaller filled circles represent the FOV of each miniatiue microscope objective. The 

larger unfilled circles represent the outer diameter of each objective. Each miniature 

objective has a 250 ^im diameter FOV and 1.2 mm outer diameter. The fill factor is 0.21. 

Each miniature microscope objective is responsible for imaging a stripe of the 

microscope slide as shown in Figure 32. The separation of neighboring objectives in 

horizontal direction is 1.8 nrni and the separation in vertical direction is 200 ^m. The 

scarming direction is the horizontal direction. Separation in the horizontal direction 

ensures minimum cross talk between adjacent objectives. 200 nm separation in the 

vertical direction provides 50 ^im overlap between adjacent objective. 

Scanning Oiteclion 

Obiectve 1 
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Figure 32. Diagram of the footprint of the 3-objective MMA prototype. The 
filled circles represent the 250 diameter FOV of each miniature microscope 
objective. The outer circles represent the 1.2 mm optical clear aperture diameter. 
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4.3.2 Implementation 

Fabrication and construction of the MMA can be accomplished by several 

methods. Two specific embodiments are considered here. One embodiment is based on 

the microscope-on-a-chip idea. Each miniature microscope objective is constructed 

independently and then multiple objectives are arrayed on a common substrate. The 

second embodiment is based on the stack-of-lenslet-arrays idea. The entire MMA is 

constructed by stacking multiple layers of lenslet arrays. In this manner the entire array 

of miniature microscopes can be constructed simultaneously. Both embodiments will be 

discussed in this section. The latter is the preferred embodiment, and the 3-objective 

MMA prototype is constructed based on this concept. 

Embodiment #1 

For the first embodiment each miniatiue microscope objective is constructed onto 

a special substrate called micro optical table (MOT). A MOT can be fabricated by 

technique such as bulk surface micromachining. A conceptual representation of an 

optical system constructed using a MOT is shown in Figure 33(a). The MOT system is a 

zero-alignment microscopic optical-system concept. Zero-alignment means the assembly 

error is within the optical design tolerance. A MOT substrate contains mounting slots for 

optical elements to be inserted into. The slot contains positioning featwes such as a 

spring and V-shaped channels. Optical elements will have complimentary alignment 

features that will self-align to the V-shape channels upon insertion. Figure 33(b) is a 

magnified view of a slot in a MOT substrate with a glass plate inserted in it. The specific 

optical design of Figure 33(a) consists of one glass lens and three lithographically 
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patterned lenses. Lithographically patterned lenses can be made using gray-scale 

photomask using hybrid glass materials. Multiple miniature microscope objectives are 

arrayed together onto a common substrate to form the MMA. Figure 34(a) shows the 3D 

layout of a MMA constructed in this maimer. Figure 34(b) shows the top of the MMA 

relative to a microscope slide. The array is arranged in a staggered rectangular format. 

(a) (b) 

Figure 33. A miniature microscope objective constructed using the MOT concept 
is shown in (a). Optical elements consist of conventional a glass lens and 
lithographically printed aspherical correctors. In part (b) an optical element is 
inserted in a silicon slot. Positioning features such as the silicon spring and the 
V-shape channels are shown. 

Complete 
MMA 

Microscope 
slide 

(a) (b) 
Figure 34. The complete MMA. Part (a) shows an isometric view of the first 
MMA embodiment. Part (b) shows a top view of the MMA relative to the size of 
a microscope slide. Note that a staggered arrangement of MMA rows is needed 
to image the full microscope-slide area. 
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Embodiment #2 

For the second and the preferred embodiment the construction of the MMA is 

based on using a stack of lenslet arrays. Each lenslet array is populated with multiple 

lenslets. The lenslets are precisely located so every optical axis from one lenslet array 

will align with every optical axis of another lenslet array when they are stacked together. 

Alignment features can be fabricated onto the lenslet arrays to aid the assembly process. 

The embodiment of using a stack of lenslet arrays is shown in Figure 35. The obvious 

advantage of this embodiment is that fewer parts need to be assembled. This advantage is 

true independent of the number of miniature microscope objectives in the array. 

Consequently, one can assemble hundreds of microscopes concurrently. 

The lens arrays can be fabricated by single point diamond turning (SPOT) or 

molding techniques using plastic materials. The lens array can also be fabricated by 

lithography techniques using glass or sol-gel materials. The 3-objective MMA prototype 

was fabricated by SPDT using plastic material. SPDT offers the advantage of fast 

turnaround time. 
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Figure 35. Conceptual representation of the preferred embodiment. A complete 
MMA consist of 81 miniature objectives is constructed using a stack of lenslet 
arrays. Note that a staggered arrangement is needed to image the full width of 
the slide. 

4.4 Optical Design of the Individual Microscope Objective 

Each individual miniature microscope objectives in the MMA are identical. Each 

one is responsible for imaging a small portion of the object. The final image is 

constructed from the sum of images from each individual objective. Therefore the image 

quality of the MMA is only as good as the image quality of individual objectives. The 

optical design of the miniature microscope objective is examined in this section. The 

design requirements are established in section 4.4.1. The preferred design and calculated 

performance are discussed in section 4.4.2. The tolerance analysis and ghost image 

analysis are presented in section 4.4.3 and 4.4.4. Finally, several alternative designs are 

explored in section 4.4.5. 
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4.4.1 Design requirements 

Chromatic consideration 

Microscope slides are traditionally inspected visually using a light microscope 

under white light illumination. Formation of a color virtual slide can be done in one of 

two ways: (1) recording the image using a RGB camera or (2) recording different 

wavelength images separately and combining them together digitally. The first method 

requires the microscope objective to be apo-chromatic. Additionally, the microscope 

objective must have a sufGcient magnification because RGB cameras generally have 

larger sampling size than monochromatic cameras. The second method does not require 

the microscope objective to be apo-chromatic, but only requires the objective to provide 

well corrected monochromatic images at different wavelengths separately over the visible 

spectrum. In effect, the second method allows separate focusing for different wavelength 

images. This procedure eliminated the longitudinal chromatic aberration. The images 

taken at different wavelength can be digitally scaled to have same magnification. This 

procedure eliminated lateral chromatic aberration. 

The second method is preferred for MMA's miniature objective design for three 

reasons; 1) significantly simplified design form can be used if chromatic aberrations do 

not need to be corrected optically; 2) there are very limited plastic materials available so 

it is very difficult to design an apo-chromatic system; 3) if images of different 

wavelength can be taken separately then only a monotone sensor array is needed. 

Monotone sensor array has smaller pixel size which requires a smaller magnification 

fix)m the objective. Smaller magnification contributes positively in miniaturization of the 
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objective. The disadvantage of this method is that the slide needs to be imaged multiple 

times. 

NA consideration 

The NA of object space determines the resolution of the miniature microscope 

objective. Prior study using store-and-forward telepathology system has shown that 

many of pathology diagnostics can be made with images taken with relatively low 

resolution.^" Based on this finding a moderate NA of NA = 0.4 is chosen for the MMA's 

miniature object. 

Mai^ification 

For typical microscope objective the magnification generally relates to the NA 

according to: 

Magnification factor=50xNA (9) 

For a typical NA = 0.4 microscope objective the magnification factor is usually around 

205<. For MMA's miniature objective a smaller magnification factor is desired. Smaller 

magnification factor contributes to miniaturization of the overall length of the objective 

according to Eq. (3). Additionally, the magnification factor needs to be small enough so 

the images fi-om neighboring objectives do not overlap. Convention microscope 

objectives need to have large magnification factor because they are designed for visual 

viewing. MMA's miniature objective is designed to be used with electronic images 

sensors. CMOS image sensor with 3.3 |im pixel size is now commercially available. If 

Nyquist sampling is to be followed in the image space of the miniature objective then the 
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NA in image space needs to be approximately = 0.1. Given NAobj = 0.4 and 

= 0.1, the magnification factor for MMA's miniature objective is m = -4. 

Telecentricitv 

The miniature microscope objective should be telecentric in object space. 

Telecentricity will resuh in a constant magnification through focus. Telecentricity in 

object space places the entrance pupil at infinity. The image space does not need to be 

telecentric. 

4.4.2 Final design form 

After exploring the design space, several possible designs were discovered. The 

preferred design is discussed in this section. Two alternative designs are presented in 

section 4.4.5. The optical layout of the preferred design of the miniature microscope 

objective is given in Figure 36. The design prescription is given in Table 7. The fiill 

FOV of the preferred design is 250 |im. This design is corrected for imaging an object 

under a 170 ^im thick cover glass. The WD is 150 ^m. The optical clear aperture 

diameter is 1.2 mm, and the total length is approximately 9.5 mm (fi^om object to image). 

The chief ray in object space is parallel to the optical axis in order to position the 

entrance pupil at infinity, which makes the objective telecentric. A list of specifications 

of the design in Figure 36 is given in Table 8. The preferred design is constructed using 

three piano convex lenses. The simplicity of the design form can be partially credited to 

the use of aspherical surfaces. All three powered surfaces are conic surfaces. The stop of 

the system is located on the piano face of Lens #2. A shape factor of A^= 1 is chosen for 
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all of the lenses to simplify the fabrication process. Only one side on each lenslet array 

needs to be diamond turned; front-and-back surface de-centering need not be considered. 

Lens*1 Lans«2 LeR>f3 

Cover glass 
- ITOum 

Figure 36. Optical layout of the individual miniature microscope objective used 
for MMA. Three field heights are shown, h = Q mm, h = 0.08 mm, and A = 0.125 
mm. 

Surf Radius (mm) Thickness (mm) Glass Diameter (mm) Conic 
OBJ Infinity 0.17 BK7 0.25 0 

1 Infinity 6:15 0 
2 Infinity 1 ACRYLIC 1.2 0 
3 -1.019295 0.15 12 0.5844 
4 1.152679 2 ACRYLIC 1.2 -1.933 

STO infinity 0.5 0.96 0 
6 1.632929 2 ACRYLIC 1.2 -3.984 
7 Infinity 3.610551 1.2 0 

IMA Infinity 1 0 

Table 7. Prescription data for MMA's miniature microscope objective design. 

NA (object space) 0.4 
NA (image space) 0.1 

Magnification -4 
FOV (object space) 250 um 

WD 150 um 
Outer diameter 1.2 mm 
Stop diameter 0.95 mm 

Entrance pupil location Infinity 

Table 8. Specifications for the preferred miniature microscope objective design. 
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The design layout in Figure 36 and the corresponding prescription data in Table 7 

is assuming the operating wavelength is A = 640 nm. For other wavelengths such as 

green (X = 520 nm) and blue (A = 460 nm) the image plane needs to be shifted. For 

shorter wavelength the image plane needs to shift towards the objective. 

All three lenses of the miniature objective are made using Acrylic. Acrylic is a 

plastic material that has similar optical properties to BK7. The index of refraction of 

Acrylic is = 1.49. Acrylic has relatively low dispersion; its abbe number is 55.3. 

Acrylic can be readily used for SPDT as well as for injection molding. The thermal 

expansion coefficient for Acrylic is 50E10-6 to 90E10-6 per degree C, this expansion 

coefficient is approximately ten times larger than for glass. But thermal expansion is not 

a significant concern for the MMA when it is used in a controlled environment. Acrylic 

has large moisture absorption, approximately 0.3%. This presents a problem for AR 

coating and a barrier layer must be used between the AR coating and the plastic surface 

to prevent outgas from destroying the coating. 

The optical performance of the miniature microscope objective design of Figure 

36 is predicted using the ray trace software ZEMAX. Diffraction limited performance is 

obtained over the majority of the field. The Strehl ratio is 0.93 for A = 0 mm, 0.91 for h = 

0.085 mm, and 0.64 for A = 0.125 mm. Perfomiance degrades below the diffraction limit 

towards the edge of the field at around /r = 0.11 mm. The predicted geometric spot 

diagram is given in Figure 37(a). The RMS spot size of A = 0 and h = 0.085 are 

noticeably smaller than the diameter of the dif&action Airy Disc. The geometric spot for 

h = 0.125 mm extends beyond the boundary of the Airy Disc in the sagittal direction. 
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Distortion is kqjt under 0.075% as shown in the distortion plot in Figure 37(b). The 

distortion of 0.075% translates to a lateral displacement of 0.09 |im in object space or 

0.375 ^m in image space. Lateral displacement of such magnitude is negligible 

considering the detector pixel size is generally few microns. 

SPOT DIHGRflM Distortion Plot 

FIELD 
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GEO BHUUS 
RIBY OIRR 

h = Omm h = O.OSmm 
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2 
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3 
3.359 
6.861 

(a) 

h = 0.125 mm 

•0.10 0.ae 0 tfl 
Percentage distortion 

(b) 

Figure 37. Part (a) shows the geometric spot diagram for the MMA's miniature 
microscope objective at three different field positions, A = 0 mm, h = 0.08 mm, 
and h = 0.125 mm. The circle in each diagram represents the size of the 
diffraction Airy disc. Spot radius values given in the diagram are in 
micrometers. Part (b) shows the predicted distortion. Maximum distortion is 
approximately 0.075%. 

Aberrations are well corrected in the miniature microscope objective design. 

Remaining aberrations can be identified by the transverse ray fan plot given in Figure 38. 

The dominating aberration is field curvature as indicated by the slop of the fans at center 

of the pupil across the field. Field curvatiu-e is uncorrected since all three lenses are 

positive power. Essentially, for this miniature objective design field curvature limits the 

FOV. Coma is well corrected, judging from the shape of the geometric spot and the 

symmetry of the ray fans. Astigmatism is also well corrected except toward the edge of 

the field, h = 0.125 nrni, judging from the fact that the slop of tangential fan and sagittal 
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fans are similar in magnitude and direction at origin. At the edge of the field astigmatism 

increases and as the result the geometric spot tends to spread out more in one direction, 

the sagittal direction. Higher order spherical aberration still remains. The performance 

of the miniature microscope objective is further evaluated through the MTF plot in Figure 

39. The MTF for three field position, h = 0 mm, h = 0.08 mm, and A = 0.125 mm are 

plotted against the MTF of an ideal dif&action limited system (shown in black lines). For 

h = 0 mm and h = 0.08 mm, the MTF curves for the miniature objective almost coincide 

with the ideal diffraction limited system. For A = 0.125 mm, the tangential MTF curve is 

also comparable to that of a diffraction limited system but the sagittal MTF curve 

deviates fi-om that of the diffraction limit system. This deviation agrees with the 

geometric spot and ray fan plot. 

TRHNSl/ERSE RflY FAN PLOT 
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Figure 38. Transverse ray fan plot for MMA's miniature microscope objective. 
Three field positions, A = 0 mm, h = 0.08 mm, and A = 0.125 mm are shown. 
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Figure 39. MTF plot for the MMA's miniature microscope objective. Three 
field positions, h = 0 mm, h = 0.08 mm, and A = 0.125 mm are shown. The MTF 
of an ideal diffraction limited system is shown by black lines. 

The miniature microscope objective design shown in Figure 36 can be improved. 

A negative lens can be used near the image plane to correct field curvature and reduce 

astigmatism. Higher order aspherical surfaces can be used to help correct higher order 

aberrations. Unrestraint the shape factor will also improve the performance. 

4.4.3 Tolerance Analysis 

The MMA's miniature objective has moderate NA and limited FOV, These 

factors suggest that the tolerance of the design shown in Figure 36 should be relatively 

loose compared to the miniature objective discussed in chapter 3. A faster tolerance 

analysis approach was used here. A set of tolerance values were estimated directly based 

on this designer's intuition. A faster sensitivity analysis was run instead of inverse 

analysis. Monte Carlo simulations were also performed. Based on the results of the 

sensitivity analysis and Monte Carlo simulations, tolerance values were then modified. 
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This process is repeated until an acceptable set of tolerance values are achieved. Due to 

the low complexity and low sensitivity of the design, only a few iterations was needed to 

obtain the final tolerance values. For this design only the image distance was used as a 

compensator for the tolerance analysis. Table 9 provides a list of the tolerances for some 

of the MMA's miniature objective design parameters. The tolerance values in Table 9 is 

considered "Precision" quality level.^' 

Tolerance Parameter Tolerance Value 
Radius of curvature: 1 /100 
Lens thickness: 10 urn 
Surface irregularity: 1/4 wave 
Lens de-centering: 20 pm 
Lens tilt: 0.2 degree 

Lensseparationj^_____^^20jjrT^____ 

Table 9. Tolerance values for MMA's miniature microscope objective. 

4.4.4 Ghost image analysis 

For an optical system a ghost image is an image formed on the image plane as 

result of multiple Fresnel reflections. For the MMA's miniature microscope objective 

design, a ghost image analysis was performed. Ghost image analysis was performed 

using two independent methods: a sequential ray trace method using the "Ghost focus 

generator" function in Zemax and a non-sequential ray-trace method also using Zemax. 

The "Ghost focus generator" function in Zemax automatically generates a set of 

lens files. Each file corresponds to a possible set of double refiections from two optical 

surfaces. These files provide the spot size of the ghost image at any location of interest, 

for example the image plane. Knowing the spot size of the ghost image and the real 

image, as well as the amount of reflection at each optical surface enables estimation of 
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the intensity of the ghost image compared to the intensity of the real image. The purpose 

of this analysis is to check whether or not stray reflections form a high intensity image at 

the image plane. 

The result of the ghost image analysis indicates that stray reflections first coming 

from back surface of lens #1 and then again from the fit>nt surface of lens #1 will create 

the smallest spot on the image plane. The RMS spot size is approximately 164 |im in 

diameter. The spot size of the real image can be approximated using the diameter of the 

Airy Dies which is 7.7 |im. Assuming both surfaces are uncoated and Fresnel reflection 

is approximately 4%, then the intensity ratio of the ghost image to real image can be 

estimated: 

Intensity (4%)^ =3.5 x 10"*^. (10) 

An intensity ratio on the order of 10"^ will not cause significant image degradation. If an 

AR coating is applied the intensity ratio of ghost image to real image can be further 

reduced. For example if a simple MgF2 coating is used the intensity ratio of ghost image 

to real image is approximately 2 x 10"^. 
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Figure 40. Part (a) shows how the strongest ghost image results from stray 
reflections flrst from the back surface of lens #1 and then again from the front 
surface of lens #1. Part (b) shows the spot size resulting from the ghost image 
originated as shown in part (a). 

Ghost image analysis using "Ghost focus generator" is very convenient for simple 

optical system, but for complex optical system this method of ghost image analysis can 

be cumbersome. Alternately ghost image analysis can be performed using the non

sequential ray trace techniques. The design of Figure 36 was modeled as non-sequential 

components in Zemax. During the non-sequential ray trace, rays splits upon striking a 

partially reflective surface, such as an air/lens interface. Light from a point source on 

axis radiates at a proper cone angle is traced through the miniature objective. The 

irradiance is plotted and shown in Figure 41. It is a log 10 plot using false color. The 

amount of irradiance contributed from stray reflection relative to the irradiance of the real 

image can be estimated from Figure 41. The relative irradiance of the real image (red 

h = 0125 mm 
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spot in the center of Figure 41) is approximately 1^10^ and the relative irradiance of the 

strongest stray reflection (green spots in Figure 41) is approximately 1*10^. These 

relative irradiances indicate the ratio of the real image to ghost images for the miniature 

objective is on the order of 1x10'^. This ratio is higher than the one obtained using 

"Ghost focus generator" function. The ratio calculated using the "Ghost focus generator" 

only accounts for the strongest pair of double reflections but non-sequential ray trace 

sums all the possible double reflections and therefore the ratio is slightly larger. 
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Figure 41. Irradiance plot over the image plane. The irradiance is plotted in log 
10 scale using false color. The red spot in the center indicates the relative 
irradiance of the real image the rest is due to stray reflections. 

4.4.5 Alternative designs 

Several alternative designs were considered. Two alternative designs will be 

discussed in this section. The first alternative design is based on combining a convention 

glass lens with lithographically printed hybrid glass lenses. The second alternative 

design is based on combining a conventional glass lens with diamond turned plastic 

lenses. 
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First alternative desiipi 

The first alternative design takes advantage of lithographic fabrication techniques. 

The design, shown in Figure 42(a), consists of one glass lens and three lithographically 

printed lenses. The glass lens, lens #1, is piano convex with a spherical surface. It is 

made of LaSFN9 glass from Schott. LaSFN9 is a very high index-of-refraction crown 

glass with n = 1.85 and Abbe number of 32. Lens #1 is commercially available from 

Edmund Scientific Inc. The three lithographically printed lenses, lenses #2 to #4, are all 

piano convex aspherical lenses. They can be made of hybrid glass using a gray-scale 

photomask. The system aperture stop is located on the convex surface of lens #3. To 

simplify fabrication, all three hybrid glass lenses are design to have the same surface 

figure. By having the same surface figure only one gray-scale photomask is needed for 

their fabrication. The need for having the first lens of glass is because hybrid lenses have 

limited optical power. The optical power of a hybrid lens is limited because of sag 

limitations due to material properties. The design of Figure 42(a) requires 50 ^m sag, 

which is compatible with existing materials.^ 

The performance of the hybrid glass design is inferior to the preferred design. 

The geometric spot diagram of the hybrid glass design is given in Figure 42(b). The on 

axis spot is ahnost two times larger than that of the preferred design [see Figure 37(a)]. 

Good performance is only obtained for 200 ^m full FOV compare to 250 |im for the 

preferred design. Distortion is also larger, approximately 1%. Additionally, the WD for 

this hybrid glass design is smaller, only 100 ^m compare to 150 ^m for the preferred 

design. The performance of this design can be improved if the three hybrid glass lenses 
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are not forced to have the same surface figure or if a custom made first glass lens is used 

instead of an off-the-shelf one. 
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Figure 42. The first alternative design of MMA's miniature microscope 
objective is shown in part (a). It consists of one glass lens and three 
lithographically printed hybrid glass lenses. Geometric spot diagram of this 
hybrid glass design is given in part (b). 

Second alternative desisn 

The second alternative design takes advantage of plastic optics. It is similar to the 

preferred design both in design form and performance. Unlike the preferred design this 

alternative design combines plastic lenses with glass lenses. The optical layout of the 

second alternative design is given in Figure 43(a). Lens #1 is a piano convex glass lens 

identical to the one used in the first altemative design [see Figure 42(a)]. Lens #2 and 

lens #3 are both made of Acrylic. The two Acrylic lenses have an identical surface 

shape; they are both piano convex with an aspherical surface. The aperture spot is 

located on the piano surface of lens #2. Combining a glass lens with plastic lenses 

LansfT 
LJSFN9 

*170 um 
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enables the design to take advantage of both materials. The high index-of-refraction of 

the glass lens provides more optical power in the front element. The plastic lenses 

readily provide the option of aspherical surfaces for aberration correction. 

The performance of this alternative design is comparable with the preferred 

design as indicated by the geometric spot diagram in Figure 43(b). Distortion is well 

corrected, under 0.02%. The WD of this design is 120 ^m and the full FOV is 200 ^m. 

Similar to the hybrid glass design, the performance of this alternative design can be 

improved if lens #1 is custom made or if the two plastics lenses are not forced to be 

identical. 

L«is i2 and 13 are bom 
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Figure 43. The second alternative design of MMA's miniature microscope 
objective is shown in part (a). It consists of one glass lens and two plastic lenses. 
The geometric spot diagram of this design is given in part (b). 

As individual miniature microscope objectives, both alternative designs presented 

in this section are adequate. However, for the construction of an MMA, lenses need to be 
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made into lenslet arrays. Lithographically printed hybrid glass lens and diamond turned 

plastic lens can both be readily made into arrays, but the glass lenses in both designs can 

not be easily integrated into arrays. Therefore, the preferred design of Figure 36 uses 

only plastic lenses. 

4.5 Alignment Feature Design 

Multiple lenslet arrays need to be stacked together accurately to construct the 

MMA. Alignment features integrated with the optical elements can be used to aid the 

aligimient and assembly of the MMA stack. In this section we present the design of the 

aligmnent features. When two lenslet array plates come together, there are six degrees of 

freedoms need to be confined, translation in three directions and rotation around three 

axes. The purpose of the alignment featiu^es is to achieve the necessary confinements 

with high accuracy and a minimum amount of effort. The solution we adapted is to use 

alignment cones and ball bearings as illustrated in Figure 44. Similar alignment features 

are widely used in optical devices.^ 

LmMmy 

(a) (b) 

Figure 44. Part (a) shows a top view of the lenslet array with three cones located 
near three comers. Part (b) shows the side view of the alignment of two lenslet 
arrays using cones and ball bearings. 
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Recessed alignment cones are drilled into each lenslet array plate. Ball bearings 

are used as spacers and locators for alignment cones from two plates. A minimum of 

three sets of cones and ball bearings are needed to establish all of the necessary 

confinements. The position of the cones relative to the lens apertures is identical for all 

three arrays. When the cones from two lenslet array plates are aligned, the lens apertures 

are also be aligned. Ball bearings can be made very accurately; typical ball bearing 

diameter tolerance is on the order of 2.5 ^m with a sphericity on the order of 0.5 

The accuracy of this alignment technique mostly relies on the accuracy of the alignment 

cones. Depth error and mis-position of aligiunent cones will result in lens de-centering, 

lens tilt, and separation error for individual microscopes in the array. The fabrication 

tolerances for the cones are discussed in the next section. 

4.6 Lens Array Fabrication 

The lenslet arrays of the 3-objective MMA (see Figure 46) was fabricated by 

SPDT using Acrylic. Fabrication was done by RPM Optoelectronics.^ On each lenslet 

array the three lens surfaces are separately diamond turned. The blank Acrylic plate is 

mounted on a precision translation stage and the stage is mounted directly on the spindle 

of the diamond turning machine. The direction of translation coincides with the line that 

connects the centers of all three lenses. After completing one lens surface the plate is 

translated so the next lens surface is centered on the tip of the diamond tool. In this 

manner the relative position of all of the lens apertiu^s can be controlled very accurately. 
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The position accuracy of 5 |im can be achieved. Optical-quality surface finish is obtained 

with direct diamond turning so no post-polishing is needed. 

The alignment cones can also be made by diamond turning. However, due to time 

and cost constrains they were actually made by CNC machines. CNC machined features 

are less accurate than diamond tumed features. As the result of that the positioning error 

of the alignment cones can be as large as 25 ^m. 

Figure 45 (a), (b), and (c) shows the photographs of the lenslet arrays, part (a) is 

the first array on the bottom of the stack, part (b) is the middle array, and part (c) is the 

array on top (see Figure 46). Each lenslet array is 28 mm by 16 mm. Lens surfaces are 

located near the middle of each lenslet array. Alignment cones are located near the edges 

and there are six cones on each array. On lenslet array plate #2 and #3 there are three 

through holes. The through holes are used to align and attach the stop aperture and 

blocking aperture. The assembly of the 3-objective MMA will be discussed in more 

detail in section 4.7. 

(a) (b) (c) 

Figure 45. Part (a), (b), and (c) shows the photograph of the three lenslet arrays 
fabricated on Acrylic using SPDT. Each lenslet array is sitting on a microscope 
slide. The lens surfaces are located near the center of the plates. There are six 
alignment cones on each plate and they are located near the edges of the plate. 
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4.7 MMA System Assembly 

The 3-objective MMA is assembled by stacking the three lenslet arrays with ball 

bearings in between sitting in the alignment cones. Three ball bearings are placed in 

three alignment cones on lenslet array plate #1. Lenslet array plate #2 is then stacked on 

top of lenslet array plate #1. The alignment cones fix>m plate #2 matches the ball bearing 

of plate #1. A thin aluminum aperture plate is placed on top of plate #2. The aperture 

plate serves as the stop apertures. The aperture plate is held in position by pins inserted 

in the through holes. Lenslet array plate #3 is place on top of plate #2 in the exact same 

manner as plate #2 on plate #1. A second thin aluminum aperture plate is placed on top 

of lenslet array plate #3 and it is used to block stray lights. The stop aperture and 

blocking aperture plates are approximately 125 nm thick. The apertures are fabricated by 

laser cutting.The entire 3-objective MMA can be assembled in very short amount of 

time. The easy-to-assemble character is largely result of simple design form of the optics 

and the use of intergraded alignment features. Figure 46 shows a photograph of the 3-

objective MMA prototype resting on top of a standard size microscope slide. The 

assembly is very simple and compact. The dimension measures approximately 28 mm by 

16 mm by 6 mm. Although only three microscope objectives reside on the arrays shown 

in Figure 46, there is enough space for approximately 50 microscopes. Figure 47 shows a 

pull-apart diagram of the 3-objective MMA stack. 
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Figure 46. A photograph of the 3-objective MMA prototype. The MMA is 
constructed by stacking of three lenslet arrays. Alignment of arrays is 
accomplished through the alignment cones and ball bearings. Each lenslet array 
contains three lens apertures. 

Bicdung JMttim pMt 

Figure 47. Pull-apart diagram of the 3-objective MMA stack. All of the 
components necessary to construct the MMA are shown, including the ball 
bearings, stop aperture plate and blocking aperture plate. 
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4.8 System Characterization 

The MMA was characterized to understand the fabrication and assembly error. 

This section describes the methods used to characterize different parameters and 

corresponding results. 

4.8.1 Surface roughness 

The surface roughness of diamond turned plastic optics is generally poorer in 

comparison to polished glass optics. A typical polished glass surface has a RMS surface 

roughness on the order of ten angstroms. A diamond turned plastic surface generally has 

a RMS surface roughness on the order of ten nanometers. The RMS surface roughness as 

result of diamond turning can be estimated according to the equation, 

RMS roughness= (11) 
8 Rj 

where Ar is the displacement per revolution and Rt is the radius of the cutting tool. 

Surface roughness of the plastic lenslet arrays were measured using an 

interference profiler, the Wyko NT2000^^. The results are given in Table 10. Periodic 

grove features are visible on both sides of the lenslet arrays. Circular groves are visible 

on the lens surfaces. Linear groves are visible on the planar surfaces. 

Periodic groves can introduce diffractive effects. Potential image degradation 

may occur as result of these periodic groves. The severity of the dif&active effects 

depends on the period and the depth of the groves. The circular grooves on the lens 

surfaces are relatively swallow and do not create a significant diffractive effect. The 
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straight line groves on the planar surfaces are deeper compare to the circular groves and 

can cause more serious image degradation. The period and depth of the straight-line 

grooves were measured using the Wyko NT2000 and results are shown m Table 10. 

Figure 48 shows the surface profile of the planar surface of lens #3. The average period 

of the groves is approximately 33 ^m and the average depth is approximately 0.07 ^un. 

The diffraction efSciencies of the i:l orders for all three lenslet arrays were 

experimentally measured and results are shown in Table 10. 

nm Penofc^oveprcfile 
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(a) (b) 

Figure 48. Part (a) shows the linear groves one the planar surface of lens #3. 
Part (b) shows the profile of the periodic groves. The average period is 
approximately 33 fun and average depth is approximately 0.07 |im. Data was 
collected using a Wyko NT2000 interferometer. 

RMS surface Groove Groove 
roughness (nm) period (nm) depth (nm) 

Diffraction 
efficiency 

Lenslet array #1 
Lenslet an'ay #2 
Lenslet an-ay #3 

37 
13 
16 

48 
25 

33 

130 
45 

70 

1.7% 
0.5% 

1% 

Table 10. Summary of surface quality of lenslet arrays. 
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4.8.2 Lenslet arrt̂  thickness and separation 

The thickness of each lenslet anray was measured using a micrometer. The result 

is given in Table 11. The separation between the lenslet arrays after assembly was 

measure by focusing a microscope sequentially on different surfaces using a translation 

stage. The microscope was first focused on the top surface (piano surface) of lenslet 

array #3, then lenslet array #3 was removed from the stack and the microscope was 

translated to focus on the top surface (piano surface) of lenslet array #2. The translated 

distance is the sum of the thickness of lenslet array #3 and the separation between lenslet 

array #2 and lenslet #3. The separation between arrays can be readily calculated knowing 

the thickness of lenslet array #3. The separation between lenslet array #1 and lenslet 

array #2 was measure in a similar manner. The measured separations are given in Table 

11. 

Thickness and «eparatlons Design value (mm) Measured value (mm) 
Thickness of lenslet an-ay #1 1 0.995 
Thickness of lenslet an^y #2 2 2.01 
Thickness of lenslet an-ay #3 2 2.01 

Separation between lenslet an-ay #1ancl#2 0.15 0.12 

Segaratjon_betweenjenslet_arra]^jc_andjra_^__^__0j5_____^^____^_0j^ 

Table 11. Measured thickness of lenslet arrays and separations between the 
lenslet arrays are given in comparison to the exact value. 

The lenslet array thickness errors are within the specified tolerance (see Table 9). 

The separation error from assembly exceeded the original tolerance (see Table 9). The 

separation error is largely due to the mis-position of the alignment cones. 
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4.8.3 Lenslet array de-centering 

De-centering between lenslet arrays are experimentally measured. The center 

lens from each array is imaged with a low-magnification microscope objective and the 

edge of their aperture is recorded. The shift of the edge of the lens aperture from one 

lenslet array to another indicates the amount of de-centering between each arrays. The 

estimated de-center between array #1 and array #2 is approximately 22 ^un. The 

estimated de-centering between array #2 and array #3 is approximately 17 ^m. 

4.8.4 Lenslet array tilt 

Tilt between lenslet array plates can be measured experimentally using an 

autocollimator. A Moller-Wedel model number AKG300/40/14.7MD autocollimator 

from Vermont Photonics was used.^^*^® The measured tilt between lenslet array plate #1 

and #2 is approximately O.T The measured tilt angle between lenslet array plate #2 and 

#3 is approximately 0.07°. These tilt values are acceptable according to the tolerance 

analysis. 

4.9 MMA System Testing and Imaging Results 

The intended application of the MMA is to image microscope slides for visual 

examination by pathologist. Therefore, the best suited test for MMA's miniature 

objective is a functional imaging test. Imaging tests were performed with resolution 

targets and pathology slides. The test setup and imaging results are discussed in this 

section. 
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4,9.1 Testing setup 

Direct imaging test was performed on the 3-objective MMA. Each individual 

microscope objective was tested separately. A test target was placed at the object plane 

of the miniature microscope objective. The test target is trans-illuminated from below. 

The image formed by the miniatiu'e objective was then relayed by a standard microscope 

objective, serving as a viewing objective, onto a CCD. A Nikon Plan Apo, NA = 0.2, 

infinity-corrected objective was used as the viewing objective. Relay optics are used 

because currently we do not have a detector array that can be placed directly at the image 

plane of the MMA. A photograph of the complete test setup is shown in Figure 49. 
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Figure 49. Photograph of the MMA miniature microscope objective testing 
setup. 
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A Kohler illumination system was used to trans-illuminate the object. A fiber 

lamp was used as the light source. This illumination system provided uniform 

illumination for only one miniature microscope objective at a time. The fiber lamp emits 

white light and filters must be used to limit the spectral band. To acquire a RGB image 

we sequentially acquired images at three wavelengths using interference filters. The 

center wavelengths of the filters are: X = 640 nm, A = 520 nm, and X = 460 nm. The pass 

band width is approximately 10 nm. The three monochromatic images can then be 

combined to form a composite RGB image. 

The 3-objective MMA was held in an aluminum holder and was mounted on XYZ 

translation stages. The viewing objective was also mounted on XYZ translation stages. 

Microscope slide (or other test target) was mounted in a spring holder, and it has tip-and-

tilt and XY translation control. The CCD camera was mounted above the viewing 

objective.  The object  was first  imaged by MMA's miniature microscope objective at  4x,  

and then relied by the viewing objective operated at 6x. The total magnification of the 

testing setup is 24x. 

An autocollimator is mounted on the side (see Figure 49). The autocollimator is 

used to check the tilt alignment between the microscope slide and the MMA stack as well 

as tilt alignment between the three lenslet arrays. To use the autocollimator the viewing 

objective must be removed and a fold mirror inserted. 
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4.9.2 Images of resolution target 

The MMA is used to image a standard United States Air Force resolution target. 

The resolution target was imaged at three wavelengths using the center objective and the 

images are shown in Figure SO. 

I !  -

(C) (d) 

Figure SO. Images of group six and group seven of a standard United State Air 
Force resolution target taken with MMA. Part (a) shows the image taken at A = 
640 mn, part (b) shows a magnified view of the two smallest sets of bars from 
part (a). The line width and separation is 2.2 ^m. Part (c) shows the image taken 
at A = S20 nm, and part (d) shows the image taken at A = 460 mn. 

Figure SO(a) shows the image of the center of the resolution target taken at A = 640 nm. 

Two groups of 12 sets of horizontal and vertical bars are in the image. This area exceeds 

the actual FOV of the miniature objective. Astigmatism is noticeable for the bar pattems 
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on the left side. The smallest set of bars (group 7 set 6) has bar thickness and separation 

of 2.2 and they are clearly resolved. A magnified view of the two smallest sets of 

bars (group 7 set 5 and group 7 set 6) are shown in Figure SO(b). The bars patterns are 

clear openings etched on daric chrome. The smaller sets of bar patterns are not perfectly 

etched and the irregular shape in Figure 50(b) is partially because of that. Figure SO(c) 

and Figure SO(d) show the images of the same area of the resolution target imaged at A = 

520 nm and A = 460 nm respectively. For both A = 520 nm and X = 460 rmi the smallest 

set of bars can be resolved, however, the image quality is not as good as in the case of A = 

640 nm. The presented MMA design was originally intended only for X = 640 nm. The 

A, = 640 nm was the primary design wavelength. Therefore, the image quality is 

noticeably better at the intended wavelength and degrades for shorter wavelengths. 

The resolution target was also imaged by the other two objectives. For 

convenience the objective to the left of the center objective when viewed fi"om top will be 

referred to as left objective and the objective to the right of the center objective when 

viewed from top will be referred to as right objective. The image of resolution target 

taken with the left objective is shown in Figure 51(a) and the image of the resolution 

target taken with the right objective is shown in Figure 51(c). Both images in Figure 51 

are captured at A = 640 nm. The image quality of the left objective is particularly 

inferior. The image degradation of the left objective is mainly due to a severe surface 

defect on one of its lens surface. The suspected cause of the defect was vibration during 

the diamond turning. 
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Figure SI. Part (a) shows the image of the resolution target taken with the 
objective on the left and part (b) shows the image of the resolution target taken 
with the objective on the right. Both images are taken at A = 640 nm. 

4.9.3 Image doubling 

A rectangular pattern of crosses are imaged by the MMA's miniature objective. 

The image is shown in Figure 52. Each cross has bar thickness of 2 |im and length of 14 

^un. The entire pattern is 294 pm by 294 pm. The circle in Figure 52 is approximately 

250 pm in diameter and it is to denote the size of the designed FOV. Near the center of 

the FOV the crosses appears to be well focused, but toward the extreme edge of the FOV 

the crosses appeared to be blurred out and the crosses appears to be doubled. There were 

several possible caused behind this doubling of the image toward the extreme edge of the 

FOV such as ghost reflection, birefringence, diffractive effect or intrinsic problem with 

the design. Each of these possible causes was investigated. 
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Figure 52. Image of a rectangular array of crosses. The circle denotes the 250 
FOV. Image doubling is visible towards the extreme edge of the FOV. 

Ghost reflection 

A very thorough ghost image analysis was performed for MMA's miniature 

objective design (see Section 4.4.4) and the analysis indicates that ghost reflection does 

not cause significant image degradation or image doubling. However, the ghost image 

analysis did not consider the reflection from the object surface itself. The photomask has 

higher reflectance than microscope slides and it may be the cause of the image doubling. 

To test this theory we imaged the cross pattern with half of the crosses covered. Ghost 

image generated by reflection from the object will be inverted with respect to the real 

image. Therefore, by observing the image while half of the object is blocked we can 
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readily confirm if the image doubling in Figure 52 is due to ghost reflection from the 

object surface. Figure 53 shows the image of the array of crosses with half of the crosses 

blocked. In the area where the crosses are block it is completely dark which indicates 

that the image doubling in Figure 52 is not caused by ghost reflection off the object 

surface. 

Figure 53. Image of the array of crosses with half of the crosses blocked. In the 
area where the crosses are block it is completely dark, indicating ghost reflection 
from the object surface is negligible. 

Birefringence 

MMA's miniature objective is constructed using Acrylic plates. Stress 

birefringence in the material may cause image doubling. We tested the Acrylic plates 

using a polarized laser beam and we were able to completely block the beam with a 

polarizer. Therefore, the image doubling in Figure 52 cannot be caused by material 

birefringence. 
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Dif&active effect 

The optical smfaces of MMA's miniature objective are fabricated by SPDT. 

SPDT leaves periodic groves on the surface. These groves introduce higher dififractive 

orders that may appear to be double images. However, higher diffractive orders were 

experimentally measured and their relative intensity is low compare to the O'*' order (see 

Section 4.8.1). The intensity of the double crosses in Figure 52 is too strong to be caused 

by higher diffractive orders from the groves on the diamond tumed optical surfaces. 

Intrinsic nature of the design 

The optical design of MMA's miniature objective is reexamined using dif&action 

image analysis. Reexamine the design revealed that the image doubling in Figure 52 is 

caused by intrinsic wavefront shape combined with defocus and astigmatism. Image 

doubling similar to Figure 52 can be modeled using "Diffraction image analysis" flmction 

in Zemax. This function generates the image by convolve a given object with the pupil 

function of the optical system. Using this function we were able to simulate the image 

doubling in software. Figure 54(a) shows the double image simulated in Zemax of an 

object in the shape of letter "F" and the object is located at the extreme edge of the field 

and the image plane is defocused by 50 ^m. The PSF is shown in Figure 54(b) and two 

distinct lobes are visible in the point spread function. The occurrence of image doubling 

with defocus is because of the shape of the wavefront. The OPD plot in Figure 54(c) 

shows the wavefront shape of light originated from the field position of A = 0.125 mm. 

The wavefront is conical in shq)e. This kind of wavefront shape is caused by multiple 

conical surfaces used in the design. Wavefront of this shape will converge to a well 
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focused spot at the correct focal plane and produce a nice PSF. However, if the image 

plane is shifted outside the focal plane the wavefiront will produce a ring shape PSF. In 

addition if astigmatism is present the PSF will no longer be circular symmetric and will 

produce two lobes and they will form two separated and shifted images. The effect of 

image doubling can be amplified by misalignments of the optics because misalignment 

will introduce additional astigmatism. 

Figure 54. The image doubling can be modeled in Zemax using "Diffraction 
image analysis" function. Part (a) shows double image of an object in the shape 
of the letter "F'. The object is placed at the edge of the FOV and the image 
plane is defocused by 50 pm. Part (b) shows the PSF of the miniature objective 
under the condition of part (a). Part (c) shows miniature objective's wavefront in 
image space. 

When the miniature objective is properly aligned and properly focused the image 

doubling can be corrected. Figure 55 shows the image of the photomask captured by 

MMA's miniature objective when image plane is properly located and the optics are well 

aligned. In Figure 55, no image doubling is visible. 

(a) (b) (c) 
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Figure 55. Image of a rectangular array of crosses. The circle denotes the 250 
Mm FOV. When properly focused image doubling can be eliminated. 

4.9.4 Images of microscope slides 

Microscope slides that contain pathology specimens were imaged using MMA's 

miniature microscope objective. Several slides were imaged and the images are 

evaluated and compared to images taken with a state-of-art Nikon El000 microscope. 

Figure 56 shows three images of the cross section of a normal gland tissue. The 

images are taken using the center microscope objective of the 3-objective MMA 

prototype. For Figure 56(a) the image is produced with blue light at A = 470 ran, for 

Figure 56(b) the image is produced with green light at A = 520 run, and for Figure 56(c) 
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the image is produced with red light at A = 640 nm. The size of each image is 

approximately 0.21 mm by 0.25 mm. 

(a) (b) (c) 

Figure 56. Image of a normal human pancreas. Part (a) is produced with blue 
light at A = 470 nm. Part (b) is produced with green light at A = 520 nm. Part (c) 
is produced with red light at A = 640 nm. 

The three images from Figure 56 are combined together to create a RGB "color" image. 

Figure 57 shows the composite RGB image of normal human pancreas. The cells are 

clearly distinguishable. The dark blue circular featiu'es around the periphery of the gland 

are cell nucleus and they are clearly distinguishable. The typical size of a cell is 

approximately 10 to 20 ^im and the typical size of cell nuclei is approximately 5 ^im. 
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Figure 57. Composite RGB image of the normal human pancreas. The RGB 
image is constructed using three images taken at A = 470 nm. A, = 520 nm and A = 
640 nm. 

Figure 58 shows three images of an abnormal pancreatic tissue. The images are 

taken using 3-objective MMA's center microscope objective. For Figure 58(a) the image 

is produced with blue light at A = 470 nm, for Figure 58(b) the image is produced with 

green light at A = 520 nm, and for Figure 58(c) the image is produced with red light at A 

= 640 nm. The size of each image is approximately 0.22 mm by 0.21 mm. Similar to 

Figure 56 the image captured at A = 640 nm exhibits the best contrast. A composite RGB 

image of Figure 58 is created and is shown in Figure 59. The group of cells near the 

center of the image exhibits high nuclear-to-cytoplasm ratio. This phenomenon is an 

evidence for abnormality. 
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(a) (b) (c) 

Figure 58. Image of abnormal pancreatic tissue. Part (a) is produced with blue 
light at /I = 470 nm. Part (b) is produced with green light at >1 = 520 nm. Part (c) 
is produced with red light at A = 640 nm. 

Figure 59. Composite RGB image of abnormal pancreatic tissue. The RGB 
image is constructed using three images taken at A = 470 nm, A = 520 nm and A = 
640 nm. 

The images captured using MMA's miniature objective is compared to images captured 

using a Nikon microscope. Unfortunately, the Nikon microscope that we have access to 

does not have 2iNA= 0.4 objective so a direct comparison is not possible. However, that 

Nikon microscope does have a NA = 0.3 and NA = 0.5 objective. The same microscope 

slide that was imaged by the MMA's miniature objective is also imaged by the Nikon 

microscope and the images from both systems are presented in Figure 60. In Figure 60 
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part (a) and (d) are taken with a iV/4 = 0.3 Nikon objective, part (c) and (f) are taken with 

3. NA = 0.5 Nikon objective and part (b) and (e) are taken with MMA's miniature 

objective. The images taken with MMA's miniature objective exhibits superiorities over 

the images taken with NA = 0.3 Nikon objective. There are fine features that are clearly 

better resolved in the images taken with MMA's miniature objective. The images taken 

with MMA's miniature objective is inferior to the images taken with NA = 0.5 Nikon 

objective. Images in Figure 60(c) and Figure 60(f) are definitely superior in both 

resolution and contrast. 

Figure 60. Images taken with MMA's miniature objective is compared to a Nikon 
microscope. Part (a) and (d) are taken with a AM = 0.3 Nikon objective. Part (b) and 
(e) are taken with MMA's miniature objective.  Part  (c)  and (f)  are taken with ^NA = 
0.5 Nikon objective. 
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4.10 Future Work 

The 3-objective MMA prototype successfully demonstrated the feasibility of 

making an array of miniature microscopes by stacking multiple layers of lenslet arrays. 

Additionally, it has demonstrated SPDT is a viable method of fabrication for making the 

lenslet arrays. Imaging results (see section 4.8) indicates that MMA can acquire 

"diagnostic" quality images and image quality is comparable to a high end conventional 

light microscope. 

For future work we also intent to design and construct dLNA= 0.7 MMA. 

For the current 3-objective MMA prototype each miniature microscope objective has NA 

= 0.4. NA = 0.4 will provide a resolution of 1 ^m, which is sufficient for a number of 

pathology applications. But ultimately, a = 0.7 is desired. With NA= 0.1 resolution 

of half micron can be achieved. 
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CHAPTERS. CONCLUSION 

A microscope is a fundamental instrument for biomedical imaging. Since its 

invention over five centuries ago it has evolved into one of the most precise and complex 

optical system. The capability of modem microscope optics is limited only by the 

physical properties of light. Mmiaturization of microscope optics can potentially further 

extend the capability and scope of modem microscope. In this dissertation we have 

explored a small aspect of design and construction of miniature microscope optics. 

In the process of studying miniature microscope optics two miniature microscope 

objectives have been designed and constructed. One is a high-NA water-immersion 

objective designed to be used for the FCRM. The second one is a moderate-NA dry 

objective designed to be part of a MMA. 

We discovered that design and construction of miniature microscope objective 

optics is different from conventional microscope objective optics in many perspectives. 

From the perspective of first-order optical property, miniature objectives 

generally have a lower transverse magnification factor. The overall length of a 

microscope objective depends on its transverse magnification according to Eq. (3). 

Larger magnification factor requires longer objective design. FCRM's miniature 

objective has a transverse magnification of m = -3.3 and MMA's miniature objective has 

a transverse magnification of m = -4. Other first-order optical properties that affect 

miniaturization are telecentricity, WD, NA and FOV. These properties affect the size of 

the objective according to Eq. (1) and Eq. (2). 
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From the perspective of aberration correction, miniaturization can contribute both 

positively and negatively to the effort. Transverse ray error tends to decrease with the 

physical size of the optical system so the effect of aberration is less for a miniature 

objective than a standard size one. However, for the miniature objective the designers are 

more confined in what they can do. For example, the number of bulge and valley in the 

design need to be minimized to keep the length of the objective short. Minimum number 

of bulge and valley limits amount of aberration correction. In addition, severe refraction 

is needed at the front element to keep the diameter of the objective small and such severe 

refraction introduces significant amount of aberrations. 

From the perspective of fabrication, miniature objectives can take advantage of 

more fabrication options such as plastic lenses, GRIN lenses, and lithographically 

patterned lenses. These additional choices provide the designer with more tools for 

achieve the desired optical properties and performance. One example is aspherical 

surfaces, which can be readily made using both plastic lenses and lithographically 

patterned lenses. 

FCRM's miniature objective is constructed completely out of glass lenses. All of 

the lenses are spherical. The miniature objective provide sufficient resolution and light 

collection for the FCRM and its application of in-vivo imaging. The first confocal 

reflectance image of human cervix taken endoscopically is accomplished with the FCRM 

equipped with this miniature objective. Clinical trial using the miniature objective 

equipped FCRM is ongoing and preliminary result is encouraging. Confocal images at 
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different depth have been obtained. These images has shown that the miniature objective 

equipped FCRM can distinguish the normal tissue from abnormal tissue. 

MMA's miniature objective is constructed completely out of plastic lenses. 

Aspherical surfaces are used. This miniature objective uses only three piano convex 

lenses and they are fabricated by SPDT. The simplicity of the design form can be 

credited to the use of aspherical surfaces and miniaturization. Such simple design will 

unlikely to be diffraction limited if its size is larger. The assembly of MMA's miniature 

objective is simplified by the aid of alignment features that are intergraded with the 

optical features. The alignment features can potentially allows an array of 80 miniature 

microscopes be assembled within matter of minutes. "Diagnostic" quality images were 

obtained with this objective. The image quality is comparable to a high-end commercial 

objective. 
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