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Abstract—In this paper, we describe the progress toward the
development of miniaturized imaging systems with applications
in medical imaging, and specifically, detection of pre-cancer. The
focus of the article is a miniature, optical-sectioning, fluorescence
microscope. The miniature microscope is constructed from
lithographically printed optics and assembled using a bulk micro-
machined silicon microoptical table. Optical elements have been
printed in a negative tone hybrid glass to a maximum depth of 59

m and an rms surface roughness between 10–45 nm, fulfilling the
requirements of the miniature microscope. Test optical elements
have been assembled using silicon-spring equipped mounting
slots. The design of silicon springs is presented in this paper.
Optical elements can be assembled within the tolerances of anNA
= 0 4 miniature microscope objective, confirming the concept of
simple, zero-alignment assembly.

Index Terms—Biomedical imaging, biomedical microscopy,
hybrid sol-gel meterials, microassembly, microoptics, photolithog-
raphy.

I. INTRODUCTION

T HE AMERICAN Cancer Society estimates that 1 220 100
people will have been diagnosed with cancer in 2000.

In the same year, 552 200 persons were expected to succumb
to cancer [1]. Despite significant advances in treatment, early
detection of cancer and its curable precursors remains the best
way to ensure patient survival and quality of life. Thus, highly
sensitive and cost-effective screening and diagnostic techniques
to identify curable pre-cancerous lesions are urgently needed.
Pre-cancers are characterized by morphologic and biochem-
ical changes that include increased nuclear size, increased
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nuclear-to-cytoplasmic ratio, hyperchromasia, pleomorphism,
angiogenesis, and increased metabolic rate. These changes
currently can only be assessed through invasive biopsy. Early
detection of curable pre-cancers has the potential to signifi-
cantly lower cancer mortality and morbidity. Many visual exam
procedures, such as colonoscopy and bronchoscopy, are rou-
tinely used to identify pre-malignant changes and early cancers;
however, these techniques do not assess the microscopic and/or
biochemical changes which are the hallmark of pre-cancer.
Thus, these techniques’ sensitivity and specificity are limited.

The long-term goal of our research is to develop a class of
miniature microscopes that utilize the interaction of light with
tissues in many modalities to image morphology and biochem-
istry in vivo, yielding tools that provide better delineation of
tumors. We envision battery-powered, pen-sized multi-modal
miniature microscopes (4Ms) designed to specifically image
microscopic and molecular features of pre-cancer (see Fig. 1).
The proposed miniature microscopes are multi-modal because
of their potential for enabling different imaging modalities such
as optical sectioning, 3-D spectral fluorescence imaging, and re-
flectance imaging. The size and cost of these microscopes can
be eventually small enough so that they can assist in guiding
diagnostic biopsy and in margin detection during tumor resec-
tion. 4M devices, suitably adapted, will have broad applicability
in many organ sites due to their very compact size and capability
for imaging. Because of the easy accessibility of the oral cavity
and uterine cervix, we are aiming the initial development of 4M
devices to improve detection of pre-cancers in these organ sites.
We have shown that both morphologic and biochemical changes
that accompany pre-cancer can be probed using reflectance and
fluorescence. Therefore, we are designing 4M devices to image
both reflected light and autofluorescence.

By way of example, Fig. 1(b) shows a design of a
complete 4M device. This 4M device is configured as an
optical-sectioning, fluorescence microscope. Excitation light
is generated at an integrated light source or alternatively
delivered via an optical fiber. The collector mirror captures
the available excitation light and images the light source into
the aperture stop of the miniature microscope objective, i.e.,
this is a Koehler-illumination system similar to conventional
bench-top microscopes. The collected excitation light passes
through a scanning grating, a folding flat mirror, and a dichroic
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(a) (b)

Fig. 1. Pen-sized miniature microscope. (a) A conceptual, scaled diagram of a pen-sized imaging probe equipped at the tip with a multi-modal miniature
microscope (4M). (b) A magnified view of the 4M-device layout. The 4M device measures 9 mm in length, 5 mm in width, and 3 mm in height.

Fig. 2. Optical design of a miniature microscope objective. The figure shows the design form of anNA = 0:4,m = �4 microscope objective with a field of
view of 300�m. This is the microscope objective used in the complete 4M device shown in Fig. 1.

beam-splitter before being directed by the microscope objective
onto the tissue being examined. The microscope objective in
Fig. 1(b) consists of three lithographically printed lenses, a
folding flat mirror, and a plano-convex objective lens. The
scanning grating provides structured illumination of the tissue
and therefore the optical-sectioning capability. Fluorescent
emission from the tissue propagates back through the mi-
croscope objective. The dichroic beam-splitter reflects the
emitted longer wavelengths to an image sensor in the form of a
photodetector array. All active and passive components of the
4M device are embedded in a microoptical table (MOT) that is
micromachined in a 5 mm by 9 mm silicon chip.

This paper describes the technology foundations of 4M
devices such as the one shown in Fig. 1(b). Section II contains
a discussion of optical-design guidelines associated with
miniature imaging systems. A resultant microscope-objective
design is shown in Fig. 2. Sections III and IV emphasize simple
assembly and fabrication methods of miniature imaging sys-
tems. Section III describes progress on the development of an
accurate, “snap-together” method of building optical systems
(Figs. 3 and 4). Preliminary assembly results are presented
(see Figs. 5 and 6) and are compared to the requirements of
the optical system shown in Fig. 1(b). Section IV provides
a description of lithographic printing of refractive lenses
and opto–mechanical structures using hybrid-glass materials

(Fig. 7). The most recent results of printing mechanical and
optical structures are shown in Figs. 8 and 9, respectively.

II. OPTICAL DESIGN CONSIDERATIONS

Miniaturization of a microscope system requires an instru-
ment-design approach that differs fundamentally from the de-
sign of a conventional compound microscope [2].

A compound microscope is a visual instrument that consists
of a microscope objective and an eyepiece. The image sensor is
assumed to be the human eye. The microscope objective forms
an intermediate, real image at the front focal plane of the eye-
piece. The eyepiece presents to the eye a virtual image located
between a minimum viewing distance of 250 mm (the so-called
near point) and a maximum viewing distance of infinity.

The visual magnification of a compound microscope is
given by , where is the transverse mag-
nification of the microscope objective and is the magni-
fying power of the eyepiece. By considering the eye’s visual
acuity (0.3 mrad), the near-point viewing distance (250 mm)
and the Rayleigh resolution criterion at nm, the op-
timal visual magnification is calculated to be
[2]. Strictly speaking, visual magnification above this optimal
threshold does not reveal further information about the object.
However, a rule followed for comfortable viewing is
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. Note that a given visual magnification can be
achieved through different combinations of objectives and eye-
pieces. Typical eyepiece magnifying power is 10 . Higher
values of are undesirable because of reduced eye relief
and more complex optical designs. Typical dry microscope ob-
jectives satisfy the relation [2], [3].

A requirement of miniaturizing a microscope is that the
distance between the object plane and the image plane, the
so-calledthrow, be minimized. Throw, , is itself a function
of , i.e., , where
is the effective focal length of the microscope objective. The
minimum throw occurs at and .
This is not a practical solution because it requires that spacing
between image-plane detector elements be equal to the desired
sampling at the object plane, e.g., on the order of micrometers.
Consequently, needs to be greater than unity but remain
low to miniaturize the microscope size. This constraint is not
present in the design of conventional compound microscopes,
where .

In the 4M approach described here, the image recorded on an
image sensor will be magnified electronically rather than opti-
cally for viewing by eye, i.e., the image will be displayed resam-
pled and expanded. Such electronic magnification is equivalent
to the optical function performed by an eyepiece. In each case,
the user perceives the final image at a comfortable viewing dis-
tance, e.g., 250 mm.

The following quantitative example clarifies these considera-
tions. Given , then . The transverse mag-
nification of the miniature microscope is defined by the
ratio of image size to object size. For the 4M device in Fig. 1(b),

. This value of means that the recorded image
needs to be scaled up for viewing by a factor of to
yield . The field of view of the microscope is given as
250 m on a side and the size of the image at the image sensor
is, therefore, 1000m on a side [see Fig. 1(b)]. The final image
displayed on a video monitor, assuming a viewing distance of
250 mm, measures 37.5 mm on a side. The resolution of the 4M
device is currently expected to be detector-limited rather than
diffraction-limited. The spacing between two adjacent detector
elements, assumed to be 10m, exceeds the resel distance at
the image plane [4]. However, we expect that detector spacing
(a.k.a., detector pitch) will continue to decrease along with the
continuing decrease in the minimum feature size of integrated
circuits.

A. Optical Design of Miniature Microscope Objective

Based on the above considerations, we have developed a se-
ries of microscope-objective designs that feature a combination
of high numerical aperture and low transverse magnification.
The high yields high spatial resolution. The low transverse
magnification keeps the size of the microscope objective small.
Typical distances from the tissue sample to the image plane are
on the order of 6–8 mm.

A typical miniature microscope-objective design is shown in
Fig. 2. The design consists of a commercial plano-convex lens
that is followed by a folding mirror and three lithographically
printed lenslets. The objective is designed to function with water
as an immersion medium.

TABLE I
SELECTED TIGHTEST ASSEMBLY TOLERANCESASSOCIATEDWITH THE

NA = 0:4 MICROSCOPEOBJECTIVE SHOWN IN FIG. 2

The form of the microscope objective in Fig. 2 was selected
to be compatible with lithographic fabrication of optical ele-
ments and bulk-micromachining of a silicon substrate as a mi-
crooptical table. In order to increase the of the objective,
the lithographically printed lenslets need to exhibit an increased
sag, i.e., the height difference between the center of the lenslet
aperture and the edge. For example, the three lithographically
printed lenses in the Fig. 2 design require a sag of 60m. The
need for increased sag motivated the development of new hy-
brid glasses described in Section IV.

Table I lists representative tightest assembly tolerances asso-
ciated with the microscope objective shown in Fig. 2. These tol-
erances have to be met for the optical system in Fig. 2 to remain
diffraction-limited in imaging performance.

III. A SSEMBLY OFMINIATURE OPTICAL SYSTEMS

Miniaturization of microscopes requires a simple and accu-
rate method of building such optical systems. We are devel-
oping a novel method of constructing compact, 3-D imaging
systems that consist of optical elements, e.g., lenses and mir-
rors, micro-mechanical components, photo-detectors, and light
sources [5]. All these components, both active and passive, are
mounted on a specially prepared substrate [see Fig. 1(b)]. We
refer to the substrate as a MOT, in analogy with the macro-
scopic version routinely used in optics laboratories. The MOT is
a zero-alignment microscopic optical-system concept. In prac-
tical terms, the zero-alignment concept translates into assembly
errors that are smaller than the tolerances dictated by the per-
formance of the optical system (e.g., see Table I). Very low as-
sembly errors will be achieved through positioning features on
each 4M-device component and a silicon spring in each compo-
nent mounting slot (see Figs. 3 and 4). The accurate positioning
of each optical element relative to other optical elements on the
MOT is achieved through the sub-micron-precision layout of the
photomask from which the MOT is made.

The cross section of each mounting slot includes a silicon
spring (Fig. 3). Each mounting slot also features V-shaped guide
channels that match complementary positioning features in the
optical element that is inserted within the slot (see Figs. 5 and 7).
The role of the silicon spring is to press the positioning features
on an optical element into the V-shaped guide channels, thereby
achieving accurate positioning of the optical element. The depth
to which the optical element is inserted into the slot is defined
by stops printed on the optical element. We expect to eventually
achieve optical-element alignment to an accuracy of2 m in
position and 0.5 mrad in rotation using the assembly method
illustrated in Figs. 3 and 4.
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Fig. 3. Silicon-spring displacement and the normal stress in the horizontal direction. The optical element is shown in its penultimate position. Thehighest tensile
stress (shown in red) is predicted to occur at the top of the spring in this diagram. The predicted maximum tensile stress in the silicon spring is less than the failure
stress of silicon, thus validating the design of the silicon spring. The thickness of the optical element is 150�m.

Fig. 4. Assembly of optical elements and MOT substrate.

Fig. 3 serves to illustrate the current assembly method from
a top-view perspective. An optical element is first inserted into
the open section of the mounting slot. The initial positions of
the optical element and the silicon spring are indicated by clear
outlines of these two structures. Next, the element is translated
under the silicon spring. The penultimate positions of the op-
tical element and the silicon spring are shown by filled-in, green
outlines of the optical element and the silicon spring. At this
stage, the stresses in the silicon spring reach a maximum value.
In the final step, the positioning features on the optical element
are press-fitted into the V-shaped grooves that are part of the
mounting-slot cross section.

A collection of silicon-spring mounting slots were fabricated.
The silicon-spring designs are most readily distinguished by the
minimum thickness of the beam segment of the spring. The min-
imum thickness occurs within the circled region in Fig. 3. We
experimented with minimum-thickness values ranging from 30
to 80 m. In each case, the deflection of the spring was adjusted
to not exceed the failure stress of silicon. The forces exerted by
the silicon spring on the optical element within the mounting
slot ranged from 0.0175 N (30-m minimum-thickness spring)
to 0.116 N (80- m minimum-thickness spring).

Fig. 5 shows two experimental results of the procedure for
assembly of optical elements into the MOT. In this case, test el-

Fig. 5. Implementation of positioning features. (a) Perspective view
of a partially inserted, 150-�m-thick glass plate patterned with two
rectangular-cross-section positioning features. (b) Top view of the same glass
plate, now fully inserted into the mounting slot. Note the fit of the 50-�m-wide
positioning feature into a V-shaped groove designed in the cross section of the
mounting slot. The width of the narrowest section of the silicon spring is 40
�m.

ements coated with a hybrid glass were printed with positioning
features using abinary photomask. As a result, the positioning
features have a rectangular cross-section that measures 35m
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TABLE II
MEASURED POSITIONING ACCURACIES OF THEASSEMBLED TEST

ELEMENTS IN FIG. 5

in thickness and 50m in width [see Fig. 5(b)]. The rectangular
positioning features fit into a V-shaped groove that is etched as
part of the mounting slot. The resultant positioning accuracy of
a test element is reported in Table II.

The pitch rotation equals the tolerance calculated for the mi-
croscope objective shown in Fig. 2. The measured angle is par-
tially the result of a broadening of the mounting slot with depth
within the silicon wafer. We predict that the pitch angle can be
reduced by adjusting the height of the positioning features to
compensate for the observed broadening.

The yaw rotations were measured in the proximity of the left
V-shaped groove and the right V-shaped groove (see Figs. 3 and
4) in the mounting slot. High-magnification images of the posi-
tioning feature within a V-shaped groove were used to estimate
the magnitudes and signs of the yaw rotations [see Fig. 5(b)]. A
negative value of the yaw-rotation angle indicates clockwise ro-
tation. The angles are referenced to the edge of the mounting slot
etched in the silicon substrate. The measurements indicate that
the yaw rotation of the inserted element is small compared to
the acceptable tolerance (see Table I). Furthermore, the change
in the sign of the yaw-rotation angle indicates a deflection of the
optical element caused by the force applied by the spring. The
deflection is estimated to be between 1–2m at the midpoint
between the two positioning features located 1500m apart.

The translation along the slot was also measured using
high-magnification images of the positioning feature within
a V-shaped groove. The position accuracy can be further im-
proved by using the intended circular cross-section positioning
features rather than positioning features with a rectangular
cross-section as shown in Fig. 5(b).

The position measurements compare favorably with the as-
sembly tolerances listed in Table I. Further characterization of
assembly accuracy is required. Nevertheless, the data collected
thus far support the hypothesis that simple, zero-alignment as-
sembly of miniature imaging devices is possible.

Fig. 6 shows progress on the fabrication and assembly of
a complete microscope objective according to the design of
Fig. 2. Fig. 6(a) shows the layout of the microscope objective
isolated from other microscope components as presented
Fig. 1(b). Fig. 6(b) shows a segment of a silicon wafer etched
with an aperture and three slots that will accommodate the
optical elements needed to build the objective in Fig. 6(a).
The mounting slots are separated by 800m. The diameter
of the objective-lens aperture is 1000m. Fig. 6(c) shows a
mock-up of the final microscope-objective. At this stage, a
commercial plano-convex glass lens has been cemented into

the round aperture. Furthermore, a 150-m-thick glass plate
has been inserted into each of the three mounting slots. In the
final configuration, each glass plate will have a height of 2 mm
above the surface of the MOT silicon wafer and a width of 2
mm.

IV. FABRICATION OF MICRO-OPTICS

Our preferred approach to fabrication of microoptical and
opto–mechanical structures is based on simultaneous printing
of such structures using lithography and the hybrid sol–gel
method (Fig. 7) [6], [7]. Conventionally, the fabrication of mi-
crooptical glass structures is carried out by a multi-step process
that includes exposure of a deposited resist film through a
photomask, development, and wet or dry etching transfer of the
optical structure into the substrate material [8]–[10]. The hy-
brid sol–gel method has the unique potential for simultaneous
fabrication of microoptical and opto–mechanical structures by
UV patterning in a single lithography step [11]: No etching
transfer of patterned structures is required when using the
hybrid sol–gel method. The elimination of the etching–transfer
step potentially improves the surface quality of the finished
microoptical elements and speeds up the fabrication process
even when very thick structures are fabricated.

We have recently demonstrated the fabrication of micro-lens
arrays with lens thicknesses up to 100m, using photosensi-
tive, negative-tone hybrid glass materials and grayscale lithog-
raphy [12], [18]. Previously, we have also patterned diffrac-
tive optical elements using binary photomasks [see Fig. 7(a)].
Recent binary-photomask patterning experiments demonstrate
structure thicknesses greater than 100m and a rms surface
roughness in the range of 10–20 nm [see Fig. 8]. High film thick-
nesses are a prerequisite to optical elements of greater optical
power, i.e., shorter focal length. Reduced rms surface rough-
ness means a reduction in undesired scattering from lithograph-
ically fabricated optical elements. These results in patterning of
hybrid glass with a grayscale photomask indicate that we have
reached a patterned thickness of significant practical value. The
optical design shown in Fig. 2 requires a maximum patterned
peak-to-valley thickness, i.e., maximum sag, of 60m. The po-
sitioning features require a maximum patterned depth of ap-
proximately 35 m.

A. Patterning With Binary Photomasks

When using a binary photomask and a mercury UV lamp in
the exposure step, fabrication of binary optical structures can
be performed. Fig. 7 shows an early version diffractive-lens
element and a recent test element, both patterned using a binary
photomask and mercury UV-lamp exposure. Both elements
contain positioning features that are used in the assembly
procedure outlined in Section III. Fig. 7(a) shows an earlier
design in which the positioning features were recessed relative
to the surface of the optical element. Fig. 7(b) shows the current
design in which all hybrid-glass material is cleared from
the substrate, leaving behind protruding positioning features
(see Fig. 5). The optical surface and the positioning features
are printed simultaneously using the same photomask, thus
ensuring sub-micron alignment of the two.



DESCOURet al.: TOWARDS THE DEVELOPMENT OF MINIATURIZED IMAGING SYSTEMS FOR DETECTION OF PRE-CANCER 127

(a) (b) (c)

Fig. 6. The first step: a miniature microscope objective. (a) Scaled layout of a miniatureNA = 0:4,m = �4 microscope objective. (b) Silicon MOT substrate
micromachined with an objective-lens aperture and three mounting slots. (c) Partially assembled miniature microscope objective.

(a)

(b)

Fig. 7. Lithographically patterned optical elements. (a) A microoptical
element patterned in hybrid glass material on a 150-�m-thick glass substrate.
The thickness of the hybrid material is 17.8�m. The positioning features are
of an earlier, recessed design [11]. (b) A more recent test element made with
hybrid glass material patterned to a depth of 34�m. The positioning features
now protrude from the substrate.

Fig. 8 shows current results obtained with binary-photomask
patterning of hybrid glass. Thicknesses greater than 100 microns
have been achieved. Fig. 8(a) shows a 1000-micron diameter
cylindrical test feature patterned to an average height of 110 mi-
crons. Fig. 8(b) shows positioning features patterned to an av-
erage height of 118m. Fig. 8(c) shows height data along the
profile shown in Fig. 8(b).

(a)

(b)

(c)

Fig. 8. Lithographically patterned opto–mechanical structures using binary
photomasks.
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(a)

Fig. 9. Segment of a lenslet array patterned in hybrid glass using a grayscale
photomask. Each lenslet aperture is a square measuring 240�m on a side. (a)
Isometric view of the grayscale-patterned surface. (b) Diagonal profile of the
surface. Missing data occur due to regions of high slope on the patterned surface.

B. Fabrication of Lenslets Using Grayscale Photomasks

The fabrication of optical structures with varying thickness,
e.g., lenslets, cannot be performed by using just a single
binary photomask. A grayscale photomask has to be used in
such 3-D-structure fabrication. The features in a grayscale
photomask contain zones that have different transmission
values or equivalently, different optical densities. In our case,
when fabricating convex lenses using negative tone hybrid
glass material, the grayscale photomask exhibits the highest
transmission value in the center of a lens pattern and the lowest
transmission value at the edge of the lens aperture. Mask
transmission decreases gradually between the center and the
edge of the lens.

This spatial distribution of mask transmission and, therefore,
exposure dose leads to full polymerization of the hybrid glass
material in the center of the lens pattern and a gradually de-
creasing extent of material polymerization toward the edges of
the lens pattern. A decrease in the extent of polymerization de-
creases the thickness of the developed structure and a convex
lens shape is fabricated.

Fig. 9(a) shows a surface-topography measurement of a
lenslet patterned using a grayscale photomask and mercury
UV-lamp exposure. Fig. 9(b) shows a profile of the same
lenslet. The achieved patterned depth in this case was 59m.
The rms surface roughness was measured to be in the range of
10–45 nm.

Grayscale lithography permits the fabrication of nearly arbi-
trary optical surfaces, e.g., aspheric surfaces and non-rotation-

ally symmetric surfaces. The surface shown in Fig. 9(a), for
example, is highly aspheric. A wide selection of surface types
offers additional freedom in the design of optical systems that
are no longer constrained to consist entirely of spherical sur-
faces. A desired surface figure can be printed by appropriately
choosing the optical densities of circular zones on the grayscale
photomask.

We evaluated the surface figure in Fig. 9(a) by estimating the
departure of that surface from rotational symmetry. We fitted the
surface shown in Fig. 9(a) with a Zernike-polynomial expansion
[13]. Specifically, a surface model consisting only of four ro-
tationally symmetric Zernike polynomials was subtracted from
the measured surface topography after removal of tilt. The four
rotationally symmetric Zernike polynomials were ,

, , and
, where is a radial

coordinate normalized by the aperture radius. We found that
the greatest departures from rotational symmetry surface oc-
curred near the interfaces between adjacent lenslets in the array.
For example, within a subaperture of 175-m radius, the peak
departure from a rotationally symmetric surface was 1.6m.
The corresponding rms departure from rotational symmetry was
300 nm. We anticipate a reduction in the departure from rota-
tional symmetry when isolated lenslets such as those required
by the optical design of Fig. 2 are printed.

C. Hybrid Glass Material

The negative tone hybrid glass materials are used to fabricate
optics and opto–mechanics structures. These hybrid materials
contain an inorganic base matrix that is prepared by hydrolysis
and condensation of alkoxysilanes. The inorganic base matrix
is provided with side chains containing terminal carbon double
bonds that provide the material with photopolymerizability. In
addition, acrylate monomers can be added to the material to in-
crease the crosslinking density of the prepolymer solution. The
viscosity of the prepolymer solution needs to be high to result in
structures of large thickness. In addition, the material adhesion
to the substrate material, e.g., glass, has to be high. The adhe-
sion problems of the hybrid glass material are associated with
the densification, e.g., shrinking, of the patterned hybrid glass
structures during the final baking step.

By careful design and control of the hybrid glass material’s
synthesis, we have demonstrated the fabrication of opto–me-
chanical and optical structures with large thicknesses (see
Figs. 8 and 9). A more detailed description of the material
synthesis is given elsewhere [12].

The hybrid glass material features an index of refraction of
1.53 at 632.8 nm. The fabricated surfaces exhibit a rms sur-
face roughness in the range of 10–45 nm. The transmission of a
150- m-thick film of this hybrid glass material deposited on a
1.1-mm-thick glass substrate is greater than 97% at wavelengths
ranging from 450 to 1600 nm. An uncoated glass substrate was
used as a reference in the transmission measurements.

V. SUMMARY

We have presented progress toward the construction of
simple, potentially low cost, miniature imaging devices that are
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based on novel materials and microfabrication technologies.
We have reported a “snap-together,” zero-alignment method of
assembling optical elements using a bulk micromachined sil-
icon substrate in the role of a microoptical table. The assembly
of compound optical systems such as a miniature microscope
objective is assisted by the use of silicon springs that promote
accurate positioning of individual optical elements (Fig. 5).
The measured position parameters of test elements are equal
to or better than the tolerances calculated for the microscope
objective shown in Figs. 1(b) and 2.

Optical elements are fabricated using a hybrid glass in a
process that eliminates the step of etching transfer from the
conventional method of lithographic fabrication of optics. We
have reported patterning of the hybrid glass to heights in excess
of 100 m. A height of this magnitude implies that 1-mm
diameter refractive optical elements of effective focal length as
short as 2.5 mm can be printed using a grayscale photomask.
Furthermore, the hybrid glass is well-suited to the fabrication
of microopto–mechanical structures that aid in the accurate
alignment of multiple optical elements [see Figs. 5(b) and 7(b)].

The inclusion of micro-actuator devices in the context of the
microscope-on-a-chip can significantly enhance the capabilities
of such a miniature imaging device. The scanning grating shown
in Fig. 1(b), for instance, enables optical sectioning by means
of structured illumination [14]. Lateral resolution may be en-
hanced in a similar fashion by means of a grating capable of
both translation and rotation [15], [16].

A significant remaining challenge is to combine in one minia-
ture imaging device the capabilities to image a large field of
view with low resolution and a smaller field of view with high
resolution. In a conventional bench-top microscope, such a com-
bination is effected through a rotating turret equipped with a va-
riety of microscope objectives. The concept of a rotating turret
has not yet been translated into the micro-scale but other adapta-
tions exist such as a translating optical subsystem that operates
in series with one of two fixed sets of optics [17].
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