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Fiber Endoscopes Utilizing Liquid Tunable-Focus
Microlenses Actuated Through Infrared Light

Xuefeng Zeng, Carter T. Smith, Jon C. Gould, Charles P. Heise, and Hongrui Jiang, Senior Member, IEEE

Abstract—We report on prototype fiber endoscopes with tun-
able-focus liquid microlenses integrated at their distal ends and
actuated through infrared (IR) light. Tunable-focus microlenses
allow minimal back-and-forth movements of the scopes them-
selves and different depths of focus (DOFs), thus having spatial
depth perception in the obtained images. The liquidmicrolens
was formed by a water—oil meniscus pinned at a hydrophobic—
hydrophilic boundary at an aperture. IR light-responsive
hydrogel microstructures were formed by photopatterning
thermo-responsive N-isopropylacrylamide hydrogel with en-
trapped IR light absorbing gold nanoparticles. The volumetric
change in the hydrogel microstructures regulated the pressure
difference across the water—oil interface and thus varied its focal
length. The operations of the microlenses were realized through
light transmitted via optical fibers. The images obtained from
the microlenses were transferred via image fiber bundles. For
two alignments between the hydrogel structures and the fibers,
the response times of the microlenses are 65 and 20 s, respec-
tively. Images of the simulated polyps in simulated colons were
obtained. The range of focal length of a typical microlens was
from 52 to 8 mm. The angle of view of an endoscope was from
77° to 128°. A microlens array could potentially be utilized to
simultaneously obtain different DOFs and to increase the field
of view. [2010-0278]

Index Terms—Endoscopes, hydrogel, liquid—liquid meniscus,
nanoparticles, optical fibers, tunable-focus microlenses.

1. INTRODUCTION

NDOSCOPY, which was intended as a methodology to
obtain images of the interior surfaces of cavities in human
bodies, can be traced back to 1800 [1]. Current commercially
available rigid or flexible endoscopes enable exploration of the
gastrointestinal tract, including the esophagus, stomach, colon,
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and in part the small bowel, as well as the joint spaces, the
abdominal cavity, thorax, and other structures. This has aided
in understanding their structures and functions and is essential
in diagnosing pathology and delivering therapy [2]. In recent
years, due to technical improvements, such as the invention
of wireless capsule endoscopy [3] and robotic surgery [4],
minimally invasive surgery has become a common medical
procedure. The future of endoscopy holds promise for advanced
minimally invasive procedures like natural orifice transluminal
endoscopic surgery.

Current fiber endoscopes use single optical lenses, such
as rod lenses and gradient index lenses, at the distal ends
of fibers or in front of charged-couple devices (CCDs) for
imaging [5], [6]. However, the focal length of these single
lenses is nontunable. The tiny lenses in a conventional zoom
optical system require supporting rings to hold the bulk of
the lenses and actuators to move the lenses in the system;
they are hard to manufacture and assemble due to the small
space in endoscopes. Resulting from these single lenses, the
large depth of focus (DOF) is required for clearer images, but
the depth perception in images is lost, which is one of the
largest challenges for surgeons to adapt a 2-D flat view of the
surgical field [7]. Some 3-D depth recovery has been realized
by software estimations but with limited success [8]. Hence,
endoscopic surgeons need extensive training due to the need
for constant and skillful manual maneuvering of the endoscopes
during procedures [2], [7].

Tunable-focus microlenses integrated at the end of fiber
endoscopes can scan the areas of interest with minimal or no
back-and-forth movements of the scopes themselves. Benefit-
ting from the variable focal length of the microlenses, different
DOFs and thus spatial depth perception can be obtained in the
images, which would greatly advance endoscopy and increase
the efficiency of endoscopic surgeons [9], [10]. Tunable-focus
microlenses have been achieved by mechanical pressure [11],
[12] or displacement [13], electrochemistry [14], electrical field
[15], electrowetting [16], [17], and environmentally adaptive
hydrogel [18]. However, current tunable microlens technologies
are not best suited for this due to their relatively large size, com-
plicated fabrication, and demanding actuation [19]. In addition,
these methods require mechanical, electrical, and environmen-
tal signals to tune microlenses; there remains a challenge to
integrate these microlenses with other optical components in
endoscopes. Particularly in the biological and medical fields,
electrical controls and high-pressure fluid circulation should be
avoided [20].

We recently reported preliminary results on liquid micro-
lenses actuated through infrared (IR) light-responsive
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Fig. 1. (a) Schematic and (b) 3-D schematic of a prototype endoscope with
a liquid tunable-focus microlens integrated at its end and actuated through IR
light. Two sets of optical fibers are used: the actuation fibers and the image
acquisition fiber bundle. IR light is transmitted via the actuation of optical
fibers to tune the focal length of the microlens at the end of the fibers. Images
from the microlens are transferred to a camera via the image acquisition fiber
bundle.

hydrogel microstructures [9]. Here, we demonstrate prototype
endoscopes with tunable-focus liquid microlenses integrated at
their distal end and actuated through IR light. Light transmitted
through optical fibers was used for the operation and image
acquisition of the microlenses. IR light-responsive hydrogel
microstructures, which were made of thermo-responsive N-
isopropylacrylamide (NIPAAm) hydrogels with entrapped gold
nanoparticles that had distinct and strong absorption at the IR
spectrum, were used for the actuation of the microlenses. Two
types of endoscopes, i.e., Endoscopes I and II, are presented
here. The hydrogel microstructures were defined by fibers in
Endoscope I and by masks in Endoscope II. The response time
and the alignment of microlenses from these two endoscopes
were compared. The focal length of a typical microlens varied
from 52 to 8 mm. The angle of view (AOV) of Endoscope II
was measured to be from 77° to 128°. Microlens arrays with
various sizes of microlenses could potentially obtain diverse
DOF and increase the field of view (FOV).

II. PRINCIPLES AND STRUCTURES

Fig. 1 shows the (a) schematic and (b) 3-D schematic of
a prototype endoscope with a liquid tunable-focus microlens
that is integrated at the distal end. Two sets of optical fibers,
i.e., actuation optical fibers and image acquisition fiber bundle,
are connected to the back side of the microlens. IR light
is transmitted via the actuation optical fibers to actuate the
hydrogel microstructures and thus vary the focal length of the
microlens at the end of the fibers. Images from the tunable-
focus microlens are transferred to a camera via the image
acquisition fiber bundle.

Fig. 2 shows the cross-sectional structure of the liquid
tunable-focus microlens and its two statuses, i.e., divergent and
convergent. We previously reported on the mechanism of the
microlens [9]. A curved water—oil interfacial meniscus forms
the liquid microlens, and its circumference is pinned by a
hydrophobic—hydrophilic (H-H) boundary at the top edge of
an aperture [9], [18]. Oil prevents the evaporation of water
and serves as lens material owing to its higher refractive index
(1.48) than water (1.33).
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Fig. 2. Schematic of a liquid tunable-focus microlens in two statuses: di-
vergent and convergent. A water container consists of two components: a
polymer plate with an aperture for the top plate and a glass slide for the bottom
plate. The sidewalls and bottom surfaces of the aperture are chemically treated
hydrophilic, whereas the top surfaces are naturally hydrophobic, forming an
H-H boundary. A curved water—oil interfacial meniscus, pinned by the H-H
boundary at the top edge of the aperture, forms the microlens. Oil prevents
the evaporation of water and serves as lens materials owing to the higher
refractive index. The microlens is actuated by multiple IR light-responsive
hydrogel microstructures defined either by a photomask or by the actuation
optical fibers. Gold nanoparticles are entrapped in the network of the hydrogels
and generate heat from the IR light to control the temperature in the hydrogels.
The volumetric change in the hydrogels depending on temperature regulates
the pressure difference across the water—oil interfacial meniscus, protruding
upward (divergent) with the expanded hydrogels and bulging downward (con-
vergent) with the contracted hydrogels, and thus tunes the resultant focal length
of the microlens. Under IR light, the microlens scans from far to near, which is
called a “forward” cycle. After the IR light is removed, the hydrogels expand
back to the original status, and the microlens scans “reversely.” In both cycles,
the microlens operates in the convergent status.

The microlens is actuated by multiple IR light-responsive
hydrogel microstructures, which are formed in the water con-
tainer under UV radiance. The position of each hydrogel post
is defined either by a photomask or by each actuation optical
fiber. The polymer chains in the IR light-responsive hydrogel
can either repel each other and be swollen or attract each
other and be very compact, depending on local temperatures
controlled by irradiated IR light, resulting in the volumetric
change of the hydrogel [21]. The volumetric change regu-
lates the pressure difference across the water—oil meniscus.
The meniscus protrudes upward with an expanded hydrogel
and bulges downward with a contracted hydrogel, varying
its curvature and the resultant focal length of the microlens
(from divergent to convergent). Therefore, the microlens can
scan the areas of interest with minimal or no back-and-forth
movements and obtain spatial information from different DOFs
of the microlens. The IR light-responsive hydrogel contains
gold nanoparticles with distinct and strong optical absorption
of IR light [9], [22]. Under IR light, the nanoparticles in the
hydrogel absorb IR light, generating heat to cause the hydrogel
to contract. The microlens thus scans from far to near, which
is called a “forward” cycle. After the IR light is removed, heat
dissipates, the hydrogel expands back to the original status, and
the microlens scans “reversely.” In both cycles, the microlens is
designed to always operate to converge light.
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III. FABRICATION PROCESSES
A. Polymer Materials

The microlens consists of three polymers: 1) poly isobornyl
acrylate (poly-IBA) for the formation of the water container
including an aperture and a microchannel; 2) polydimethyl-
siloxane (PDMS) for the formation of the oil container; and
3) IR light-responsive hydrogel, namely, NIPAAm hydrogel
entrapped with gold nanoparticles, for the actuation component
of the microlens. Under UV radiation, the IBA and NIPAAm
hydrogel solutions can be solidified and photopatterned because
of the photopolymerization (like negative photoresist) called
liquid-phase photopolymerization or LP3. The detailed recipe
of poly-IBA and PDMS can be found in previous articles [9],
[23], [24].

The IR light-responsive hydrogel consists of five compo-
nents: 1) 0.545-g NIPAAm as the monomer; 2) 0.0385-g
2,2-dimethoxy-2-phenylace-tophenone as the comonomer;
3) 0.031-g N,N’-methylenebisacrylamide as the cross-linker;
4) 0.75-mL dimethyl sulfoxide; and 5) 0.25-mL gold nano-
particle solution as the solvents. All the chemicals are used as
received.

The water-soluble gold nanoparticles coated with thiolated
poly-(ethylene glycol) (PEG) ligand are synthesized using
Brust method [9], [25], [26]. The thiolated PEG chains are
methyl terminated and do not add chemical functionality.
Benefitting from this coated polymer, the nanoparticles are
aqueous soluble and uniformly entrapped in the polymerized
NIPAAm hydrogel network after polymerization. First, 2.19 g
of tetraoctylammonium bromide ([CH3(CHz)7]4NBr) was dis-
solved in 80 mL of toluene, and 30 mL of a 30-mM aqueous hy-
drogen tetrachloroaurate (HAuCly) solution was added. Under
stirring, 100 mg of hexanethiol was added, followed by slowly
adding 25 mL of 0.4-M aqueous sodium borohydride (NaBH,)
solution. After the mixture was stirred for 1 h, the solvent was
evaporated, and the organic layer was isolated. The particles
were washed three times with ethanol. The gold particles were
then collected and dispersed in 10 mL of dichloromethane
(DCM). Next, 10 mL of 1.82-mM aqueous polyethylene glycol
(PEG) solution was added for the exchange reaction. After
24 h, DCM was removed under reduced pressure with mild
heat, and the particles with excessive PEG were redispersed
in DCM and stirred for another 48 h. The particles were
again evaporated dry, redispersed in deionized (DI) water, and
centrifuged to remove insoluble particles. The concentration of
gold nanoparticles in the solution was around 4.7 mg/mL. Fig. 3
shows the scanning electron microscope (SEM) image of the
synthesized gold nanoparticles coated with PEG-thiol polymer.
To take the SEM image, a droplet of gold nanoparticle solution
was placed onto a glass slide and evaporated dry. The SEM
image was taken with thermally assisted field emission SEM
(Leo 1530, Zeiss/LEO, Oberkochen, Germany). The diameter
of the gold nanoparticles is between 10 and 20 nm.

B. Device Fabrication

The device was fabricated through LP3 without the need for
a clean room facility [9], [23]. Fig. 4 shows the fabrication

Fig.3. SEM image of the gold nanoparticles coated with PEG-thiol polymers.
To take the SEM image, a droplet of gold nanoparticles solution is placed onto
a glass slide and evaporated to dry. The scale bar represents 100 nm.

process flow of a tunable-focus microlens integrated at the
ends of optical fibers. First, a polycarbonate cartridge cavity
(40 mm x 22 mm, HybriWells, Grace Bio-Labs, Inc., Bend,
OR, USA) was filled with IBA solution. The thickness of
the cavity was defined by 250-um-thick spacers (3M Cor-
porate, St. Paul, MN, USA). After filling the chamber with
IBA prepolymer solution, a film mask (Mask I) was placed
on top of the cartridge to pattern a circular poly-IBA aper-
ture in the cavity through LP? under UV radiance (intensity
Iyy = 8.2 mW/em?; time, ¢t = 23 s), as shown in Fig. 4(a).
The UV radiance was controlled by a desktop EXFO Actic-
ure S2000 (EXFO Photonics Solutions, Inc., Missisauge, ON,
Canada). The masks were transparent films with high resolution
(3000 dpi) printed by Imagesetter, Inc. (Madison, WI, USA).

Then, the bottom liner plate was peeled off, and the poly-
IBA aperture plate with the cartridge plate was flipped over.
Next, another film mask (Mask II) was used as the top plate, and
a cavity around 800 pm thick was formed by similar spacers
(3M Corporate, St. Paul, MN, USA). A water container and a
connecting microchannel were formed on top of the poly-IBA
aperture plate through LP? using the same exposure intensity
but the different exposure time (¢ = 35s), as shown in Fig. 4(b).

Next, the mask was removed from the top of the water
container. The sidewalls and top surfaces of the poly-IBA plate
were treated from hydrophobic to hydrophilic with corona
discharge plasma for 30 s [27] (BD-20AC, Electro-Technic
Products Inc., Chicago, IL, USA), as shown in Fig. 2(c).
The red lines in Fig. 4(c) stand for the hydrophilic surfaces.
The contact angle of the DI water on surfaces was measured
by a goniometer (OCA 154, Dataphysics Instruments Inc.,
Germany). The contact angles of the DI water on the surface
of the poly-IBA plate were 105° and 47°, respectively, before
and after plasma treatment. The bottom surfaces maintained
their natural hydrophobicity because of the protection from the
cartridge plate. Therefore, an H-H boundary was formed at the
top edge of the aperture.

Then, the bottom cartridge plate was removed, and the
whole poly-IBA plate was flipped over again and bonded
onto a glass slide (76.2 mm x 25.4 mm x 1.0 mm, Fisher
Scientific Inc., Pittsburgh, PA, USA), completing the water con-
tainer and the connecting microchannel, as shown in Fig. 4(d).
Epoxy (ITW Devcon, Danvers, MA, USA) was applied to
the edge of the plate to prevent the leakage of liquids. An



586 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 20, NO. 3, JUNE 2011

Spacer Cartridge Mask | Poly-IBA

Liner
S S S R LA
L S —
(b) Mask Il Cartridge
[ |
Corona discharge plasma
(© Hydrophilic
[— ]
Hydrophobic
[OTS]
(d) o
Hydrogel so |

| Glass substrate

(el)

\ Hydrogel posts |
Optical fibers -
o |

[ 2 A
“Mask Il

Hydrogel posts

el

,Blocking layer

ol N W

\ !
Optical fibers ”l\‘\\l

Iy ]
IPDMS Glass cover slip i
(9) . .
\ I I |

Fig. 4. Fabrication process flow of a tunable-focus liquid microlens integrated
at the end of optical fibers. The whole process is based on LP3. (a) A poly-
IBA aperture is patterned in the cavity under UV radiance. The thickness of
the cavity is defined by the spacers and is 250 pm. (b) The bottom liner
plate is peeled off, and the cartridge plate is flipped over. A film mask is
used as the top plate, and a cavity around 800 pm thick is formed. A water
container and a connected microchannel are formed on top of the poly-IBA
aperture plate through LP3. (c) The sidewalls and top surfaces of the poly-
IBA plate are treated from hydrophobic to hydrophilic with corona discharge
plasma. (d) The bottom cartridge plate is removed, and the whole poly-IBA
plate is flipped over again and is bonded onto a glass slide, forming the water
container and the connecting microchannel. The top surface of the aperture
plate is treated with OTS for better hydrophobicity. The IR light-responsive
hydrogel solution is flowed into the water container through the microchannel.
(e I) A set of optical fibers are connected to the back side of the glass slide.
Hydrogel microstructures are photopolymerized and patterned in the water
container under UV light emitted from the corresponding optical fibers. Each
hydrogel post is self-aligned with the corresponding optical fiber. (e II) A mask
is placed onto the back side of the glass slide, and hydrogel microstructures
are formed in the water container through LP3. Afterwards, the optical fibers
are connected to the back side of the glass slide. The hydrogel microstructures
number more than the optical fibers. The light emitted from one optical fiber
can be absorbed by multiple hydrogel microstructures. (f) A blocking layer
made of a nontransparent film is placed on top of the aperture plate to reduce
or eliminate the effect of strong IR light on images. (g) A PDMS ring, whose
surface is treated with corona discharge plasma to improve the adhesion, is
bonded on top of the blocking layer and covered by a glass slide to form an oil
chamber.

octadecyltrichlorosilane (OTS) solution diluted by hexadecane
(0.2% v/v) was applied onto the top surface of the aperture plate
to coat a monolayer for higher hydrophobicity. As a result, the
contact angle of the DI water increased to 116°. The green lines
in Fig. 4(d) stand for the hydrophobic surfaces. The IR light-
responsive hydrogel solution flowed into the water container
through the microchannel.

Two methods were shown here to form the hydrogel mi-
crostructures in the water container. Each method is for a
different endoscope prototype. The results and the performance
of these hydrogel microstructures on the microlenses and en-
doscopes are compared in Sections V-C and V-E, respectively.
Fig. 4(e I) shows the setup to pattern the hydrogel microstruc-
tures in the water container by utilizing optical fibers, which
was used in Endoscope 1. A set of optical fibers (1035 pm
cladding, F-MBE; 630 pm cladding, F-MSC; Newport Corpo-
ration, Irvine, CA, USA) were bound and attached to the back
side of the glass slide by machined adapters. Each hydrogel post
was patterned under UV light emitted from the corresponding
optical fiber for 3 s. The output intensity of UV light from the
fiber was measured by a power meter (FieldMaxII laser power
meter, Coherent Inc., Santa Clara, CA, USA) with a UV sensor
(OP-2 UV enhanced silicon optical sensor, Coherent Inc., Santa
Clara, CA, USA) to be 4.8 mW/cm?.

The other method is to define the hydrogel microstructures
by a mask, which was used in Endoscope II. The mask (Mask
IIT) was placed onto the back side of the glass slide, and
the UV exposure parameters were Iyy = 12.5 mW/cm? and
t =19 s, as shown in Fig. 4(e II). Afterwards, the optical
fibers were bound together and attached to the back side
of the glass slide. The number of hydrogel microstructures
is more than that of optical fibers. The light emitted from
one optical fiber could be absorbed by multiple hydrogel
microstructures.

Next, a blocking layer made of a nontransparent film was
placed on top of the aperture plate to reduce and eliminate the
effect of IR light on images in the “forward” cycle, as shown
in Fig. 4(f). As shown in Section V-E, without this blocking
layer, no images could be taken during the “forward” cycle
because the IR light for the actuation made the FOV too bright.
Finally, a PDMS ring, whose surface was treated with corona
discharge plasma to improve the adhesion, was bonded on top
of the blocking layer and covered by a glass slide to form an oil
chamber, as shown in Fig. 4(g).

IV. MODEL OF CHANGE IN FOCAL LENGTH

To estimate the dynamic focal length of microlenses as a
function of time, a simple physical model is presented. Here,
we ignore the gravity and assume that the water—oil interfacial
meniscus is spherical. Thus, the relationship between the vol-
ume of water V' and the radius of curvature of the water—oil
meniscus R is given as

V=2(R-VE @) R +a® - RVE —a®) (1)

where a is the radius of the aperture.
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TABLE 1
COMPARISON OF TWO TYPES OF ENDOSCOPES: ENDOSCOPES I AND 11
Endoscope | Endoscope 11
Core diameter of actuation 600 1000
optical fiber (um)
Number of actuation optical 6 12
fiber
Method of defining hydrogel Via actuation optical fibers Via masks
microstructures
Number of defined hydrogel 6 48
posts
Blocking layer No Yes
Diameter of image acquisition | 6 2
fiber bundle (mm)
Resolution of image 3,200 17,000
acquisition fiber bundle
Camera connected to image Regular camera Industrial camera
acquisition fiber bundle

Thus, the focal length of the microlens can be calculated from

f _ Nwater * R (2)
Noil — Nwater
Here, no;; and nyater are the refractive indices of oil (1.48)
and water (1.33). Then, the calculated curves are fit with the
measured points.

V. EXPERIMENTS AND RESULTS
A. Two Types of Endoscopes

Here, we present two types of endoscopes, i.e., Endoscopes |
and II. First, Endoscope I was assembled and tested. Based on
the testing results of Endoscope I, improvements were made to
the design, and Endoscope II was then assembled and tested.
The differences between Endoscopes I and II are listed in
Table 1.

B. Absorption Spectra of Gold Nanoparticle Solution
and Hydrogel

The absorption spectra were measured by an Edmund Indus-
trial Optics CCD spectrometer (Edmund Optics, Barrington,
NIJ, USA). The scanning wavelength range was from 400 to
1050 nm. All the liquid samples were measured in cuvets
with 1-mm-long light path. The hydrogel with entrapped gold
nanoparticles was polymerized in a cuvet under UV radiance
(Iyy = 12.5 mW/cm?) for 5 min. Fig. 5 shows the absorption
spectra of the hydrogel solution, the polymerized hydrogel, DI

_-—l H;/drog'el poiyme;
| — Hydrogel solution

| — Water
L Qil

Relative absorption

1
1000

400 500 600 700 800 900
Wavelength (nm)
Fig. 5. Absorption spectra of the polymerized IR light-responsive hydrogel

with entrapped gold nanoparticles, gold nanoparticle solution, DI water, and
oil. The gold nanoparticles in the solution and entrapped in hydrogel have a
peak absorption between 660 and 730 nm.

water, and oil. The gold nanoparticles in the hydrogel solution
and the polymerized hydrogel had a peak absorption between
660 and 730 nm, which was at near-IR spectrum.

C. Patterned Hydrogel Microstructures

Fig. 6 shows a photo of the patterned hydrogel microstruc-
tures. The hydrogels were defined either by the actuation optical
fibers or by the mask, as described in Section III-B. Two kinds
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Fig. 6. Photo of the hydrogel microstructures photopatterned in the water con-
tainer under UV radiance. (a) The hydrogel microstructures are formed under
UV light transmitted via six optical fibers whose diameter is 1 mm. (b) The
hydrogel microstructures are formed under UV light transmitted via 12 optical
fibers whose diameter is 600 4m. Owing to the large radiation angle of UV light
emitted from optical fibers, the patterned hydrogel microstructures are larger
than the optical fibers. Because the fibers are cut manually by a fiber cleaver
and an incision is left on the cutting surface of the optical fibers, light emitting
from the optical fiber and the resultant patterned hydrogel microstructures are
not round and uniform in shape. (c) The hydrogel microstructures are formed
through Mask III shown in Fig. 4(e II) under UV radiance. The mask-defined
hydrogel microstructures are more compact and uniform than the fiber-defined
microstructures.

of optical fibers with different sizes were tested, as listed in
Table I. In Fig. 6(a), UV light was emitted from six bound
optical fibers (F-MBE multimode fiber, Newport Corporation,
Irvine, CA, USA) whose core diameter was 1 mm. In Fig. 6(b),
the UV light was from 12 bound fibers (F-MSC multimode
fiber, Newport Corporation, Irvine, CA, USA), whose core
diameter was 600 ym. Owing to the large radiation angle of
the UV light emitted out from the optical fibers, the patterned
hydrogel microstructures were larger than the optical fibers.
Because the fibers were cut manually by a fiber cleaver (F-CL1,
Newport Corporation, Irvine, CA, USA), and an incision was
left on the cutting surface of the optical fibers, the light emitting
from the optical fibers and the resultant patterned hydrogel
microstructures were not round and uniform in shape.

In Fig. 6(c), there were 42 hydrogel microstructures formed
under UV radiance via Mask III in Fig. 4(e II). Compared with
those hydrogel microstructures defined by fibers, the mask-
defined hydrogel microstructures were more compact and uni-
form but not as well aligned. In addition, without the limitation
from machining, more and denser hydrogel microstructures
could be formed through masks, and thus, the response time
of the microlens could be improved (decreased) [9].

D. Connecting Adapters

In Endoscope I, an image acquisition fiber bundle ProVision
PV618 (Pro-Vision Video System, Kentwood, MI, USA) was
used, whose diameter is 6 mm and pixel number is 3200. To
increase the resolution and reduce the size of fiber bundles,
Zibra Milliscope II S/N-P3919 (Zibra Corporation, Westport,
MA, USA), whose diameter is 2 mm and pixel number is
17000, was used for transferring images in Endoscope II. All
the optical fibers and fiber bundles were bound together by
adapters and were attached to the back side of a microlens.
Fig. 7 shows a photo of Endoscope II with the tunable-focus
microlens integrated at its end. The Zibra fiber bundle and the
12 optical fibers (F-MSC) were used here. There were two
sets of adapters used. One set was to connect the liquid guide
from the light sources to the actuation optical fibers, and the
other set was to connect the actuation optical fibers and the

Microlens

Adapters

Optical fibers

—

Image fiber bundle

\/

Photo of Endoscope II with a tunable-focus liquid microlens at their
end. An image acquisition fiber bundle (Zibra) and 12 optical fibers (F-MSC)
are bound together and attached to the back side of the microlens by adapters.

Fig. 7.

image acquisition fiber bundle to the back side of the glass
slide with the microlens, as shown in Fig. 7. All the adapters
were made of aluminum alloy or polycarbonate and were fixed
by set screws [28]. The transmission efficiency of IR light
from a light source (1000-W research quartz tungsten halogen
lamp, Newport Corporation, Irvine, CA, USA) to the hydrogel
microstructures was measured to be less than 3%.

E. Images of Objects From Two Endoscopes With
Tunable-Focus Microlenses

Endoscope I consists of a microlens with six hydrogel mi-
crostructures formed through the optical fibers, as shown in
Fig. 6(a), and the ProVision fiber bundle connecting to a regular
camera (Minolta DIMAGE Z1 digital camera). The diameters
of the microlens and each hydrogel post were 1.8 and 2 mm, re-
spectively. The IR light used to actuate the hydrogel microstruc-
tures was generated from the light source and transmitted via
the optical fibers, as shown in Fig. 1. No blocking layer was
used in this microlens. A transparent film with the printed logo
“W” was placed 50 mm away from the microlens. Images from
the endoscope with the microlens were taken and recorded.
Fig. 8(a) shows the frame sequence of the focused images in the
“reverse” scanning cycle of the microlens transferred from the
ProVision fiber bundle. Each hexagon pixel stands for one fiber
in the image acquisition fiber bundle. No images were shown
here for the “forward” cycle because without the blocking layer,
the IR light for actuation makes the FOV too bright. At the time
instant of 0 s, when the IR light was off, the hydrogels were
most contracted. Owing to the dissipation of heat, the hydrogels
began to expand to the original swollen status. The focal length
of the microlens and the size of the resultant image increased.
The “forward” and “reverse” scanning cycles took 30 and 35 s,
respectively.

For Endoscope II, the microlens with 42 hydrogel mi-
crostructures, as shown in Fig. 6(c), formed through the mask
was attached to the Zibra fiber bundle. The diameters of the
microlens and each hydrogel post were 1.8 and 1 mm, re-
spectively. Two transparent films with the printed logo “W”
and “UW” were placed 15 and 50 mm, respectively, away
from the microlens at one end of the fiber bundle. The
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Fig. 8. (a) Frame sequence of the focused images obtained from Endoscope I
in the “reverse” scanning cycle of the microlens. Owing to the strong IR light
for actuation during the “forward” scanning cycle, the images are blank and
are not shown here. The microlens is actuated by six hydrogel microstructures
formed through optical fibers. Each hexagon pixel stands for one fiber in the
image acquisition fiber bundle. At 0 s, when the IR light is switched off, the
hydrogels are most contracted. Owing to the dissipation of heat, the hydrogels
begin to expand to the original swollen status. The focal length of the microlens
increases, and thus the size of the resultant image increases. (b) Frame sequence
of the focused images obtained from Endoscope II in one scanning cycle of the
microlens. The microlens is actuated by 42 hydrogel microstructures formed
through the photomask. From 1.3 to 9.3 s, the IR light is on, and the microlens
scans the area in a “forward” cycle. The logo “W” is focused at 3.6 s. The
logo “UW?” is focused at 6.0 s. After 9.3 s, the IR light is off, and the microlens
begins to scan “reversely.” At 10.0 and 14.0 s, the microlens subsequently scans
the two images plates again. Finally, at 20.1 s, the microlenses complete one
scanning cycle.

images were recorded by an industrial CCD camera (AVT
Stingray IEEE1394 C-mount cameras, Allied Vision Technolo-
gies GmbH, Germany) connected to the other end of the fiber
bundle. Fig. 8(b) shows the frame sequence of the focused
images obtained from the fiber bundle within one scanning
cycle. Initially, the images were out of focus and blurry. From
the time instant of 1.3-9.3 s, the IR light was on, and the
microlens scanned along the optical axis “forwardly.” At the
time instant of 3.6 s, the image plate with the logo “W” was

focused. Then, at the time instant of 6.0 s, the image plate with
the logo “UW” was focused. From the time instant of 9.2 s, both
image plates were out of focus and became blurry again. After
the time instant of 9.3 s, the IR light was off and the microlens
began to scan “reversely.” At the time instant of 10.0 and 14.0's,
the microlens subsequently scanned the two image plates again.
Finally, at the time instant of 20.1 s, the microlens completed
the scanning of the area, and both image plates were blurry.

From the device fabrication, the fiber-defined hydrogel mi-
crostructures in Endoscope I have better alignment to the
optical fibers. However, because the size of the hydrogel mi-
crostructures is larger and their number is fewer, the response
time of the microlenses actuated by them is slower. On the other
hand, many mask-defined hydrogel microstructures can easily
and simultaneously be formed with a smaller size, and thus,
the response time of microlenses in Endoscope II actuated by
them is much shorter. Nonetheless, the alignment between these
mask-defined hydrogel microstructures and optical fibers needs
to be carefully handled.

F. Images of Simulated Organs From Endoscope 11

To obtain more clinically relevant images, an endoscopic
environment was constructed to simulate the human colon and
was observed by Endoscope II. The colon was simulated from
flexible plastic pipe (Amerimax Home Products Inc., Chicago,
IL), and its inner and outer diameters were 95 and 115 mm,
respectively. Simulated tissue (Simulab Corporation, Seattle,
WA) was used to create colonic polyps with diameter ranging
from 3 to 10 mm. This mimics the range of polyps that are
clinically relevant, as most are less than 10 mm [29]. Fig. 9
shows the frame sequence of the focused images of the sim-
ulated colon and polyps obtained from Endoscope II in one
scanning cycle. Initially, there were three polyps in the field.
From the time instant of 1.8 s, the IR light was on, and the FOV
began to expand. At the time instant of 4.6 s, there were four
polyps in the other end of the simulated colon in the field. From
the time instant of 5.2 s, the IR light was off, and the FOV of
the microlens began to shrink. At the time instant of 11.4 s, the
microlens went back to the original status.

G. Effect of the Size of Microlenses on Focal Length

The microlens array with three microlenses was simultane-
ously actuated by 18 hydrogel posts and was used to scan image
planes, as shown in Fig. 10(a). The diameters of the microlenses
were 1.2, 1.5 and 1.8 mm, respectively, and each hydrogel post
was 1 mm in diameter. Two logos, i.e., W and UW, were printed
on transparency films and were 54 and 104 mm, respectively,
below the glass substrate with the microlens array. A camera
was placed above the microlens array to monitor and record
images. Fig. 10(b) shows the focused image from the microlens
array at a certain time. Each microlens focused on different
focal planes with a limited DOF. The spatial perception could
be obtained by overlaying images from each microlens.

The focal length of the convergent microlens was mea-
sured by optically determining the minimum focused point
of a collimated incident light beam along the optical axis at
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Fig. 9. Frame sequence of the focused images of the simulated human colon and polyps obtained from Endoscope II in one scanning cycle of the microlens.
Initially, three polyps could be observed in the field. From the time instant of 1.8 s, the IR light was on, and the AOV began to increase. At the time instant of
4.6 s, one extra polyp and the other end of the simulated colon lumen could be observed in the field. From the time instant of 5.2 s, the IR light was off, and the
AOQV of the microlens began to decrease. At the time instant of 11.4 s, the microlens went back to the original status.

a
@ ' Camera

Lens

54 mm

50 mm

Fig. 10. (a) Schematic of scanning image planes using the tunable-focus
microlens array. Two transparency films with the logo “W” and “UW” are
located below the microlens array at 54 and 104 mm, respectively. A camera
is placed above the microlens array to monitor and record images. (b) Focused
image from the microlens array at one time instant showing different focused
points. Three microlenses are simultaneously actuated, and their diameters are
1.2, 1.5 and 1.8 mm, respectively. Each microlens focuses on different focal
planes with a limited DOF. Therefore, the spatial perception could be obtained
by overlaying images from these microlenses.

different temperatures [23]. The temperature variation in the
hydrogels caused by IR light irradiation during the microlens
operation was recorded by a thermocouple (SSC-TT-K-40-36,
Omega Engineering, Inc., Stamford, Connecticut, USA). The
dynamic change in the focal length of a microlens array in the
“forward” scanning cycle was therefore obtained [9]. Fig. 11(a)
shows the schematic setup to measure the focal length of these
microlenses. The IR light for the actuation was shone from an
oblique angle instead of via the optical fibers in this experiment.
The focal length of each microlens was measured separately.
The focal length of these microlenses as a function of time was
measured and plotted in Fig. 11(b). Error bars indicating the
standard deviation in the focal length of the microlens are also
shown. The focal length of the microlenses varied from 52 to
8 mm in half a minute. The curves calculated from (1) and (2)
were fit with the measured data.

From (1) and (2), the focal length of the microlenses depends
on the size of the apertures. Therefore, multiple microlenses
with different sizes of apertures can focus on points at different
distances with limited DOF at a given time instant. The DOF of

the microlenses depends on the resolution of the optical fibers
behind the microlens and could not be unfortunately measured
because of the relatively low resolution of the fibers. Each
DOF and the corresponding spatial depth perception from each
microlens are overlaid, and a much larger DOF of the microlens
array can simultaneously be obtained. Microlens arrays inte-
grated at the end of the fiber endoscopes could potentially be
utilized to improve the DOF of the images.

H. FOV of Microlenses

Because of the round images obtained from endoscopes, the
AOV decides the range of FOV of the endoscopes. Here, the
AOV of Endoscope II was measured. A ruler with scale was
placed 3.8 mm away from the microlens, and the images from
Endoscope II were recorded. The AOV of the endoscope was
triangularly calculated from the recorded images. The focal
length was measured with time, as described before. Table II
lists the relationship between the focal length and the AOV
of Endoscope II. As we can see, at the shortest focal length,
the AOV of Endoscope could reach 128°. However, the image
quality at the edge was poor, and the image was severely
distorted.

The FOV of endoscopes could further be expanded by uti-
lizing multiple microlenses at the end of endoscopes. Fig. 12
shows the frame sequence of the focused images from a mi-
crolens array with multiple microlenses during one scanning
cycle. There are seven microlenses with the same size of
apertures in this array, which are simultaneously actuated by
the hydrogel microstructures. The FOV of each microlens is the
same, but their locations are different. Thus, the images from
each microlens are different, as shown in the image at the time
instant of 18 s in Fig. 12. The images from each microlens can
be overlapped to expand the FOV of the microlens array.

VI. CONCLUSION

In summary, we have demonstrated prototype endoscopes
integrated with tunable-focus liquid microlenses at their distal
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(a) Microscope
objective

Focal length (mm)

B
Hydrogel posts

Fig. 11.

(b)

15 20 25 30
Time (s)

(a) Schematic of the focal length measurement setup. A collimated light is shone from the bottom of a microlens. The focal point of the microlens is

determined as the minimum spot along the optical axis. The distance between the focal point and the microlens is the focal length of the microlens. When the
microlens is operated, the temperature variation in the hydrogel caused by IR light irradiation is recorded by a thermocouple. Therefore, the dynamic focal length
in the convergent microlens is obtained. (b) Dynamic change in the focal length of a microlens array with three microlenses in the “forward” scanning cycle as a
function of time. Error bars indicate the standard deviation in the focal length of the microlens. The focal length range of the microlenses is from ~8 to 52 mm.

TABLE 1I
RELATIONSHIP BETWEEN THE FOCAL LENGTH
AND THE AOV OF ENDOSCOPE II

Focal length (mm) Angle of view
52 77°

33 92°

20 116°

12 120°

9 128°

Fig. 12. Frame sequence of focused images from a microlens array with seven
microlenses in one scanning cycle. The microlenses with the same size are
simultaneously actuated by hydrogel microstructures. Because of the different
locations of each microlens, the FOV of the microlens array can be expanded
by overlapping the images from each microlens.

ends that are actuated through IR light. Tunable-focus mi-
crolenses can not only scan the areas of interest with minimal
back-and-forth movements of the scopes themselves but also
obtain different DOFs and thus spatial depth perception, which
could greatly assist endoscopic surgeons. A liquid microlens is
formed by the interface of water and oil and is pinned by an H-H
boundary at the top edge of a lens aperture. Gold nanoparticles
in the hydrogel absorb IR light and convert it to heat. The vol-
umetric change in hydrogel microstructures responding to heat
converted from IR light regulates the curvature of the water—oil
interface and thus varies the focal length of the microlens. Light
for the operation of the microlens and the image acquisition
is transmitted via optical fibers. Two fabrication methods of
hydrogel microstructures were tested. Compared with the fiber-
defined hydrogel microstructures, the mask-defined hydrogel
microstructures can easily be formed denser and smaller and

thus have faster response time. However, they cannot be self-
aligned to the optical fibers. The focal length of a typical
microlens was measured to be from 52 to 8 mm. The AOV of
Endoscope II varied from 77° to 128°. A microlens array could
potentially be utilized to simultaneously obtain different DOFs
of images and thus spatial depth perception. In addition, the
FOV could also be expanded by microlens arrays.

In future studies, the size of the endoscope could be de-
creased by using a smaller image fiber bundle, and the response
time of microlenses can be improved by increasing the number
of optical fibers and using more hydrogel microstructures with
smaller sizes. By utilizing a greater number of fibers, the
resolution of images will improve, and the feature size could be
as small as micrometers. We also plan to test the endoscopes
in an animal model to prove safety prior to any testing in
human subjects. Currently, the microlenses are continuously
tuned by the accumulation or dissipation of heat. In the future,
we are exploring the balance between the accumulation and
dissipation of heat and expecting that the focal point could
be user controlled by diverse methods, such as microheaters
and temperature sensors, pulse-width-modulated IR light, or
digitalized actuation by characterizing the volumetric change
of each hydrogel microstructures [30]. These user-controlled
microlenses could track the movement of tissues and com-
pensate for it by tuning the focal length. Spherically arranged
microlens arrays can be fabricated at the end of optical fibers for
endoscopy, and a larger DOF and FOV could be achieved [31],
[32]. In addition to the application of this optical technology to
provide assistance in surgery, tunable-focus microlenses may
also be used for optical coherence tomography [33], [34] and
scanning confocal optical microscope [35], [36].
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