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bstract. This work reports a miniaturized laparoscopic
oom camera that can significantly improve vision for
inimally invasive surgery �MIS�, also known as laparo-

copic surgery. The laparoscopic zoom camera contains
ioinspired fluidic lenses that can change curvature and
ocal length in a manner similar to the crystalline lenses in
uman eyes. The traditional laparoscope is long, rigid,
nd made of fixed glass lenses with a fixed field of view.
he constricted vision of a laparoscope is often an incon-
enience and plays a role in many surgical injuries. To
urther advance MIS technology, we developed a new
ype of laparoscopic camera that has a total length of less
han 17 mm, greater than 4� optical zoom, and 100
imes higher sensitivity than today’s laparoscope allowing
t to work under illumination as low as 300 lux. All these
nique features are enabled by the technology of bioin-
pired fluidic lenses having a dynamic range over 100 di-
pters and being convertible between a convex and con-
ave shape. © 2010 Society of Photo-Optical Instrumentation Engineers.
�DOI: 10.1117/1.3420192�

eywords: laparoscopic camera; fluidic lens; zoom; minimally inva-
ive surgery.
aper 09572LR received Dec. 24, 2009; revised manuscript received
ar. 19, 2010; accepted for publication Apr. 1, 2010; published on-

ine May 24, 2010.

Introduction
lassically, surgical access to the abdominal cavity has been
ccomplished by large incisions through the abdominal wall.
uch “open” procedures allow direct visualization and ma-
ipulation of the abdominal organs, but produce considerable
ostoperative pain and significant scars. In contrast, mini-
ally invasive surgery �MIS� requires much smaller incisions

�1 cm or less�,1 resulting in less pain,2 faster recovery
imes,3 fewer wound infections,4 and minimal scarring. The
ritical technology enabling MIS is the video laparoscope, a
ong �30 to 45 cm�, thin �5 to 15 mm diam� rigid cylinder
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ail Code 0405, La Jolla, CA 92093-0407. Tel: 858-334-5001; Fax: 858-558-

378; E-mail: frank.sftsai@gmail.com
ournal of Biomedical Optics 030504-
containing rod lenses, coupled proximally to a video camera.
It acquires real-time images from inside the abdomen for dis-
play on operating room monitors, obviating the need for large
incisions to visualize abdominal contents.

A typical laparoscopic surgery is performed using three to
five 1�2 cm “keyhole” incisions through which plastic
sheaths called trocars are inserted, creating transabdominal
ports for the laparoscope and surgical instruments, as shown
in Figs. 1�a� and 1�b�.5,6 The abdomen is then insufflated with
CO2 gas to create a working space, as seen in Fig. 1�b�.

Recent innovations in MIS minimize the total number of
skin incisions required during a procedure. Cholecystectomy
and appendectomy have been performed using just a single
incision, through which the laparoscope and surgical instru-
ments simultaneously access the abdominal cavity.7,8 Another
important advancement in MIS is natural orifice surgery, in
which access to the abdomen cavity occurs through the wall
of either the stomach �via the mouth�, the vagina, or the colon
�via the anus�.9 This potentially eliminates the need for any
external incisions. Challenges faced during single incision and
natural orifice surgery demonstrate the limitations of current
laparoscopes. In both types of surgery, the laparoscope and
instruments share a single, crowded access site.10 The limited
space results in physical and visual interference between the
laparoscope and instruments inside the body, and physical in-
terference between camera operator and surgeon outside the
patient body. Also, since laparoscopes lack autofocusing ca-
pability, they are designed to have very long depth of focus,
and strong illumination ��20,000 lux� is required. The only
way to provide such a strong illumination is from an external
light source delivered to the laparoscope through a bulky op-
tical bundle.

To improve the feasibility of cutting-edge MIS procedures,
we propose that the ideal laparoscopic camera is one that can
be mounted onto the internal surface of the abdominal wall,
has optical zoom and autofocus capability, and does not re-
quire strong external lighting, as shown in Fig. 2. The camera
has to be small enough to pass through a small incision into
the abdomen. Zoom capability is essential, since surgeons
need the ability to see wide views of organs to provide spatial
orientation and anatomical context, as well as close-up views
when operating on the tiny substructures of organs. To elimi-
nate external lighting, the optical system should be fast
enough �i.e., small enough f-number� so that it can operate
under internal light emitting diode �LED� lighting. The CO2
filled abdominal cavity has roughly 15 cm of working space,
thus the optical system has to be short and have shortest
working distances less than 10 cm. Such an advanced laparo-
scopic camera is difficult to achieve with traditional lenses,
prompting us to pursue unconventional lens technology �i.e., a
bioinspired fluidic lens� to meet these challenges.

Conventional lenses are made of rigid materials that impart
a fixed curvature. In contrast, the human crystalline lens has a
curvature that changes as force or pressure is applied. In vivo,
this allows the eye to focus on both near and far objects with-
out inward and outward translocation of the lenses. Inspired
by nature, we designed a bioinspired fluidic lens that pos-
sesses tunable curvature.11 Different approaches have been
proposed for making curvature changing lenses, such as di-
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lectrophoretic lens,12,13 electrowetting lens,14 elastomer-
embrane fluidic lens,15–17 etc. However, to build a high per-

ormance zoom camera, the key criteria for choosing the
echnology of a tunable lens are: 1. ability to switch between
oncave and convex lenses; 2. tuning range; 3. scalability; and
. mechanical and thermal stability. Compared to all other
unable lens technologies, fluid-filled, elastomer-membrane
ioinspired fluidic lenses perform the best in all of these
reas.18

Design and Fabrication
ecause bioinspired fluidic lenses can easily switch between
oncave/convex lenses and have an ultrawide tuning range, a
oom lens can be constructed by two fluidic lenses, as shown
n Fig. 3. To zoom in, the fluidic lenses are tuned to a tele-
hoto configuration, as shown in Fig. 3�a�. To zoom out, the
uidic lenses are tuned to a reverse-telephoto configuration,
s shown in Fig. 3�b�. Continuous zoom can be achieved by
uning both fluidic lenses to change the effective focal length
nd to control the back focal length. Such a system was de-
igned and simulated with ZEMAX �Bellevue, Washington�, a
ay tracing software. Due to the large tuning range of the
uidic lens, over 4� optical zoom is achieved in a total track

ength of 17 mm, which is difficult to achieve with conven-
ional zoom lenses made of rigid lenses. Unlike today’s lap-
roscope having an f-number greater than 100, the fluidic
oom lens has a much lower �5 to 10� f-number, thus is 100
imes more sensitive to light than conventional laparoscopes.
he greatly enhanced sensitivity allows internal LED lighting,
liminating the need for external lighting through a fiber
undle. The main source of aberration in the optical system
hown in Fig. 3 is field curvature. The effect of field curvature
an be seen in Figs. 4�a� and 4�b�, where the edge of the
mage becomes slightly more blurry.

Fig. 1 Examples of laparoscopic surgery.

ig. 2 Conceptual idea for the operation of advanced laparoscopic
amera for MIS.
ournal of Biomedical Optics 030504-
Based on the design by ZEMAX, the lens module was
fabricated and attached onto a 1 /3-in. optical format, two
megapixel CMOS sensor �OV2630, OmniVision�. The system
is shown in Fig. 3�c�. To control the fluidic lens curvature, an
electrochemical cell module that functions as a membrane gas
pump is integrated into the camera system. The pump has no
moving parts and is electrically controlled. The current design
has a total volume of around 0.5 cm3 for the main body of the
camera and a response time of 5 sec to switch from extreme
zoom in to extreme zoom out, both of which can be further
reduced with process optimization. Limited by space, the de-
tails of the actuator and its integration with the fluidic lens
will be discussed in a separate paper.

3 Experimental Results and Conclusion
Following the successful fabrication of the surgical camera, it
was tested on a live pig in an operating room. The pig was
placed under general anesthesia with its abdomen incised, and
the camera was inserted into the abdominal cavity. Figure 4
shows representative images in zoom-in and zoom-out modes
at a lighting level of 1500 lux. High-definition �HD�, high
quality images were obtained over the entire zoom range at a
lighting level as low as 300 lux. When zoomed out, the entire
surgical field was within the field of view and the whole organ
can be seen. When zoomed in, the details of blood vessels
were visible to facilitate precise surgical operation. In com-

Fig. 3 Ray tracing �ZEMAX� simulation of fluidic zoom lens and pic-
ture of fabricated surgical camera. By tuning the curvature of the front
and back lenses, the optical system can switch between �a� a reverse-
telephoto �wide-angle� system to zoom out and �b� a telephoto system
to zoom in. �c� The fabricated laparoscopic camera sealed for place-
ment into the abdominal cavity. The camera consists of imaging op-
tics, actuators, electronics, and LED. Pictured right, without an enclo-
sure, is the optics/actuator module attached to the CMOS sensor
board.

Fig. 4 Images of the organ of a live pig in the operation room taken
from our camera. �a� is the zoomed-out view, and the entire stomach
can be seen. �b� is the zoomed-in view showing the details. The cam-
era was 12 cm from the organ, and lighting was provided from an
integrated white LED.
May/June 2010 � Vol. 15�3�2
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arison with commercial laparoscopes, images were also ob-
ained with a Stryker 10-mm laparoscope at the same illumi-
ation level used for our camera. Figure 5�a� shows the image
aken from our camera, and Fig. 5�b� is the image taken from
he state of the art Stryker’s laparoscope. For aforementioned
easons �i.e., large f-number�, the commercial laparoscope
as unable to function under low light conditions. Also, to
aintain the same field of view, the distance between the

amera and the stomach for a bioinspired fluidic zoom lens
as 12 cm, while the laparoscope was only 4 cm. Hence, the
ioinspired fluidic zoom provides more working space for
urgical tools to operate on the surgical site without physical
nterference. As a comparison, Fig. 6�a� is taken from our
amera with LED lighting, while Fig. 6�b� is taken from a
ommercial laparoscope with a 300-W fiber-coupled xenon
amp. Both cameras produce similar HD quality images. To
nalyze the resolution of the medical camera, an ISA/ISO
esolution chart �Edmond Optics, Barrington, New Jersey�
as placed in front of the surgical camera. Overall, the cam-

ra has a resolution better than 600 LW/PH �line width per
icture height� on a 1 /3-in. image sensor for all zoom posi-
ions.

MIS is a rapidly progressing field driven by the promise of
ess postoperative pain, shorter recovery time, and nearly in-
isible scars. As new procedures present challenges to current
aparoscopic technology, the need for a new type of laparo-
copic camera that can be mounted onto the abdominal wall
ises. Such a camera should be small, able to produce optical
oom and high image quality, and work in low light condi-
ions without requiring attachment of a thick fiber optic cable.
aking cues from the optics of human eyes, we developed the
uidic lens and applied the wide tuning range of the lens to

ig. 5 Comparison of our device with a commercial laparoscope un-
er the same LED lighting. �a� is the image produced by our device
nd �b� is the image produced by a 10-mm commercial laparoscope
nder the same LED lighting condition. To match the field of view of
a�, the laparoscope was at a distance of 4 cm from the stomach,
hile our device was at a distance of 12 cm. The extra distance pro-
ides surgeons with extra working space.

ig. 6 Comparison of the image quality given sufficient lighting be-
ween �a� our device and �b� a commercial laparoscope. The illumi-
ation for our camera is 1500 lux, and the illumination for the lap-
roscope is 20,000 lux provided by an external xenon lamp.
ournal of Biomedical Optics 030504-
demonstrate a laparoscopic zoom camera that is small
�17-mm total track, 4-mm clear aperture�, has greater than
4� optical zoom, and works under 300 lux of lighting. With
mechanical designs not discussed here, the camera can be
inserted through a small incision and be mounted to the inner
abdominal wall, offering the image quality and versatility that
better approximates open surgery.
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