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NTRODUCTION: The “Nintendo” surgery revolution,
hich began in 1987, has impacted every surgical specialty.
owever, our operating rooms remain isolated worlds where

urgeons use awkward, primitive, rigid instruments with sub-
ptimal visualization. We need “smart instruments,” “smart
echnology,” and “smart imaging.” Is surgical robotics the
nswer?

ETHODS: We provide an analysis of current surgical tech-
ology and skills, propose criteria for what the next generation
f surgical instruments and technology should achieve, and
hen examine the evolution and current state of surgical robotic
olutions, assessing how they answer future surgical needs. Fi-
ally we report on the U.S. Military’s early experience with
urgical robotics and the lessons learned therein.

ESULTS: Current surgical robotic technology has made re-
arkable progress with miniaturization, articulating hand-im-

tating instruments, precision, scaling, and three-dimensional
ision. The specialty-specific early clinical applications re-
iewed are promising, but they do have limitations. Surgical
obotics offers enormous military application potential.
eeded future refinements are identified, including haptics,

ommunications, infrastructure, and information integration.

ONCLUSIONS: Laparoscopic surgery is a transition tech-
ology, constrained by instrument, equipment, and skill limi-
ations. Surgical robotics or, more properly, computer-assisted
urgery may be the key to the future. The operating room of the
uture will be an integrated environment with global reach.
urgeons will operate with three-dimensional vision, use real-
ime three-dimensional reconstructions of patient anatomy, use
iniaturized minimally invasive robotic technology, and be
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ble to telementor, teleconsult, and even telemanipulate at a
istance, thus offering enhanced patient care and safety. (Curr
urg 61:466-473. © 2004 by the Association of Program Di-
ectors in Surgery.)

EY WORDS: surgical robotics, computer-assisted surgery,
elesurgery, minimally invasive surgery, surgery, telemedicine

NTRODUCTION

hange and technology seem the watchwords of the twenty-
rst century. Where is the future of surgery headed? Since the
Nintendo” surgery revolution began with Philippe Mouret’s
aparoscopic cholecystectomy in Lyon, France, March 17,
987,1 no breakthrough has changed modern surgery more
apidly, definitively, or irrevocably. But what is next? Surgical
obots have made their entry. Are they just new expensive gad-
ets or gateways to advancing surgery?

The operating room of the future will be different. Current
perating rooms remain isolated worlds with limited technolo-
ies where surgeons use awkward, primitive, ergonomically un-
riendly instruments to perform arguably spectacular proce-
ures. Pressures toward minimally invasive surgery are
biquitous. We need to assess our current technologies and
kills and then ask what technologies do we need for the future?

hat solutions will enhance minimally invasive surgery? What
ole will surgical robotics play?

This article examines the limitations of current minimally
nvasive surgical technology, equipment, and current mini-

ally invasive surgical skills to help frame what questions we
hould ask next from surgical innovation.

URRENT LAPAROSCOPIC SURGICAL
ECHNOLOGY

o understand the implications and potential of surgical robot-
cs or, more properly, “computer-assisted surgery,” we need to
xamine lessons learned from the laparoscopic surgery revolu-
ion. Mouret’s laparoscopic cholecystectomy in 1987 ushered

n minimally invasive surgery, not only changing general sur-

ectors in Surgery 0149-7944/04/$30.00
doi:10.1016/j.cursur.2004.03.009
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ery, but all of surgery. Laparoscopic cholecystectomy was ac-
epted as “standard of care” by 1992, just 5 years after its intro-
uction.2,3 By the same year, laparoscopic approaches had
lready been used to perform solid organ removal and anti-
eflux, colon, urologic, thoracic, and trauma procedures. Now,
0 years later, minimally invasive surgery impacts all surgical
pecialties.

Has current surgical technology kept pace? In many respects,
wenty-first century operating rooms (ORs) are not all that
ifferent from what was used several hundred years ago. Sur-
eons are usually still isolated from “the rest of the world” while
n their operating room, and even in today’s “high technology”

inimally invasive surgery world, surgical instruments are
rimitive, rigid, and inflexible, with limited tactile feedback.
aparoscopic instruments can be characterized as modified
chop sticks” with limited degrees of freedom of motion, often
nadequate precision, and poor ergonomics (Fig. 1). Visualiza-
ion is limited to two-dimensional images of the three-dimen-
ional operative field. The array of advanced procedures per-
ormed by skilled laparoscopic surgeons is remarkable given the
imitations of current laparoscopic surgical equipment and in-
truments.

URRENT LAPAROSCOPIC SURGICAL
KILLS

inimally invasive surgical skills can be divided into two lev-
ls—basic and advanced. Basic laparoscopic skills are one-
anded, involve simple organ removal, require limited vascular
ontrol and no reconstruction, and can be performed safely by
ost any surgeon. It was fortuitous that the laparoscopic sur-

ery revolution began with cholecystectomy, which met these
arameters, explaining its rapid and safe promulgation.4 Ad-
anced videoendoscopic surgeries require two-handed skills,
uch as bimanual manipulation, suturing, and knot tying.

What is the current skill level for most practicing surgeons
general surgeons and subspecialists)? For example, in urology,
here are few “simple” laparoscopic procedures; yet there are
ncreasing patient-driven pressures to provide minimal access
urgery options for more complex procedures, such as nephrec-
omy, donor nephrectomy, and even prostatectomy. These pro-

IGURE 1. Laparoscopic instruments: modified “chop sticks” with poo
eedback.
edures require either dissection and control of vessels adjacent i

URRENT SURGERY • Volume 61/Number 5 • September/October 200
o the largest in the body (in the case of nephrectomy) or a
hallenging reconstruction (in the case of prostatectomy). But
he number of urologists with the necessary skill set for ad-
anced laparoscopic procedures is limited. Leaders in laparo-
copic urology argue that currently, most advanced laparo-
copic urology cases are performed by less than 2% of
rologists. These low numbers are even more staggering for
ther surgical specialties.

Every general surgeon can perform laparoscopic cholecystec-
omy and is capable of performing basic laparoscopic proce-
ures. But advanced laparoscopic skills are less pervasive. A
obering reality is that in most hospitals, the majority of ad-
anced laparoscopic cases are performed by a minority of gen-
ral surgeons.

EVELING THE PLAYING FIELD

hat do we need for future surgery? To avoid a future where
omplex minimally invasive surgery is limited to a few laparo-
copic wizards, we need either better surgeon training or better
nabling surgical technology. A polemic against current surgical
imulation technology is an important emerging topic in surgi-
al education, but it is beyond the scope of this review.

Therefore, our discussion focuses on the latter solution: look-
ng for better enabling surgical technology that will allow more
urgeons to perform complex laparoscopic surgery.

“Low technology” solutions are available. Hand-assisted
aparoscopic surgery devices allow the surgeon to overcome skill
nd instrument limitations; yet it still offers patients a portion
f the benefits of minimally invasive surgery (Fig. 2). Currently,
and-assisted surgery is more popular among urologists than
eneral surgeons and is commonly used for minimal access
onor nephrectomy. There is increasing interest in hand-as-
isted laparoscopic surgery among surgeons performing colo-
ectal surgery, but laparoscopic approaches to colorectal surgery
ccounted for a small minority of all colorectal procedures per-
ormed in the United States in 2002. Because laparoscopic
olorectal surgery is difficult, some assist technology may be
equired to enable greater penetration into the field.

The enabling elements of “high technology” solutions to
nhance future surgery skills include miniaturization, articulat-

omics and limited degrees of freedom of motion, precision, and tactile
r ergon
ng hand-held instruments, computer-assisted surgery, and

4 467
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hree-dimensional vision. The enabling developments in the
ast 45 years derive from breakthroughs in computer science.
eginning with the Eniac computer in 1946, then William
hockley’s transistor in 1947, the integrated circuit in 1959,
nd the microprocessor in 1971, integrating these technologies
aid the foundation for the first commercial surgical robotic
evice, Aesop (Computer Motion, Sunnyvale, CA, 1994), a
oice-activated system that controls movement of the laparo-
copic camera. The engineering solution to current laparo-
copic “chop sticks” is in miniaturized, articulating, remote-
ontrolled laparoscopic instruments. Add development of
hree-dimensional vision, and the cumulative solution is an
ntegrated surgical robotics system.

Surgical robotics is defined as a computer interface between
he surgeon and the patient. Computer-assisted surgery can
nhance human visualization, strength, precision, and degrees
f motion in performing surgical tasks. Surgical robotic hand
nstruments can mimic hands, allowing the surgeon a full 6
egrees of freedom of motion, just as the human wrist has in
onventional open surgery (Fig. 3).5 Several surgical visualiza-
ion options have been developed. The highest fidelity three-
imensional solution is achieved through a binocular laparo-
cope. In this solution, two side-by-side rod-lens telescopes are
onnected to two camera systems, and the two disparate images
re presented separately to the surgeon’s two eyes in an immer-

FIGURE 2. “Low tech” solutions to enhanci

IGURE 3. Advanced surgical robotic “hand” instruments mimic the mo

degrees of freedom of motion.

68 CURREN
ive environment. The surgeon’s eyes then fuse the two dispar-
te images in the calcarine fissure of the occipital lobe, complet-
ng a true stereoscopic three-dimensional image, taking
dvantage of the best three-dimensional vision solution known,
uman binocular depth perception.

URRENT SURGICAL ROBOT SYSTEMS

urgical robots have evolved from simple camera control de-
ices to complex surgical robotic systems. As described above,
esop (1994) is a voice-activated laparoscopic camera “opera-

or” that eliminates the need for a camera driver. By 1998, two
ommercially available surgical robot systems emerged meeting
arying levels of U.S. Food and Drug Administration (FDA)
pproval for human use. The two systems are Zeus, developed
y Computer Motion in Goletta, California, and daVinci, de-
eloped by Intuitive Surgical in Sunnyvale, California. Both
ystems cost approximately $1 million. On March 7, 2003, the
wo companies announced plans for a merger, which was final-
zed June 30, 2003. The impact of this merger on future surgi-
al robotic research remains uncertain. The potential for collab-
ration between two previously competing research and
evelopment teams to build from the strengths of both systems

s promising. However, it appears that the Zeus system will not
emain in production in the near future. A third system called

roscopic surgery skills: hand-assist devices.

and functionality of human hands and wrists in “open” surgery, allowing
vement
T SURGERY • Volume 61/Number 5 • September/October 2004
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aprotek is being developed in Boston, Massachusetts, by en-
oVia. This system still requires regulatory clearance by the
DA, but it hopes to be commercially available sometime in
004. Although the three systems differ significantly and pos-
ess distinct strengths and weaknesses, they share a basic com-
on framework—three components: surgeon console, robot

latform, and camera equipment tower.
The Zeus and Laprotek robot platforms are table-mounted

nd modular (Fig. 4). In the case of Zeus, one robot platform
odule is Aesop (the camera operator). The other two (or

hree) Zeus components are its table-mounted, independent
perating arms, which employ miniaturized hand instruments
ith 5degrees of freedom of motion. Each component is actu-

ted independently by the surgeon sitting at the separate sur-
eon console. The system has a small footprint, is lightweight
approximately 38 pounds), and is therefore portable. The elec-
ronic control from console to robot arms is “signal only,” so
here is no limit to distance separation of the Zeus components
eyond the latency of video coding and decoding algorithms

A

B
FIGURE 4. (a) Zeus and (b) Laprotek surgical robotic systems: lightwe
codecs), and the speed of light. A strength of the Zeus is its i

URRENT SURGERY • Volume 61/Number 5 • September/October 200
otential for true telesurgery, defined as telemanipulation at a
istance (see the later discussion about Jacques Marescaux’s
ransatlantic telerobotic laparoscopic cholecystectomy). A
eakness is the lack of integration of the system: Its arms work

ndependently and do not “know” where they are in space, thus
imiting the robot’s potential for integration with three-dimen-
ional image data. Laprotek shares most of the strengths (and
eaknesses) of Zeus, but it costs about a quarter of the price of

ither Zeus or daVinci.
The daVinci robot platform is floor mounted and is not
odular. All three (or four) daVinci robot arms (camera and

wo or three operating arms) develop from a single floor-based
tage (Fig. 5). daVinci’s footprint is large, and the robot weighs
n at 1200 pounds. Given its size, careful planning is required
or daVinci draping and setup (Fig. 6). Movement of all three
or four) arms is integrated by a computer motherboard incor-
orated into the surgeon console. The daVinci surgical robotic
ystem employs miniaturized hand instruments with 6 degrees
f freedom of motion. A strength of daVinci is that it is a fully

ble-mounted, modular robotic arms (left) and surgeon consoles (right).
ntegrated system: Its arms “know” where they are in three-

4 469
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imensional space at all times (see the later discussion about
ntegration of imaging with robotic functional platforms). The
aVinci also provides binocular three-dimensional vision. A

imitation of daVinci is that the electronic control from console
o robot arms is “signal and power”—a “master-slave” relation-
hip—so there is currently an inherent limit to distance separa-
ion of the daVinci components.

APTICS AND THE ROBOTIC SURGERY
NVIRONMENT

sing a surgical robotic system, particularly daVinci, is an “im-
ersive” experience. The surgeon becomes engrossed in the

hree-dimensional operative field. A limitation of current ro-
otic systems is lack of haptics, or force feedback. The visual
xperience in surgical robotics is so enriched (by three-dimen-
ional vision; magnification; bright, high-contrast, and high-
delity imaging) that many robotic surgeons become unaware

FIGURE 5. daVinci surgical robotic system: (a) surge

IGURE 6. daVinci robot draped and positioned for clinical use. Robot
latform is floor mounted and does not move with patient and table; thus,
dosition is fixed once instruments are in place.

70 CURREN
hat they have no tactile feedback. And although “immersion”
an be seductive for the surgeon, the surgeon is separated from
he remainder of the operative team. Last year, Intuitive Surgi-
al released a “John Madden teleprompter” device that provides
link between the surgeon console and the tableside surgeon (or
supervising teaching surgeon). This may minimize the isola-

ion problem, and it may also be key to remote real-time surgi-
al consultation. Nonetheless, the lack of haptics remains a
esearch challenge limiting some surgical robotic applications.

URRENT SURGICAL ROBOTIC
PPLICATIONS

lthough surgical robots are creeping their way into the oper-
ting rooms of surgeons from virtually every subspecialty, cur-
ently, the most popular surgical robotic applications are in
ardiothoracic and urologic surgery.

In cardiothoracic surgery, surgeon tremor, rigid instruments,
nd visualization constraints caused by the bony thorax limit
urrent minimally invasive cardiothoracic surgery approaches.
y improving visualization, eliminating surgeon tremor, im-
roving instrument ergonomics and dexterity, and applying
otion scaling, surgical robotics expands cardiac surgeon capa-

ilities and is being applied to expand minimal access cardio-
horacic surgery, with applications including coronary artery
ypass graft (CABG) (even “off pump” bypass),6 valve repair
nd replacement, and thoracoscopic sympathectomy, among
thers.

In urology, visualization and manipulation in the narrow,
ifficult-to-access male pelvis are severely limited, and thus
inimally invasive approaches to radical prostatectomy have

een employed by only a handful of expert videoendoscopic
rologic surgeons. Surgical robotics, with three-dimensional
isualization and precise, flexible instruments extends the lapa-
oscopic urologist’s skills to enable routine robotic-assisted
aparoscopic radical prostatectomy. Dr. Mani Menon (who

ole, (b) equipment tower, and (c) robot arm platform.
oes not claim to be a laparoscopic surgical guru) performs up

T SURGERY • Volume 61/Number 5 • September/October 2004
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o seven such procedures weekly at Henry Ford Hospital in
etroit, Michigan, reporting better visualization, comparable

ancer specimens, shorter hospitalization, and more rapid re-
overy for his patients.7

General surgery use of surgical robotic technology has
robed a wide array of applications, including laparoscopic
holecystectomy, Nissen fundoplication, paraesophageal
ernia repair, Heller myotomy, adrenalectomy, splenec-
omy, and Crohn’s stricturoplasty, among others. Interest-
ngly, however, consensus among laparoscopic general sur-
eons with surgical robotic experience has not been to push
or expanded use, at least not when compared with cardio-
horacic and urologic surgery. This attitude is partly caused
y the relative confidence that general surgeons feel with

aparoscopy because significant laparoscopy training is in-
erent to general surgery residency.

ILITARY RELEVANCE OF SURGICAL
OBOTICS

he Defense Advanced Research Projects Agency (DARPA)
nd the National Aeronautics and Space Administration
NASA) have supported research in surgical robotics and tele-
urgery for over 15 years, with spinoffs from DARPA projects
eading to early surgical robotic systems from Stanford Research
nstitute (SRI), a forerunner of the company that makes the
aVinci system. Recognizing the potential for remote telesur-
ery, projecting surgical expertise into a hostile environment,

ABLE 1. Robotic Operations Performed by Surgical Service in
he First Year of da Vinci Use at Walter Reed Army Medical
enter

Surgical service
Number of

daVinci cases

ardiothoracic 86
eneral Surgery 15
tolaryngology 11
rology 18
otal 130

IGURE 7. Current deployable medically relevant robotic capability. Th

lso will be capable of diagnosis and limited treatment.

URRENT SURGERY • Volume 61/Number 5 • September/October 200
he U.S. Army acquired a daVinci surgical robotic system in
001. The Army’s daVinci was first installed at the Walter Reed
rmy Institute of Research (WRAIR) for multidisciplinary ori-
ntation in the use of the machine and for testing of the surgeon
earning curve during familiarization training on daVinci.8

hree months later, the robot was moved to Walter Reed Army
edical Center (WRAMC) for clinical use, with the first case,

obotic-assisted laparoscopic cholecystectomy, performed by
he authors on February 15, 2002. During the first year in
linical use at WRAMC, 130 cases were performed using the
aVinci robot. Table 1 summarizes the distribution of daVinci
ases by surgical service during the first year at WRAMC.

The U.S. Air Force (USAF) Surgeon General and the USAF
irectorate of Modernization are committed to exploring the

otential of surgical robotics for the U.S. Air Force. LtGen
Dr.) George “Peach” Taylor hopes to acquire a surgical robotic
ystem for Wilford Hall USAF Medical Center (WHMC)
ithin the next 12 months.9 Although it is not yet entirely clear
hat role complex surgical robots will play in civilian clinical
ractice, it is clear that the potential military applications for
his technology are vast, and therefore, all branches of the ser-
ice are beginning to engage.

From a military perspective, robotic technology to project
unction into a hostile environment (combat, nuclear/chemi-
al/biological) has clear applicability (Fig. 7). The daVinci sur-
ical robotic system may not currently meet military deploy-
ent needs, but the modular, lightweight Zeus and Laprotek

ystems have the potential to project surgical expertise far for-
ard. For example, the Aesop device, if connected to a tele-
edicine link, can offer the field surgeon capability to obtain

onsultation from a surgeon at one of the military’s large, state-
ide medical centers, who could share the same field of view in
eal time. As robotic and telemedicine, even telesurgery, capa-
ilities expand, surgical robotics could become a force multi-
lier and project surgical expertise either to the combat theater
r to hostile (biological, chemical, nuclear, etc.) environments.
egarding the peacetime military medical core mission, surgical

obotics may be able to enhance surgeon education and exper-
ise, patient safety, and, when integrated with telemedicine,
rovide distant expert consultation to remote locations.

generation will not only recover the injured in a hostile environment, but
e next
4 471
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ESSONS LEARNED

essons learned from the early experience at Walter Reed in-
lude confirmation of the value of a multidisciplinary surgeon
nd operative team orientation to the surgical robotic system.
o our knowledge, Walter Reed was the first institution to
evelop a formal multidisciplinary (including cardiothoracic
urgery, general surgery, neurosurgery, obstetrics and gynecol-
gy, otolaryngology, plastic surgery, and urology) orientation
rogram, including measurement of learning curve metrics,
rior to deployment of the surgical robotic system for clinical
se.8 Our experience has taught us that having two surgical
obotic systems would be ideal—one in a laboratory setting for
esearch and training and one in the operating room for clinical
se. In addition, we have learned that a dedicated team is
eeded to support this high-technology, high-cost system. The
ystem is cumbersome and requires careful planning to deploy,
articularly given the limitation that the system’s robotic arms
re independent of the patient and operating table, limiting the
bility to move the patient once the arms are deployed.

Our clinical experience has taught us that although the da-
inci’s enhanced vision system provides a positive immersive

xperience for the surgeon, the lack of haptic feedback remains
limitation. Furthermore, current daVinci vision systems are

imited to 0- and 30-degree telescopes. More options are re-
uired, as is a wide-angle view (which has recently been intro-
uced). We have also found that because of the current “stand-
ff” distance required for the robotic arms, and because of the
xed nature of the device once deployed, multiquadrant da-
inci surgery is extremely difficult.

ELEROBOTIC SURGERY

n September 7, 2001, Professor Jacques Marescaux’s team
rom IRCAD/EIST (European Institute of Telesurgery) and
he University of Louis Pasteur performed the first transatlantic
elerobotic laparoscopic cholecystectomy using the Zeus robot.
he surgeon and robotic console were in New York City; the
atient and surgical robot were in Strasbourg, France. The re-
arkable elements of this milestone were the multidisciplinary

eam that Professor Marescaux assembled to solve the surgical,
ngineering, computer, and telecommunication challenges to
ake surgery safe for his patient. Prior to this demonstration,
ick Satava, a pioneer in surgical robotics and telemedicine,
ad posited the “200 mile limit” as the maximum distance
ossible for telesurgery. Dr. Satava argued that the human brain
an only tolerate a signal latency of 330 ms, which would limit
round-trip video signal to 200 miles.10 Using high-band-
idth, proprietary video compression and infrastructure, Pro-

essor Marescaux’s group reported a remarkable “round-trip”
atency of only 155 ms.11

When asked about the significance of this breakthrough at
rofessor Marescaux’s press conference announcing “Opera-
ion Lindbergh” (the name given to this demonstration), the

uthor commented that this was the most expensive cholecys- r

72 CURREN
ectomy in history, with $1.5 million in equipment, 80 people
equired to monitor the integrity of the equipment and signal,
nd $150 million in research and development by France Tele-
om spent over the preceding 2.5 years achieving the remark-
ble telecommunications speed. But Professor Marescaux has
ushed us to the next level of innovation—he has proven that it
s possible to safely perform surgery at a distance.

UTURE OF COMPUTER-ASSISTED
URGERY

obotic technology is expensive and will require further devel-
pment for widespread clinical use. Industry experience with
obotic technology is expensive, but in manufacturing (for tool
xchange and for precise, repetitive functions), reliability and
ccuracy rates have exceeded 99.9%. Granted, there is a signif-
cant difference between the use of robots for automated tasks
nd their use as human enhancement devices. However, the
nstitute of Medicine (IOM) report in 1999 describing between
4,000 and 98,000 deaths annually in the United States from
edical errors ushered in an environment where any error re-

uction technology has appeal.12

Beyond refinements in surgical robotics technology, includ-
ng haptics, better instrumentation, and more compact, deploy-
ble systems, the links to information systems and telemedicine
re essential. Information systems need to be integrated with
he surgical robotic platforms, allowing the surgeon real-time
ccess to patient imaging data, including three-dimensional re-
onstructions of patient anatomy. Telemedicine connectivity
an allow real-time expert consultation during surgery, which
eets Ron Merrill’s criteria for “telesurgery.”13 But to expand

acques Marescaux’s definition of telesurgery as telemanipula-
ion, we need to extend telecommunication connectivity be-
ond short distance cable to nonproprietary long-distance ca-
le, we need to resolve bandwidth and compression algorithm

imitations, and we even need to investigate wireless capability
for battlefield, ship, or space applications).

It is clear that surgical robots can enhance human visualiza-
ion, strength, precision, and degrees of freedom of motion in
inimally invasive surgery. At $1 million each, the daVinci

nd/or Zeus systems currently have a limited niche, but there
re over 250 surgical robotic systems already deployed world-
ide. Key to this discussion is the recognition that surgical

obotics represents a shift in how we use technology. The lapa-
oscopic revolution represents a transition technology, stretch-
ng the vestiges of the industrial age. Surgical robotics represents
he next step, the information age.14 Robots are not machines,
ut they are information systems with arms. Computed tomog-
aphy (CT) and magnetic resonance (MR) scanners are not
maging systems, but information systems with eyes.

We currently have the capability to convert digital computed
omography or magnetic resonance images into three-dimen-
ional reconstructions of our patients’ anatomy. Although un-
erused, we have the technology today to manipulate these

econstructions to simulate best approaches for surgery before

T SURGERY • Volume 61/Number 5 • September/October 2004
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he procedures are actually performed. The implications for
mproving patient care with better preoperative planning are
ompelling. Furthermore, surgical education using three-di-
ensional reconstructions of contemporary patient anatomy

or preoperative teaching and rehearsal offer a significant ad-
ance beyond current, often primitive, surgical simulators.

Recall that the daVinci surgical robotic system “knows”
here its arms are along “x,” “y,” and “z” axes at all times. If we

ould register the three-dimensional image of our patient’s
natomy on the three-dimensional functional platform of such
surgical device, we could not only simulate and rehearse our
atients’ surgeries preoperatively, but once, after multiple trials,
e determine the “best” surgical approach, we could program

he robot to perform the surgery in a fully automated fashion.
irtual surgery? This scenario may seem far-fetched, but we
ave the needed elements of the technology today.
Ethical challenges are frequently embedded in technology

esearch. How do we justify the cost of $1 million robots when
0% of the world’s healthcare needs are underserved? Obvi-
usly the surgical robots of today must be viewed as the precur-
ors to the telerobotic technology that will bring greatly needed
urgical care to the underserved. Technology is neutral; it is
either good nor bad. It offers exciting opportunities, but we
ust use it wisely. For example, cell phone technology, al-

hough initially cost-prohibitive for everyone except large cor-
orations and the very wealthy, has allowed Third World coun-
ries to “leap-frog” over the cumbersome challenges of
elephone wire infrastructure. Surgical robotics has the poten-
ial to create a similar paradigm shift in the way surgical care is
elivered worldwide.

ONCLUSIONS

aparoscopic surgery remains exciting, but it is a transition
echnology. As such, the laparoscopic instruments of today will
erve as a bridge from the industrial age to the information age.
aparoscopic surgery will continue to grow, but it is already
shering in computer-assisted minimally invasive surgery,
ased on integration of “smart” technologies. Although current

aparoscopic surgery “wizards” perform amazing tasks with
chop stick” instruments using two-dimensional vision, we can
o much better with three-dimensional vision and precise, ar-
iculating, intelligently designed robotic instruments. The next
eneration of surgical platforms will integrate this “smart” tech-
ology with imaging systems, ultimately enhancing patient care
nd safety.
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