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The steady pace of progress must be surpassed to 
make history. Today, technological advancement 
has reached a feverish speed: innovation, integra-

tion, and optimization have become touchstones of surgi-
cal excellence. We find no better example than the incor-
poration of robotics and augmented reality into modern 
neurosurgery. These systems enhance the surgeon’s ability 
to perceive and act, extending surgical capacity beyond the 
limitations of physical perception.

Robotic systems have long been the dream of inventors, 
futurists, and science fiction authors alike. Current sys-
tems are more accurately termed co-robots, or “cobots,” 
because they interact with human operators, rather than 

functioning independently. A variety of cobot systems 
are used today to improve planning, navigation, and sur-
gical dexterity. Virtual reality (VR) refers to artificially 
generated environments for user perception and interac-
tion. In contrast, augmented reality (AR) is a projection 
of computer-generated virtual components onto the user’s 
real surroundings. Both have been used for surgical train-
ing in a variety of disciplines, as either a supplement to 
or a replacement of traditional cadaver or animal models. 
Modern advances in haptics—the simulation of tactile 
sensations—have contributed to the quality of virtual and 
augmented experiences.

In this review, we will briefly describe the history and 
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Surgical robots have captured the interest—if not the widespread acceptance—of spinal neurosurgeons. But success-
ful innovation, scientific or commercial, requires the majority to adopt a new practice. “Faster, better, cheaper” products 
should in theory conquer the market, but often fail. The psychology of change is complex, and the “follow the leader” 
mentality, common in the field today, lends little trust to the process of disseminating new technology. Beyond product 
quality, timing has proven to be a key factor in the inception, design, and execution of new technologies. Although the 
first robotic surgery was performed in 1985, scant progress was seen until the era of minimally invasive surgery. This 
movement increased neurosurgeons’ dependence on navigation and fluoroscopy, intensifying the drive for enhanced 
precision. Outside the field of medicine, various technology companies have made great progress in popularizing co-ro-
bots (“cobots”), augmented reality, and processor chips. This has helped to ease practicing surgeons into familiarity with 
and acceptance of these technologies. The adoption among neurosurgeons in training is a “follow the leader” phenom-
enon, wherein new surgeons tend to adopt the technology used during residency. In neurosurgery today, robots are lim-
ited to computers functioning between the surgeon and patient. Their functions are confined to establishing a trajectory 
for navigation, with task execution solely in the surgeon’s hands. In this review, the authors discuss significant untapped 
technologies waiting to be used for more meaningful applications. They explore the history and current manifestations of 
various modern technologies, and project what innovations may lie ahead.
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current trends of robotic systems and VR/AR platforms in 
neurosurgery. Furthermore, we propose a new synthesis of 
these independent devices for investigation and eventual 
product development.

Methods
We performed a detailed search of the Google Scholar 

search engine and PubMed database for the terms “robot-
ics,” “neurosurgery,” “spine,” “brain,” “augmented real-
ity,” and “virtual reality,” both separately and in combina-
tion. Our search strategy and criteria for the inclusion or 
exclusion of studies were in compliance with the Preferred 
Reporting Items for Systemic Reviews and Meta-Analyses 
(PRISMA) guidelines (Fig. 1).

Current Technologies
Robotic Systems

Robots have intrigued scientists and the general public 
alike since the dawn of modern science. The term “ro-
bot” was coined in 1921 from the Czech word “robota,” 
meaning “forced labor.”48 It probably referred to tasks 
performed by very simple automated devices. Sixty-four 
years later, the first robot-assisted surgery was performed 
in 1985 by Shao et al., using the PUMA 200 robot.50 
These advances aided the development of laparoscopic 
surgery in 1987.21 There was limited acceptance of robot-
ics in neurosurgery until the advent of minimally invasive 
surgery (MIS), which is highly dependent on fluorosco-
py (spine) and navigation (cranial).26 Because navigation 
or fluoroscopy could establish a safe approach to areas 
of interest, systems were developed with limited automa-
tion, such as the da Vinci or Renaissance robots (described 
below).5,19,28–31,39,60 Early robotic models were constrained 
to deployment at one location. To reach other areas, the 
machine had to be moved around the patient. This limita-
tion was overcome by introducing additional robotic arms 
to the system. Next, more instruments and cameras were 
made available for the robotic arms. The discovery and 
exploitation of tumor markers provided additional visual 
clarity by localizing and distinguishing the tumor in the 
surgical field.42,45

Modern materials and miniaturization have allowed 
the development of new systems uniquely designed for 
the surgical theater. Perhaps most famously, the da Vinci 
surgical system (Intuitive Surgical) has been successfully 
used in several surgical specialties, predominately in the 
chest and abdominal cavity. Although the da Vinci robot 
has not found wide application in neurosurgery, it has been 
investigated for use in interbody fusion and skull base sur-
gery.5,17

Robotic systems such as Spine Assist and Renaissance 
(Mazor Robotics) have been developed to guide screw 
placement in spinal neurosurgery.11,12 Although they are 
called robotic systems, these are truly cobot systems, 
which assist the human execution of tasks (e.g., screw 
placement). These systems rely on screw trajectories 
planned by the surgeon, based on preoperative CT imag-
ing. In the operating room (OR), the robot is mounted on 
a frame attached to a bony element, such as the spinous 

process or iliac crest. Fluoroscopy is performed with fidu-
cial markers, and synchronized with preoperative images 
containing the planned trajectory. The robotic device then 
aligns itself with that trajectory, providing physical guid-
ance for accurate drill work and instrumentation.25,54 

Recently, another system with similar abilities was 
approved for use in Europe: the ROSA robot (Medtech). 
This robot uses an intraoperative O-arm (Medtronic Inc) 
to scan the patient and integrate information to its system 
with markers in place.9 Both of these devices are paral-
lel manipulators with a few degrees of freedom. They 
function in a semiactive mode, aligning instruments for 
pedicle screw placement. This is connected to the central 
processing unit (CPU), which is essentially a computer 
that integrates the preoperative CT scan to the intraopera-
tive radiographic image.32 The accuracy of pedicle screw 
placement has been quite phenomenal. Currently, there are 
only a handful of clinical trials of robotic technology in 
neurosurgery, with a major emphasis in spine surgery. We 
analyzed 3 studies with a total of 166 patients who were 
randomized to receive robotic pedicle screw placement or 
were treated via an open approach. We found that there 
was higher accuracy in screw placement in the robotic 
group, although it did not reach statistical significance (p 
= 0.92) (Table 1 and Fig. 2).20,24

Cranial applications for these robots include stereotac-
tic deep brain stimulator placement, laser thermal abla-
tion therapy, tumors, and endoscope navigations.6,8,18,56 In 
cranial surgeries, the preoperative MRI is merged with the 
intraoperative CT or MRI scan. The availability of intra-
operative imaging can limit the use of the robot.

NeuroArm (University of Calgary) is a tele-operated 

FIG. 1. Flow chart showing the PRISMA search strategy for study inclu-
sion and exclusion.

Unauthenticated | Downloaded 05/23/23 11:02 PM UTC



Robotics meets augmented reality

Neurosurg Focus Volume 42 • May 2017 3

robotic system designed specifically to withstand strong 
magnetic fields.34,55 This allows high-quality intraop-
erative MRI without halting the procedure. The surgical 
workstation uses a 3D visual display with auditory and 
haptic feedback for full immersion. Finally, the system 
includes a number of mechanical components to improve 
surgical dexterity, including tremor filters, motion scaling, 
and directional locks.

The haptic feedback in these systems was based on the 
surface consistency and mechanical characteristics of the 
control interface. Several grueling testing sessions were 
required to determine those properties. Newer software 
products and languages, such as Swift (Apple Inc.), have 
enabled virtual assessment of haptic systems. However, 
several years of development may be necessary before 
these advances reach medical devices.

Control Systems
Perhaps as important as the robot itself, its means of 

control—whether direct or remote—can significantly 
impact the quality of user–device interaction and sub-
sequent surgical outcomes. Some systems (such as the 
above-described Renaissance) require no intraoperative 
controls, because they merely execute functions pro-
grammed before surgery and do not directly interact with 

the patient. Truly operative systems, such as the da Vinci 
or NeuroArm, do require elaborate but intuitive consoles 
for user control. These control panels, however, require 
new skills—with new learning curves—for surgeons to 
master. Regardless of a practitioner’s age or conventional 
surgical training, good training and continued practice are 
required to perform safe and effective surgery with these 
systems.35,59

A control system that instead translates commands 
from natural human hand motion to robotic mechanical 
output with high fidelity would seem desirable. Such tech-
nologies are in development, predominantly for patients 
who have undergone amputations. Current models of the 
RoboArm (Unlimited Tomorrow Inc.) feature articulation 
at finger, wrist, elbow, and shoulder joints with seeming 
precision (http://theroboarm.com). It is designed for con-
trol by a glove or other sensors, such that the RoboArm 
mirrors the motion of the user’s own limb.

But paradoxically, the most advanced control systems 
may sacrifice authority to the robot itself. The field of ar-
tificial intelligence has seen dramatic success in recent 
years in the decision-making7 and learning capacity of 
machines as well as their ability to interact with human 
operators using natural language systems.37,44,51 Indeed, 
this year a team at the Children’s National Medical Center 

TABLE 1. Three studies with a total of 166 patients who were randomized to receive robotic pedicle screw placement or screw placement 
via an open approach

Authors  
& Year

Study 
Design Country

No. of 
Pedicle 
Screws

Placement 
Method, 

No. of Pts Vertebral Level
Surgical 

Indication Key Outcome Measure(s)
Mean FU in 
Mos (range)

Kim et al., 
201624

RCT Korea 156 Robot: 37
FH: 41

Lumbar Spinal stenosis, 
spondylolis-
thesis

Screw accuracy, facet joint violation, 
radiation exposure, surgical time, 
VAS, ODI, return to ambulation

NA

Hyun et 
al., 
2016

RCT Korea 270 Robot: 30
FH: 30

NA Degenerative 
disease

Screw accuracy, facet joint violation, 
radiation exposure, VAS, ODI, learn-
ing curve, hospital stay, revision rate

16.3 (9–22)

Roser 
et al., 
2013

RCT Germany 148 Robot: 18
FH: 10

Thoracolumbosacral Degenerative 
disease

Screw accuracy, radiation exposure, 
surgical time

None; just as-
sessment 
of accuracy

FH = freehand; FU = follow-up; NA = not available; ODI = Oswestry Disability Index; PR = per robot; pts = patients; RCT = randomized controlled trial; VAS = visual 
analog scale.
We demonstrated that there was higher accuracy in screw placement in the robotic group, although it did not reach statistical significance (p = 0.92).

FIG. 2. Three studies with a total of 166 patients who were randomized to receive robotic pedicle screw placement or treatment 
via an open approach. We found that there was higher accuracy in screw placement in the robotic group, although it did not reach 
statistical significance (p = 0.92). M-H = Mantel-Haenszel.
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in Washington, DC, demonstrated a soft-tissue procedure 
(bowel anastomosis) in a porcine model with an autono-
mous robotic surgeon under human supervision alone.49 
Although fully autonomous surgical robots are far from 
the market, in the near future we may expect voice-ac-
tivated command capability for mechanical or imaging 
devices. As the quality of machine learning improves, sur-
gical robots working with a particular user can learn that 
surgeon’s preferences over time. In this context, deviation 
from programmed instructions is a major milestone for a 
robotic system. This development allows the machine to 
take on a functional aspect: the robot learns to achieve an 
outcome most effectively, rather than blindly performing 
a sequence of programmed tasks.

The VR and AR Systems
Although VR started with stereoscopic visualization of 

panoramic pictures in 360° angles back in 1838, the first 
simulator was not invented until 1929, in the form of a 
flight simulator. Much later (in 1960), head-mounted dis-
plays came into existence, and the term “virtual reality” 
was coined in 1987. Virtual reality for medical use was 
first documented by Viirre et al. in 1998 to cure spider 
phobia.15,58 Although VR and AR systems have been heav-
ily marketed for entertainment, they have proved useful 
during surgical training by providing increasingly realis-
tic simulations of simple and complex procedures.4 This 
allows residents to better practice surgical techniques be-
fore operating on a living patient. Furthermore, residents 
can gain valuable exposure to rare and difficult case sce-
narios while still in training.

Virtual reality simulation platforms have been asso-
ciated with improvements in surgical trainees’ operative 
time and overall performance in recent literature.36,41 
Unfortunately, financial and legal barriers still impede 
a broader adoption of VR platforms for surgical train-
ing.22,63 In this study we examined VR and AR platforms 
that have proven effective in neurosurgical training, as 
well as newer technologies not yet adapted to surgical 
practice that may have a role beyond education, in the 
OR. Both robotics and AR and VR platforms have their 
own benefits and limitations with respect to each other 
(Table 2).

ImmersiveTouch (University of Illinois at Chicago) 
is an AR platform offering training modules for various 
techniques, including ventriculostomy, aneurysm clip-

ping, and percutaneous spinal screw placement.1,33,62 In the 
original design, the user holds a haptic stylus beneath a 
high-resolution stereoscopic display. The haptic feedback 
combined with the linked motion between the user’s hand 
and corresponding on-screen objects creates a highly real-
istic surgical simulation.

Another company, 3D Systems Inc. (formerly Simbio-
nix), provides virtual endovascular training with haptic 
feedback for several modules, including acute stroke and 
aneurysm.10,23,40,47,52,53,57 These training sessions improve 
surgical proficiency and reduce patient exposure to fluor-
oscopy during procedures.

Recent advances in AR technology may have as yet 
unrecognized utility in the operating theater. Project 
Tango13,14 and Google Glass16,27,61 (Google Inc.) are 2 new 
AR products. Google Glass is a miniature computer, pro-
jector, and prism screen, combined in a pair of glasses. It 
can project any image—such as navigation or neuromoni-
toring—directly in front of the surgeon’s eyes (in other 
words, to his glasses), eliminating the need to look away 
from the surgical site.61 Project Tango is software capable 
of 3D visuospatial scanning and reconstruction. This can 
be used to view the surgical area of interest and display 
useful AR imagery, such as tumor overlays, pedicle screw 
trajectories, or nearby vital anatomy.

The HoloLens (Microsoft Inc.) is another AR headset 
capable of projecting realistic virtual experiences onto the 
surrounding world. The visor can be calibrated for indi-
vidual users, and displays high-quality 3D images in the 
visual field. The 3D speakers produce binaural audio, cre-
ating virtual sound sources at any point in the surround-
ing space. Importantly, neither the visor nor speakers dis-
rupt the user’s view or hearing of the actual surrounding 
world.16

Novel therapies in endovascular neurosurgery also hold 
potential for innovation through novel means of visualiza-
tion. Coil embolization, for example, is known to carry 
significant risks to the patient. These risks could be miti-
gated by a more efficient system of introducing and track-
ing embolic materials. Recently, an external magnetic field 
was used to guide embolic magnetic microparticles into 
an aneurysm in a rabbit model.38 Although this technique 
remains under investigation, its applications may be lim-
ited in the age of MRI. Traceable embolic microparticles 
capable of navigation by other means could be visualized 
by AR projection. The surgeon could then verify the po-

TABLE 2. Robotics versus AR and VR—benefits, limitations, and future goals

Device Benefits Drawbacks Future Goals

Robotic 
systems

Mechanical precision during surgery
Minimally invasive surgical access
Execution of preprogrammed trajec-

tories

Possibility of mechanical failure
Physical/spatial restrictions associated w/ 

large, unwieldy robotic units
Imperfect sensory feedback to user console

Increased functional capacity, w/ greater fail-
safes & redundancies in case of malfunction

Greater miniaturization for efficient motions & 
improved maneuverability

VR & AR 
platforms

Well-documented improvements in 
surgical training

Intraop visualization of spatial param-
eters, display of imaging studies

Remote observation & guidance by 
surgical team

Limited immersion of VR environments
Limited adoption for surgical training due to 

cost of VR & AR platforms
Few intraop applications of VR/AR technol-

ogy currently on market

More immersive training scenarios, w/ a 
broader range of sensory feedback, includ-
ing high-fidelity haptic systems

Development & optimization of wearable 
display systems for intraop use
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sition and movement of the particles, while avoiding re-
peated fluoroscopy and the associated radiation exposure 
to the patient and surgical staff.

Future Directions: a Virtual Vision
The imagination has no limits: we can envision sys-

tems ranging from semiautomated devices with integrated 
scanners and surgical arms, to a fully operational human-
oid machine. But these remain fantasies; let us consider a 
more concrete future for robotics in spinal neurosurgery. 
The ideal design will have elements of our current sys-
tems, but with far more independence. In the near future, 
we must incrementally develop and adopt the requisite 
technology.

The next generation of semiindependent machine will 
be a bed-mounted or attached system with 2 or more ro-
botic arms. The arms will have 2–3 joints for articulation 
in 3 dimensions. They will be equipped with tools suf-
ficient to place a percutaneous screw and rod system, op-
erating from skin incision to rod insertion. The surgeon, 
positioned away from the table and sterile field, will be 
equipped with a headset and visor. The surgeon can view 
the operating field directly or from the viewpoint of the 
robotic arm, with an AR overlay. The AR display could 
include 3D visualizations of predetermined screw trajec-
tories, and displays of pre- or intraoperative imaging. Fur-
thermore, by synchronizing preoperative imaging studies 
with the AR platform, the visor could project target struc-
tures—a tumor, aneurysm, or specific spinal level—onto 
the patient for direct visualization, as well as projecting 
nearby vital anatomy for protection during the procedure. 
The surgeon can “command” specific spatial measure-

ments to be projected onto the patient by the AR platform, 
obviating the need for physical measuring implements, 
marking pens, and the like, while improving operative 
precision (e.g., when measuring and cutting rods). The 
AR images could be then be manipulated with voice or 
gesture (including haptic feedback). Robotic arm positions 
can be optimized remotely, through voice commands or 
control systems mimicking the surgeon’s arms. We envi-
sion control by sensor gloves or a similar system that lends 
itself to natural hand motions and haptic feedback with 
greater fidelity (Figs. 3 and 4).

Limitations of the Study
There is an easy pleasure in visualizing a science fic-

tion level of robotic capability. However, the impediments 
to actual invention are as significant as they are numer-
ous.2,43 The robots of today can reach a predetermined 
target if provided with a trajectory to follow, and if they 
are fixed in space to an immobilized frame. This is a far 
cry from the polydextrous machines we envision. In the 
following list we detail specific shortcomings in current 
technology, from the physical bedside demands of surgical 
robots to the more abstracted requirements of any medi-
cal device. These limitations must be overcome to achieve 
robotic systems with any measure of true independence.

1. Proprioception: it is necessary for the robot to realize 
the position of its arms at all times. This can be tracked 
with a camera, or proprioception must be built into the 
arms. Neither of these means are fully accurate with cur-
rent technology.

2. Arm length: a short arm length is ideal for drilling 
cranial bone or sclerosed pedicle, but often fails to reach 

FIG. 3. Artist’s depiction of a robotic system with multiple arms free to translate in 3 dimensions and along the length of the table. 
The inset shows the robotic arms equipped with drill heads and ready to make a pedicle screw trajectory. Copyright Karthik 
Madhavan. Published with permission.
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target depths. This, of course, varies with patient body 
habitus and the location of interest.

3. Integration: information from the camera or proprio-
ception sensor must be integrated every millisecond to 
prevent an information lag while the arm is drilling into 
bone, or passing a needle into the brain.

4. Recalibration: due to natural tissue boundaries and 
variable consistency of tissue or tumor, mechanical re-
sistance and displacement of the robotic arm will require 
constant repositioning. This must be performed by the sur-
geon, either remotely or directly. For example, even open-
ing the cranial cavity will cause CSF egress, which can 

shift the cranial contents dramatically. Such alterations 
would render predetermined trajectories useless without 
proper adjustments.

5. User tracking: the position and orientation of the op-
erator is paramount to ensure high-fidelity communication 
between surgeon and machine. For example, during AR 
projection overlay, it is essential to track the user’s head 
position to construct an accurate 3D perspective from the 
angle of the viewer.

6. Multiple information processing systems: integrating 
multiple sensors or cameras for extensive real-time track-
ing can amplify individually insignificant errors from each 

FIG. 4. Artist’s depiction of a robotic system showing the surgeon positioned away from the sterile field, controlling the arms 
remotely based on AR projections of spine and pedicle screw trajectory over the patient, as seen in the monitor. Copyright Karthik 
Madhavan. Published with permission.
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device. The summation may render the device as a whole 
significantly inaccurate.

7. Precision: although we have primarily discussed 
other aspects of these robotic systems, the quality of me-
chanical function is obviously paramount. No degree of 
calculation or projection can correct a faulty motion. We 
have already seen lawsuits for inadvertent vascular injury 
leading to death of a patient.3

8. Smart implants: smart implants (e.g., a screw that 
“knows” its own position in space) are capable of tracking 
themselves and supply additional information for the com-
puter to process. These devices, although in development, 
are not yet widely available on the market.

9. CPU: all of these systems require extremely powerful 
processing chips that are capable of understanding soft-
ware and integrating information in milliseconds.

10. Fail-safes: there must be override systems in case of 
system malfunction or mechanical failure. These should 
include both software contingencies and mechanical re-
dundancies.

11. Cost: these systems must minimize error, reduce 
OR and anesthesia time, and be cost-effective in the long 
term. The limited robotic systems available today are al-
ready quite expensive.

Conclusions
Today, although neurosurgery is still in its robotic in-

fancy, we are able to perform technical maneuvers un-
imagined even 10 years ago. Even as CPU designs become 
increasingly sophisticated, the true innovations of our 
age will be in software. As we develop programs capable 
of rapid, high-fidelity control of machines with extreme, 
millimeter-scale precision, we will realize an unexplored 
potential for manipulation of the physical world.

Neurosurgery has traditionally been a field of pioneers, 
and we must carry that explorer’s spirit into this century. 
Neurosurgeons often serve as the bridge between anatomy, 
engineering, and software. Extensive collaboration be-
tween biotechnology firms and surgeons is likely to drive 
our field further toward these projections. Our perspective 
allows only a small glimpse of the future of robotics in 
neurosurgery.

Our continued desire for MIS techniques must drive the 
development of new and better technologies. Ultimately, 
we as neurosurgeons should strive for techniques capable 
of treating pathological entities, while leaving our patients 
intact and without deficit. Just as the rise of MIS for neuro-
surgery spurred the adoption of robotic systems, the immi-
nent technological advances we project must be embraced 
and adopted to expand our capacity for minimally invasive 
intervention.
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