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Abstract
Background In contemporary surgical clinical practice, spinal instability is often treated with
mechanical stabilization techniques in order to protect the spinal cord and nerve roots. These
techniques involve placing screws in defined regions of the vertebrae, typically the pedicle,
where the strongest bone is found. The challenge for the surgeon is the accurate placement
of screws for good mechanical purchase and to avoid damage to surrounding vital anatomical
structures. This is especially critical in the cervical region, where the target bone mass is
smaller and the spinal cord, nerve roots and vertebral arteries are all at risk. A robotic system
enabling the surgeon to precisely place implants into the vertebrae should enhance safety and
may potentially improve surgical results.

Methods We describe such a system, which consists of a compact robot positioned using
a passive structure, an optical tracking system, a surgical input device and planning and
navigational software. The implant trajectory in each vertebra is planned preoperatively,
using fine-cut computerized tomography (CT) scans. During surgery, registration matching
between the CT scan and the patient’s anatomy is achieved using point to point registration,
refined with a surface merge technique. Approximate robot positioning is done passively by
the surgeon. Final precise instrument positioning is performed by the robot according to the
planned trajectory through the target vertebra. Implants (screws) are then placed through the
robot-guided working channel.

Results Six cadaver experiments, consisting of placing transarticular (i.e. crossing the joints
between the vertebrae) screws in the upper two vertebrae of the human cervical spine, were
performed. Implant placement accuracy was comparable with that achieved using freehand
image-guided techniques by an experienced surgeon.

Conclusions These results confirm the utility and applicability of the system. It is currently
in redesign to improve accuracy and to render it compatible with on-line planning.
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1 Introduction

Increased use of computer-assisted image guid-
ance in spinal surgery has improved precision
for screw placement. Widely used in the lumbar
spine, nowhere is the need for precision more
critical than in the cervical spine. There is a
much smaller target bone volume, the vertebral
arteries are intimately related to the vertebral
bone complex, and the cervical spinal cord and
nerve roots are in close proximity. Neurological
complications have been reported to be up to
3.7% for instrumentation of the second cervical
vertebra, with an incidence of arterial injury
of 4.1–8.2%, and an optimal screw placement
of 68.7%.
Instrumentation of the first vertebra (atlas),

known as C1, and the second (axis) vertebra,
known as C2, is performed for instability be-
tween the two vertebrae, a condition known
as atlanto–axial instability. Abnormal mobil-
ity exists between the first two vertebrae and is
caused by either bone or ligamentous destruc-
tion. The most common reason is trauma, fol-
lowed by degeneration of joints between the ver-
tebrae due to arthritic conditions, tumours or,
rarely, congenital problems. The most common
clinical presentation is pain with head move-
ment, whereas neurological problems are rare,
but if present can be serious and life threaten-
ing.
A well-established surgical technique in the

treatment of atlanto–axial instability is pos-
terior atlanto–axial transarticular screw fixa-
tion [1]. It provides a rigid internal fixation
of the C1–C2 vertebrae. Screws are placed
through the pars (isthmus) of C2, across the
atlanto–axial joint and into the lateral mass
of C1. A third point of fixation across the
posterior parts of the vertebrae is also usu-
ally employed. During surgery the patient is
positioned in the prone position. A midline
posterior cervical incision is made to expose
C1 and C2. Following registration of the C2,
a Kirschner wire (K-wire) is placed along the
planned trajectory through the C2 pars, across
the C1–C2 joint and into C1, using image-
guidance techniques with a trackable hand-held
drill guide. The placement of this wire deter-

mines the ultimate screw placement, and so is
a vital step. A drill hole is made along the
trajectory using a cannulated 2.4 mm diame-
ter drill, and the initial cortical entry hole is
tapped with a cannulated tap. The cannulated
4 mm polyaxial screw is then placed over the
K-wire. Each of these steps is verified using the
surgeon’s direct vision into the operative field
and by using sequential lateral fluoroscopic im-
ages.

This image-guided handheld technique has
some disadvantages. During surgery only a lim-
ited portion of the vertebrae is visible and it
is difficult to accurately position instruments
along the planned trajectory. Moreover, hard
cortical bone on the surface of the vertebrae
can cause drill slippage. The vertebra moves
in response to drilling forces and the surgeon
needs to be aware of these and should compen-
sate appropriately. As a result, a surprisingly
high screw misplacement rate of 30–50% in the
spine has been reported [2]. Instrumentation of
C1 and C2 is one of the most difficult challenges
in the spine. By developing a system to achieve
this with a high degree of accuracy should mean
that such a system would have widespread ap-
plications throughout the rest of the spine and,
indeed, at the skull base.

Several systems have been developed to solve
the above mentioned problems. Navigation sys-
tems allow us to measure relative positions of
the patient’s anatomy and a specific surgical in-
strument in three-dimensional (3D) space. This
precisely defined relationship is based on pre-
operatively acquired multiplanar computed to-
mography (CT) images used for planning of
virtual screw trajectories. Once in the oper-
ating room, registration is done to match the
patient’s anatomy to these CT images, and
tracked in real time using a tracking system.
The surgeon has visual cues in multiple planes
on the workstation screen to assist in instru-
ment positioning.

Few robotic systems have spinal applications.
The Miro system [3] was developed at the Ger-
man Aerospace Centre DLR and a possible
set-up for pedicle screw placement was inves-
tigated. The system consists of a lightweight
robotic arm, an optical tracking system and
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software. In the operating room several robot
control modes adapted to surgical requirements
are available. In the final step, the surgeon uses
a drill held by a passive drill holder positioned
by the robot. Another system, Mazor’s Smart-
Assist, consists of a compact robot attached to
the spine with a base platform and a worksta-
tion for planning and navigation [4].
Registration is based on matching of pre-

operative CT scans and intraoperative fluoro-
scopic images acquired with a calibrated device.
The robot is attached to an instrument guide
through which the surgeon drills along the tra-
jectory for screw placement. SpineAssist has
been used primarily in the lumbar and thoracic
spine. Cooperative Robotic Assistant [5] is a
kinematically closed structure and a new drill-
by-wire mechanism for placing screws. The sur-
geon teleoperates the robot using a haptic de-
vice with a single degree of freedom. For the
moment, no external tracking is integrated into
this system.
The systems mentioned above have several

disadvantages. Navigation systems are effec-
tive in finding planned screw trajectories in
space; however, they are not adapted to solve
the problems of manual drilling techniques of
bone tissue. Robotic systems do address this
issue, but their effectiveness should be further
investigated here. The higher up in the spinal
column that surgery is performed, the higher
the need for precision and the lower the mar-
gin of error. Robots also need to be adapted
to limited surgical access in the cervical spine
(neck). Precision of the whole chain of steps,
consisting of tracking, registration, robot and
screw placement has to be adequate for suc-
cessful surgery. Some surgeons are accustomed
to using standard systems, so that introducing
completely new systems for implant placement
can be difficult. The suitability of a haptic
device for transmitting important information
about drilling forces has yet to be proved. An
efficient user interface adapted for conditions of
the operating room has yet to be developed.
We designed a robotic system using upper

cervical spine surgery as a test model. Com-
pared with above-mentioned systems, it has
several advantages. Robotic assistance ad-

dresses the issues of hand-held techniques. This
compact robot is held by a passive supporting
structure and the design of this kinematic chain
is adapted for operating in the cervical spine.
The system uses standard, commercially avail-
able surgical instruments. The screw trajectory
is defined by the robot, based on surgical plan-
ning, but the insertion manoeuvre is performed
by the surgeon, so that he has direct visual and
tactile feedback during drilling and screw place-
ment. The system incorporates a new surgical
input device with an adapted user interface for
ease of use in the operating room.

2 Materials and methods

Figure 1: System set-up: R, robot; T, cam-
era of the optical tracking system; PS, passive
structure; M, Mayfield skull clamp

The system consists of a compact robot sus-
pended over the operative field by a passive
supporting structure. There is also an opti-
cal tracking system, surgical input device and
workstation with software for planning and
navigation. All the system elements are shown
in Figure 1. Preoperative surgical planning is
performed, defining optimal screw trajectories.
Following surgical exposure, individual verte-
bral registration is carried out. Approximate
robot positioning is done manually by the sur-
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geon after unlocking the passive structure. The
surgeon displaces the passive structure, holding
the robotic device so that the screw trajectory
lies within the robot’s workspace. The passive
structure is now locked in position. The fi-
nal drill-guide precision positioning is then per-
formed by the robot itself. Having defined a
precise trajectory, K-wire placement and screw
placement are performed along this trajectory.
System elements and surgery flow are described
in the following sections.

2.1 Robot and passive structure

Figure 2: Parallel four degrees of freedom robot
used in the system

A robot with four degrees of freedom (DOFs)
was developed for the surgical system. It has
two moving arms, rigid and flexible, connected
with a drill-guide holder, which creates a par-
allel kinematic chain (see Figure 2). Combin-
ing arms translations in the Y–Z plane, two
rotations, α and β, and two translations, y
and z, of the drillguide holder are achieved.
Its workspace is ± 40 mm, with resolution of
0.3 mm for translations and ± 7◦ with a resolu-
tion of 0.0003◦ in rotation. The kinematic chain
is mechanically irreversible. Mechanical play
in the system was countered by adding springs
and using flexible blades to replace some of the
ball bearings. For control and optimization,
robot kinematic and dynamic models were de-
fined. Tests were done to ensure robot rigid-
ity and the necessary adjustments were carried
out. The tests were repeated and they con-

firmed significant improvement in rigidity and
in hysteresis cancellation. Several robot-control
devices were tested. In the experimental set-
up, a separate robot control device was con-
nected by Ethernet to the workstation running
navigation software. Robot positions can be
controlled by trajectory generation in Cartesian
space.

The robot is positioned using the passive sup-
porting structure, which has a workspace suffi-
ciently generous to attain the required position
in space needed during surgeries. As a result,
the robot can be used bilaterally and at multi-
ple spinal levels.

Several approaches to the design of the pas-
sive structure were considered. In the recent
design, to ensure rigidity and feasibility of ma-
nipulation, a parallelogram with a spring is
used for gravity compensation. The structure
is locked in place with pneumatic brakes.

2.2 Tracking system
The system uses an optical tracking system,
which consists of a camera, sterilizable active
markers and a pointer. Markers are attached
to the robot and the vertebra to be navigated.
The pointer can be used to define point coor-
dinates in space. The marker’s position and
rotation have a certain measurement noise that
affects accuracy on the vertebrae. To improve
accuracy, filtering was added for positions and
rotations [6]. Several types of diode were used
to decrease the measurement noise, and mark-
ers were redesigned to ensure the required pre-
cision. The final accuracy of the tracking sys-
tem on the vertebrae is 0.2 mm.

The relative positions of the robot and the
patient’s vertebrae in space need to be known.
The process of finding this transformation for
the robot is called calibration and for the pa-
tient is termed registration. Initially the same
algorithms were used for patient and robot but,
as the robot is more distant from the vertebrae,
the influence of rotational errors is bigger, so
an alternative method had to be found. In cal-
ibration, additional cylinder hold by the robot
is used. It is measured with the pointer in a set
of predefined positions and, as a result of the
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optimization, robot transformation is found.

2.3 Surgical input device

Figure 3: New surgical input device

In the operating room the surgeon needs to
interact with the system in an intuitive and ef-
ficient manner. A new surgical input device
was developed for this purpose and is shown in
Figure 3. It is a wireless joystick, which has
buttons, a switch and a trackball. It has ac-
celerometers and a gyroscope and can be in-
tegrated into a trackable pointing instrument.
Its buttons have assignable functions, which are
activated depending on the context of the appli-
cation, e.g. to define a point during patient reg-
istration, or to control the robot’s position with
accelerometers, etc. In the robot control mode,
the accelerometers either manipulate end effec-
tor rotation, α, β, or translation, y, z. The user
can select one of the modes with a button. The
trackball is used to adjust the 3D viewer of the
navigation software. The input device has a fix-
ation for attaching the pointer of the trackable
pointing instrument. A sterilizable version of
the input device is being actively developed.

2.4 Planning and navigation soft-
ware

Dedicated software was developed for surgical
planning. After loading CT images, the sur-
geon plans registration points and screw tra-
jectories. In addition to multiplanar images in
the sagittal, coronal and axial planes, the screw

eye view is also used for precise trajectory plan-
ning. The surgeon selects a threshold for bone
segmentation algorithm and a 3D model of the
spine segments is created. The data are saved
for the navigation software.

The navigation software assists the surgeon
in the operating room. Its workflow is adapted
to the surgery and is shown in Figure 4. It con-
trols all devices of the system. Navigation soft-
ware implements registration algorithms (see
Figure 5a, b). The surgeon can verify the accu-
racy of tracking and registration by correlating
the virtual and real worlds (see Figure 5c). A
central part of the user interface is a 3D viewer,
where the target anatomy, the robot, the track-
able pointing instrument and markers are ren-
dered in real time (see Figure 5d).

2.5 Surgery flow
In the operating room, the system is set up as
shown in Figure 1. The cadaver specimen is im-
mobilized in a Mayfield headholder in the prone
position. After surgical exposure of the poste-
rior of C1 and C2, a reference arc is attached to
the C2 spinous process and vertebral registra-
tion is carried out. The surgeon then manually
displaces the robot until the planned screw tra-
jectory is within the robot’s workspace. The
robot is then activated to position the drill
guide along the planned trajectory. Having de-
fined the trajectory using the robot, the sur-
geon then places the screw through C2 into C1,
as defined by the planning.

2.6 Registration
Patient registration is done in two steps. First,
coarse registration is found, using point-to-
point matching [7]. After surgical exposure
of the vertebrae, easily identifiable anatomical
landmarks are matched to corresponding points
on the CT images. Assuming that the surgeon
can measure landmark points with an accuracy
of ± 1 mm for eight tested cadavers, the mean
target registration error (TRE) [8] for cervical
vertebrae in the current set-up was 2.45 mm.

In the second step of the registration, sur-
face matching is used. The surgeon selects
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Figure 4: Navigation software workflow

multiple points on the surface of the vertebrae,
which are matched with a model of the verte-
brae generated during planning. The iterative
closest point (ICP) algorithm with the Leven-
berg–Marquardt kernel was used for optimiza-
tion [9]. This algorithm was tested on verte-
brae, with fiducial screws used to find the ref-
erential transformation. As a result, optimiza-
tion parameters were tuned and model gener-
ation improved. Mean total registration accu-

racy was 0.6 mm.

2.7 Experiments
Six cadaver experiments to test the system were
done at the Department of Anatomy of the Uni-
versity Hospital of Lausanne, Switzerland. The
entire system was assembled to closely approx-
imate operating room conditions. An experi-
enced neurosurgeon did the planning and car-
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Figure 5: Navigation software screenshots: (a) coarse registration – green sphere shows natural
landmark on the 3D vertebrae model, which needs to be measured with the trackable pointing
instrument; (b) fine registration – green spheres shows collected points on the vertebrae; (c)
registration verification – the trackable pointing instrument is used to find natural landmarks
and visually check correspondence with the virtual world; (d) 3D viewer of the navigation software
showing the green indicator with the ideal robot position for coarse positioning

ried out the cadaver tests. As a surgical model
to test the feasibility of the system, the transar-
ticular screw placement technique at C1 and
C2 was chosen as one of the most technically
demanding, and requiring a very high preci-
sion, the rationale behind this being that if the
robotic device were sufficiently precise for this
technique, it would meet or exceed the need for
precision of implant placement throughout the
rest of the spine.

Following the cadaver tests, the results were

documented on post-implantation CT scans.
Measure of screw placement error is composed
of a translational and a rotational part. The
translational error, ed, is the distance between
the axis of the placed screw and the planned
trajectory at the pars (isthmus) of C2, the zone
of highest risk in C2 instrumentation. Rota-
tional error, er, is the angle between the placed
screw and the planned trajectory. The results
are shown in Table 1. Significant errors of screw
2 placement in experiments III and IV were due
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Table 1: Accuracy of the screw placement in six
cadaver experiments done with proposed sys-
tem

Experiment Screw ed (mm) er (◦)
I 1 3.47 8.92
II 1 1.36 4.19
III 1 1.81 6.6

2 5.14 8.33
IV 1 2.42 4.25

2 6.19 4.97
V 1 2.4 2.37

2 1.95 3.6
VI 1 1.68 2.31

2 0.41 2.56

to minor drill slippage at the entry point on
the vertebra where there is an oblique angle
between the bone surface and the drill trajec-
tory. This issue was resolved by adapting the
drilling technique.
The purpose of these experiments was to ver-

ify the system concept and identify potential
sources of error. Several improvements were se-
quentially implemented throughout the experi-
ments.
The accuracy of the tracking system directly

influences final precision. Measured tracking
noise was exceeding expected system accuracy.
For this reason, filtering was applied to the
tracking signal. The geometry of the optical
markers was redesigned and different optical
diodes constituting markers were selected in or-
der to further decrease the measurement noise.
A surface-matching algorithm was used dur-

ing fine registration. It has several parameters
influencing the accuracy of the results. These
parameters were optimized by performing mul-
tiple registrations, using cadaver and plastic
vertebrae. Fiducial screws were used to verify
the precision of the registration.
The precision of the robot mechanism with

controller was measured using a coordinate
measuring machine. The results were analysed
and the robot model was optimized, improving
positioning accuracy.
The robot needs to be calibrated with the

tracking system. Previously used point-to-
point matching was not satisfying in terms of

accuracy, so a new algorithm was developed.
A rigid body was attached to the end effector
and its axis was measured in a set of predefined
robot positions, using the optical pointer. Cal-
ibration accuracy was verified using a custom-
designed plate registered by the optical track-
ing, which can detect the end-effector’s posi-
tion.

The robot held by the passive structure com-
pensated in real time for the movements of
the vertebrae. Forces exceeded during drilling
and screw placement were transmitted by both
mechanisms. To avoid extensive compensation,
the robot mechanism was optimized and the
passive structure redesigned. Tests confirmed
improvements in rigidity.

A standard manual surgical technique was
adapted for this application. Several practices
were developed in order to avoid drill slippage
on the surface of the vertebrae and K-wire
bending before reaching the bone.

3 Results and discussion
We describe a feasibility study testing a new
robotic system for cervical spine surgery. The
concept of incorporating a compact robot posi-
tioned with a passive structure is not new, how-
ever. Currently available systems have been
limited to use in thoracic and lumbar surgery,
presumably due to concerns about the preci-
sion in the technically more challenging cervi-
cal spine and cranio-cervical junction. Patient
registration, planning and navigation software
proved to be effective and accurate for this ap-
plication. During cadaver experiments, new
features and improvements were added.

Accuracy of the screw placement in six ca-
daver experiments is shown in Table 1. The
mean translational error, ed, was 1.94 mm and
the mean rotational error, er, was 4.35◦ (ex-
cluding the solved problems with drill slippage).
These errors were comparable to clinical results
using a standard hand-held technique, accord-
ing to our experience. The experiments enabled
us to identify several sources of error, which
have since been amended. In last experiment,
in which all the mentioned improvements were
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implemented in the system, very high accuracy
was attained (0.41 mm and 2.56◦; see experi-
ment VI in Table 1). Further cadaver testing is
planned to validate our preliminary results.

Table 2: Timing of surgery stages when using
the proposed system

Stage Time
Registration (coarse) 52 s
Registration (fine) 3 min 22 s
Accuracy check 3 min 40 s
Robot positioning (coarse) 2 min 23 s
Robot positioning (fine) 5 s
Tools fixation 36 s
Drilling using K-wire 4 min 34 s
Screw placement 1 min 19 s
Total 16 min 41 s

To assess time utilization, measurements of
duration of the different stages of surgery done
with the proposed system are shown in Table 2.
During a surgical procedure of several hours’
duration, the robotic system will be used for
less than 17 minutes. In comparison, the same
surgery done with a standard navigation sys-
tem not needing robot-positioning steps would
only save 3 minutes.

4 Conclusions and future
work

We present a feasibility study of a robotic sys-
tem for cervical spine surgery. The experi-
ments showed that it can be used in this type of
surgery. “Surgery” done with our system does
not appear to take more time for the procedure
in comparison with standard image-guided free-
hand techniques.
The proposed system involves key technolo-

gies: a compact parallel robot positioned by
the passive structure, improved tracking and
registration accuracy, a new surgical input de-
vice and navigation software. By combining the
robot with a passive supporting structure, we
were able to design and build a compact sys-
tem without compromising either the surgical
workspace or the available space in the operat-
ing room. In case of an emergency, the robot

can be immediately evacuated from the surgi-
cal field by unlocking the passive structure and
placing it to one side, with the attached robot,
in a matter of moments. From a practical and
philosophical standpoint, the robot is consid-
ered to be a piece of surgical equipment and
not a replacement for the surgeon. This can
be a concern with competing robotic systems.
Tracking and registration accuracy often define
the total precision of the system, and in the pro-
posed system they are improved. A new surgi-
cal input device gives the surgeon control over
the application without the disadvantages of
standard input devices (keyboard, mouse, ped-
als), and with delegated control; it was used
in experiments and, together with the naviga-
tion software, was judged to be ergonomic and
user-friendly.

The potential advantages of our system in-
clude improved precision of spinal implant
placement, improved patient and surgeon se-
curity with a reduction of inbuilt errors, and
possible reduction in surgical experience needed
to safely perform such procedures. Undoubt-
edly, the success of cranio–cervical junction (i.e.
C1–C2) implant placement would indicate that
similar techniques and methods could be ap-
plied at other spinal levels in the thoracic and
lumbar areas.

Some limitations exist in the proposed sys-
tem. Even though each part of the system
was tested together and separately for feasi-
bility purposes (see section on Experiments),
validation of the reproducibility of accuracy
is needed, with further cadaver experiments.
Ex vivo experiments have been conducted and
have proved that the needed accuracy can be
achieved. Ultimately, sterile draping of the
robotic device and the adjacent passive struc-
ture will need to be envisaged prior to any clin-
ical testing.
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