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Abstract
Robotics has recently been introduced in surgery to improve intervention accuracy, to reduce invasiveness and to allow
new surgical procedures. In this framework, the ROBOCAST system is an optically surveyed multi-robot chain aimed at
enhancing the accuracy of surgical probe insertion during keyhole neurosurgery procedures. The system encompasses
three robots, connected as a multiple kinematic chain (serial and parallel), totalling 13 degrees of freedom, and it is used
to automatically align the probe onto a desired planned trajectory. The probe is then inserted in the brain, towards the
planned target, by means of a haptic interface. This paper presents a new iterative targeting approach to be used in surgi-
cal robotic navigation, where the multi-robot chain is used to align the surgical probe to the planned pose, and an exter-
nal sensor is used to decrease the alignment errors. The iterative targeting was tested in an operating room
environment using a skull phantom, and the targets were selected on magnetic resonance images. The proposed target-
ing procedure allows about 0.3 mm to be obtained as the residual median Euclidean distance between the planned and
the desired targets, thus satisfying the surgical accuracy requirements (1 mm), due to the resolution of the diffused medi-
cal images. The performances proved to be independent of the robot optical sensor calibration accuracy.
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Introduction

During keyhole neurosurgical procedures, straight
probes are introduced inside the brain. Suitable trajec-
tories are planned on pre-operative medical images, e.g.
for deep brain stimulation, StereoEEG and biopsies.1

Keyhole neurosurgery is a highly demanding surgical
procedure, since functional areas of high importance
have to be avoided during the probe advancement
inside the brain. Robotic systems have already been
used to automatically position and insert straight
probes into the brain.2,3

Passive systems, such as as the Neuromate
(Renishaw Ltd, UK),4 autonomously move to a pre-
defined position (e.g. close to the entry point on the
skull) before locking and powering off, then the probe
is manually inserted by the surgeon. In the so-called
‘semi-active’ robotic systems, the surgeon can interact
with the robot through a master handling device
such as in the NeuroArm, which was developed for
micro-surgery and stereotactic brain procedures.5 In

semi-active systems, the probe can also be coopera-
tively driven (hands-on control) as in the ROSA�
(MedTech, France) system.6

When using a robot, the patient’s medical images
and the pre-operative plan must be registered with the
robot reference frame in order to perform the planned
probe targeting. This can be achieved using a laser
pointer,7 fiducials placed on the patient’s head8 or
ultrasound localization systems.9,10 Optical tracking
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systems can also be used for guiding the surgical robotic
arm (e.g. for total hip replacement,11 for neurosurgery12

and for bone ablation13). The integration of the robot
and external localization systems requires a calibration
procedure in order to establish a common reference
frame. Hand–eye calibration allows mapping sensor-
centred measurements into the robot/world frame.14

Optical tracking systems were also used to correct
the pose of the robot when deviations between the
actual and the planned position were detected, tracking
the robot base and the tool relative to the patient.15–17

Cornellà et al.15 used tracking systems to map the posi-
tion of the target to the robot reference frame, correct-
ing the position of the robot, updating calibration
parameters by means of a Kalman filter. Baron et al.17

implemented the control of the robot position and
orientation using proportional integral (PI) controllers.
Residual targeting errors are approximately twice as
big as the localization errors.

Tracking system performance for robot control was
also improved by adding inertial measurements units18

in order to increase the control robustness with respect
to marker occlusions, to compensate for delay of the
optical system and to reduce noise.

Serial robots generally have a large workspace, and
their absolute positioning accuracy is low because of
modelling errors in the kinematics. On the contrary,
parallel robots have greater accuracy, but they suffer
from a limited workspace relative to their footprint.
Using robots connected in series, having a redundant
number of degrees of freedom (DoFs), allows the per-
formance of surgical tasks with a more flexible robot
configuration in the operating room (OR) environ-
ment. A multi-robot approach for neurosurgery appli-
cations was already proposed in the Evolution I,19

designed for micro-neurosurgical and micro-endoscopic
applications. A parallel kinematic machine (PKM) was
coupled with an articulated mobile platform, achieving
20mm as the positioning accuracy. Despite the great
targeting accuracy reached, the research was dismissed
since the developed system was too cumbersome and
expensive.

As in the aforementioned papers, the approach here
presented combines navigation data via optical sensors
and robotic assistance for keyhole neurosurgery using
three robots connected as a multiple kinematic chain.
The system is part of a robotic suite for keyhole neuro-
surgery, named ROBOCAST. A biopsy probe is posi-
tioned by the modular robotic system at the planned
entry point on the patient skull, and is then inserted
in the brain via tele-operation control through a
haptic device. The previous work, i.e. the general
ROBOCAST system architecture and pre-operative
planning algorithms, was described by De Momi and
Ferrigno20 and Comparetti et al.21

In order to perform the targeting, an optical system
is used to detect the position of the robots, of the
patient and of the surgical tool held by the robot,
allowing procedure navigation similar to that in

Cornellà et al.15 and Baron et al.17 In our approach,
the external sensor allows iterative corrections of the
pose of the robots in case errors between the desired
and the actual poses of the surgical tool are detected.
The correction movement is differently weighed in case
the error (in terms of position and orientation error) is
increasing or decreasing in magnitude.

The method proposed can be used with inexpensive
and low-resolution manipulators, which would help
reduce the cost of a medical robotic system, since the
residual errors can be reduced by measurements and
corrections; in order for the residual error to improve
(i.e. get smaller), there should not be compliance in the
kinematic chain (i.e. a stiff system is still needed) and
placement resolution should still be high (i.e. small
positional increments should be possible). These two
requirements would limit how inexpensive the hard-
ware can be made.

The main contribution of the paper is therefore
to prove the clinical applicability of a navigated robotic
approach for neurosurgical interventions. Only
using the external localization system, the automatic
robotic approach can satisfy the application accuracy
requirements.

The original concept behind the iterative targeting
algorithm was proposed by Comparetti et al.22 In the
present paper, the suitability for clinical applicability
has been proved through extensive tests, performed
under operating condition settings, since the obtained
targeting accuracy satisfies the clinical requirements.
The innovative targeting algorithm presented has
potential applications for surgical robotic systems
already present in the market.

In addition, the control algorithm checks the overall
system safety: whenever inconsistency is detected
among redundant sensors (robot encoders versus opti-
cal tracking system), the system raises a warning and
blocks the advancement of the probe inside the brain.

Materials and methods

The system

The ROBOCAST system is a robotic chain of three
robots, totalling 13 DoFs, as explained below. As
described by De Momi and Ferrigno,20 the system
encompasses the following (see Table 1 for details):

� gross positioner (GP) (PathFinder, Prosurgics Ltd,
UK), a serial 6 DoFs arm that is used to approach
the patient head;23

� fine positioner (FP) (SpineAssist, Mazor, Israel), a
parallel 6 DoFs miniaturized PKM, used to further
correct the targeting, and which is rigidly connected
to the GP via a custom-built quick-release interlock;

� linear actuator (LA), a 1 DoF bespoke piezo-
actuator that makes the biopsy linear probe
advance through a tele-operated haptic interface
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(Omega, Force Dimension, Switzerland);24 the LA
is attached to the FP end-effector upper plate.

The Certus optical tracking system (NDI, Ontario,
Canada), with 0.15mm stated accuracy, is used for
tracking the overall robotic chain. Dynamic reference
frames (DRFs), rigid bodies composed of four active
markers each, are attached to all the bases and the end
effectors of the robots (Table 2). The tracking system is
interfaced with the robots high-level controller through
a Sensor Manager application,25,26 which is based on
the Image-guided Surgery Toolkit framework (Kitware
Inc., Clifton Park, New York, USA, www.igstk.org).

The desired target in the brain and the entry point
on the patient skull are defined on medical images dur-
ing the planning. In the intra-operative scenario, the
surgical tool is firstly aligned onto the desired trajec-
tory at the entry point using the GP and the FP, and
then inserted inside the brain towards the planned tar-
get, using the tele-operated LA.

Spatial relations

Calibrating the system means to establish a common
reference frame among the robots (GP, FP and LA)
and the optical sensor. To compute the spatial transfor-
mations (see Figure 1) among the forward kinematics
of the robot, the joint angle encoders (BGP, BFP and
BLA) and the optical tracking system (AGP, AFP and
ALA), the approach described by Strobl and Hirzinger14

and De Momi et al.27 was used (GP and FP calibra-
tion). XGP, YGP, XFP and YFP are the transformations
computed during the calibration and represent the
transformations between the DRFs in the optical refer-
ence frame and the robots internal reference frame (see
Figure 1):

� XGP is the transformation between the GP end-
effector internal reference frame and the origin of
the DRF attached to the GP end effector;

� YGP is the transformation between the GP base
internal reference frame and the origin of the DRF
attached to the GP base;

� XFP is the transformation between the FP end-
effector internal reference frame and the origin of
the DRF attached to the FP end effector;

� YFP is the transformation between the FP base
internal reference frame and the origin of the DRF
attached to the FP base;

� XLA is the transformation between the LA end-
effector internal reference frame and the origin of
the DRF attached to the LA end effector;

� YLA is the transformation between the LA base
internal reference frame and the origin of the DRF
attached to the LA base.

In order to perform the calibration, the GP working
volume was sampled, acquiring 28 poses (in a sphere of
173.21mm radius). In order to sample the FP working
volume as well, 28 poses were acquired (in a sphere of
7.86mm in radius). Calibration errors were computed
on 15 poses not used for calibration.

In order to calibrate the LA, the probe was moved
for 100mm (backwards and forwards with 5mm spac-
ing) and the three-dimensional (3D) coordinates of the
tip position were sampled using a custom-built divot,
equipped with a DRF. Principal component analysis28

Figure 1. Spatial transformations between the robot internal
reference system and the DRF in Table 2.

Table 1. Robot characteristics.

Robot Architecture DoFs Accuracy Velocity Workspace

GP Serial 6 0.5 mm8 50 mm s21* 0.75 m 3 0.75 m 3 0.75 m*

FP Parallel 6 \ 0.1 mm 1.3 mm s21, 4.3� s21 40 mm 3 40 mm 3 10 mm, 12� 3 12� 3 12�
LA Linear 1 8 mm 2 mm s21 110 mm

*
Fixed by ROBOCAST specifications.

Table 2. List of the DRFs of the ROBOCAST system and
schematic representation (code). DRFs are visible in Figure 1.

Position Code

GP base B
GP end effector E
FP base E
FP end effector ?
LA base ?
LA end effector y
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was applied in order to compute the orientation of the
line approximating the probe advancement in the 3D
space.

Probe targeting brings the probe (Tool) tip reference
frame Tj in the desired target pose Td (2 cm outside the
patient skull entry point), as planned in the pre-
operative phase. From there, the probe is made in
advance by the surgeon using the haptic interface.20 In
order for the Tool Tj reference frame to reach the Td

reference frame, the i-th robot (i=GP,FP) has to
change its pose from Bi, j to Bi, j+1 (Figure 2), where j is
the movement iteration index.

If Mi represents the transformation between Tj and
the i-th robot end-effector reference frame, the transfor-
mation to be applied to the i-th robot end effector Ci, j

is

Ci, j =Mi � Rj �M�1i ð1Þ

where Rj is the transformation between the probe tip
reference frame (Tj) and the target pose (Td). Therefore,
the new robot pose Bi, j+1 is

Bi, j+1 =Bi, j � Ci, j ð2Þ

Note that this transformation is independent of the
base reference frame, and depends only on optical dif-
ferential measurements (Rj), calibration matrices
(Xi,Yi) and robot initial poses (Bi, j)

MGP =X�1GP � YFP � BFP � X�1FP � YLA � BLA ð3Þ

for the GP robot (i=GP) and

MFP =X�1FP � YLA � BLA ð4Þ

for the FP robot (i=FP).

The closed-loop targeting algorithm

The residual transformation Rj between the desired
(Td) and the actual (Tj) probe tip reference frame is

computed as Rj =T�1j � Td. The translation error
(translation component (TC)) is the Euclidean distance
of the translation components of Rj,

29 while the rota-
tion error (rotation component (RC)) is estimated by
computing the arctangent of the norm of the vector
component of the quaternion of Rj, divided by the sca-
lar component.

The targeting algorithm is described in Figure 3:
first, the i-th robot approaches the target with an itera-
tive approach until the error Rj (both the translation
(TC) and the rotation (RC) components) is below a
threshold (specifically defined for each robot) or if the
maximum number of iterations is reached. Then the
(i+1)-th robot is moved and the control loop contin-
ues until success or failure are met. Note that, if Mi

was known perfectly, just one movement would put the
end effector in the correct position. Iteration is required
to deal with Mi, Bi, j and optical tracker inaccuracies.

The robot arm pose correction Ci, j (dashed block
represented in Figure 3) is computed to reduce the Rj

transformation in magnitude (in both TC and RC com-
ponents), avoiding instability. The Rj translation

Figure 3. The residual transformation Rj is Rj = T�1
j � Td. First,

the i -th robot approaches the target with an iterative approach
until the error Rj (both the translation (TC) and the rotation
(RC) components) is below a threshold (specifically defined for
each robot) or if the maximum number of iterations is reached.
Then, the (i + 1)-th robot is moved, and the control loop
continues until success or failure are met.

Figure 2. Spatial transformations used during probe targeting.
Mi is the spatial transformation between the Tool and the robot
end effector: for the GP robot, it is MGP = X�1

GP � YFP � BFP �X�1
FP �

YLA � BLA, and for the FP robot, MFP = X�1
FP � YLA � BLA.
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component (TCj) and the Rj rotation component (RCj)
were scaled by multiplying TCj and RCj times a value
nsj , computed as follows

nsj ( _xsj )=
1

1+ e
_xs
j
10

ð5Þ

where _x is the first derivative, computed using finite
differences, of the s component (TCj and RCj). As an
example, the correction n is 0.5 when the error does not
change from the previous iteration (TCj+1 =TCj or
RCj+1 =RCj). When the error is decreasing, thus
_x\ 0, the correction n approaches 1, while if the error
increases, the correction n is reduced towards 0. The
exponential parameter 1/10, the sigmoid amplitude,
was empirically set.

The error reduction algorithm is designed to allow
the robot to get closer to the target, assuring conver-
gence with a small iterations number.

Experimental protocol

The planning. A brain phantom was designed and devel-
oped using a plastic skull and polyvinyl alcohol as brain
mimicking material. 30, 31 Two gadolinium markers (tar-
gets) were fixed on the base of the skull (Figure 4).

Magnetic resonance image (MRI) images of the phan-
tom were acquired (T1, 512 3 512 3 144, 0.5mm 3

0.5mm 3 1mm slice spacing) and the 3D coordinates
of the targets computed in the medical images reference
frame. For each target point, 12 possible entry points
were selected on the whole skull surface. Therefore, 12
probe trajectories were planned for each target point.

The planned trajectories were registered into the
operating volume using a point-based registration algo-
rithm. 32

The targeting tests. The modular robotic system was
moved in order to align the actual surgical probe trajec-
tory (Tj) with the planned trajectory (Td). The surgical
probe was positioned by the GP and the FP 2 cm above
the entry point along the planned trajectory (Td), then it
was inserted in the phantom by the LA towards the entry
point and the target point, following the designed surgical
plan. The GP threshold was set to 2mm for translation
(TC) and 0.1 rad for rotation (RC), with a maximum of
10 iterations allowed, after which the FP was moved
towards the desired target pose (Td). The FP threshold
was set to 0.08mm (corresponding to the expected accu-
racy of DRFs 33 for translation and 0.01 rad for rotation
with a maximum of 10 iterations allowed).

Figure 4. Brain phantom. (a) Skull and brain phantom with gadolinium markers and optical active markers attached on the magnetic
resonance image (MRI) compatible head ring. (b) Skull model reconstructed from the MRI dataset.
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Targeting tests were performed with the
ROBOCAST system in three different conditions.

1. ‘Calibrated’ targeting: the optical calibration of
GP, FP and LA (described in the section on spatial
relations) was performed immediately before the
targeting experiments.

2. ‘Non-calibrated’ targeting: the optical calibration
of GP, FP and LA was performed the day before
the experiments, in order to check the calibration
stability.

3. ‘Perturbed’ targeting. In order to test the algorithm
robustness, the calibration (see the section on spa-
tial relations) was altered on purpose by multiply-
ing the calibration matrix (XGP) by transformation
matrices (PGP), randomly chosen in a population
of 0mm..50mm translation and 0 rad..0.09 rad
rotation (uniform distribution) and multiplying the
calibration matrix (XFP) by transformation
matrices (PFP) randomly chosen in a population of
0mm..5mm range of translation and 0 rad..0.03 rad
of rotation (uniform distribution).

For each targeting experiment (Figure 5), all DRFs
poses were acquired at 30Hz.

The test protocol is reported in Table 3.

The evaluation metrics and data analysis. In order to evalu-
ate the system performances, the following data were
measured:

� the final probe tip residual transformation matrices
(Rf) components (TCf and RCf) for both the GP
and the FP;

� the actual entry point (EP);
� the actual target point (TP);
� the actual probe trajectory (PT), computed as the

line crossing EP and TP.

Targeting performance evaluation was performed
computing the residual translation and rotation trans-
formation (TCj and RCj components of Rj) for each
targeting trial.

Experimental results were evaluated using a non-
parametric Kruskal–Wallis test with p\ 0:05 signifi-
cance (STATISTICA 10, StatSoft).

In order to check whether the iterative targeting
always ensures that the residual translation transforma-
tion (TCj component of Rj) is decreasing in magnitude,
the following data were computed:

� iterative corrections of the GP (ICGP), computed
for each targeting experiment (k) as

ICGPk =TCGP, j�1, k � TCGP, j, k ð6Þ

� iterative correction of the FP (ICFP), computed for
each targeting experiment (k) as

ICFPk =TCFP, j�1, k � TCFP, j, k ð7Þ

The Pearson correlation coefficients among the TC com-
ponent of the PGP and the TC component of the residual
Rj and among the TC component of the PFP and the TC
component of the residual Rj were computed.

In order to compare the overall targeting accuracy,
the following evaluation metrics were computed:

� residual error at the entry point (REEP): Euclidean
distance between the actual and the desired EP;

Figure 5. The OR set-up during experiments. (a) The surgical probe is automatically positioned by the GP and FP. (b) Final
targeting verification. The probe tip reaches the gadolinium marker centre.
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� residual error at the target point (RETP): Euclidean
distance between the actual and the desired TP;

� angle between the actual and desired probes trajec-
tories (APT): angle between the two lines in space.

Different experimental setups were compared using
a non-parametric Kruskal–Wallis test with p\ 0:05 sig-
nificance (STATISTICA 10, StatSoft).

Results

Calibration

Calibration residuals and calibration errors for GP, FP
and LA are reported in Table 4 in both the translation
(TC) and the rotation (RC) components. Calibration
residuals are about 0.2mm, which is the accuracy that
would have been reached without an iterative targeting,
if the calibration model would perfectly generalize.

GP and FP targeting. Figure 6 shows the TCF and RCF

components of the final (either below threshold or after
the maximum number of iterations was reached) Rj

transformation matrix for the GP and the FP in the
three evaluation scenarios (calibrated, non-calibrated
and perturbed). There is no significant difference within

the same robot (GP or FP) in the three evaluation sce-
narios as far as the TCF parameter is considered. The
angular residual error of the GP (RCf) worsen when the
system is not calibrated, while the RCf of the FP is not
statistically affected. The FP provides a significantly
better final pose of the surgical probe tip with respect to
the GP robot.

Figure 7 shows ICGP (equation (6)) and ICFP (equa-
tion (7)) in the three evaluation scenarios (calibrated,
non-calibrated and perturbed). The correction value
population appears normally distributed, with few neg-
ative outliers (Table 5).

Figure 8 shows the relationship between the TC
component of the PGP and the TC component of the
Rj, after the GP targeting movement, and between the
TC component of the PFP and the TC component of
the Rj, after the FP targeting movement. As shown,
there is no correlation (p. 0:05) among the perturba-
tion and the automatic targeting performance, neither
for the GP (Figure 8(a)), nor for the FP (Figure 8(b)).

Linear actuator targeting

Figure 9 shows the targeting distances at the entry point
(REEP), at the target point (RETP) and the angular
error among the planned and the actual probe trajec-
tory (APT) in the three evaluation scenarios (calibrated,
non-calibrated and perturbed). As shown, there is a sig-
nificant difference between the targeting errors TC at
the EP and at the TP, and among the three calibration
scenarios. In addition, there is a significant difference in
the angular trajectory RC errors among the three cali-
bration scenarios.

The location of the entry point did not influence the
targeting accuracy, since no statistically significant dif-
ference was found.

Discussion

In this paper, we show the experimental evaluation of a
novel targeting algorithm designed for a multi-robot
system (three robots connected in series) designed for
keyhole neurosurgery, based on external sensors. In
neurosurgery, the desired robotic pose for automatic
targeting is usually defined using a laser pointer or
fluoroscopic images of the patient.9,34 Robotic systems
suffer from two main drawbacks: the movement accu-
racy of a serial robot does not respect surgical require-
ments and there is a lack of feedback information if the
actual robot pose differs from the planned desired one.

With regard to targeting performances, it is worth
recalling that the ROBOCAST system was specially
designed for keyhole approaches, where a straight sur-
gical probe is inserted in the brain tissue and the robot
acts as an assistant, providing an accurate holder for
guiding the probe insertion. Therefore, the aim of this
study was to improve and test the accuracy of targeting
in terms of position and rotation errors. The novelty of
the approach relies on the iterative tracking of the

Table 4. Calibration residuals and calibration errors (median,
25th and 75th percentile) for the three robots (GP, FP and LA).

Calibration residual

TC (mm) RC (mm)

GP 0.2245 (0.1288..0.2623) 0.0021 (0.0008..0.0306)
FP 0.1548 (0.1260..0.2009) 0.0035 (0.0020..0.0049)
LA 0.2561 (0.1452..0.4279) 0.0014 (0.0009..0.0054)

Calibration errors

TC (mm) RC (rad)

GP 0.7724 (0.6430..0.8303) 0.0008 (0.0006..0.0011)
FP 0.2405 (0.2025..0.3450) 0.0129 (0.0115..0.0140)
LA 0.2863 (0.2639..0.3411) 0.0073 (0.0069..0.0077)

Table 3. Experimental protocol.

Number of targets 2
Number of entry points
(for each target)

12

Number of repetitions in
each entry point

3

Maximum number of iteration
per robots

10

Translation
(mm)

Angle (rad)

GP threshold 2 0.1
FP threshold 0.08 0.01
GP calibration perturbation (PGP) 50 (max.) 0.09 (max.)
FP calibration perturbation (PFP) 5 (max.) 0.03 (max.)
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current pose, performed combining the robotic archi-
tecture with an external optical tracking device. The
control of the position and orientation is implemented
by applying a correction factor that is scaled depending
on the fact that the robot is getting closer or further to
the target pose.

In the proposed approach, an optical localization
system tracks both the pose of the patient head and the
robot end effector,18 estimating the error between the
planned and the current surgical tool pose, allowing
further iterative corrections of the pose of the robot
end effector. Also, kinematic redundancy (13 DoFs)
allows the optimization of the robot approach: the

miniaturized parallel robot (FP) mounted on the serial
robot (GP) provides a more accurate surgical probe
pose, due to its greater accuracy and resolution. The
iterative targeting algorithm, which moves the second
robot only after the GP residual error transformation
has reached the pre-defined threshold, assures that the
FP is able to perform further corrections within its lim-
ited workspace. The LA is then used to make the probe
advance along the trajectory reached by the GP and
FP. In order to apply such a hybrid configuration to
the operating room, a smaller and more compact sys-
tem has to be designed in the future (i.e. a smaller GP),
but results reported still hold.

Figure 6. Components of the final (either below threshold or after the maximum number of iterations was reached) Rj

transformation matrix for the GP and the FP in the three evaluation scenarios (calibrated, non-calibrated and perturbed). Bars
represent the median value and the error bars show the interquartile range of the data presented. Horizontal bars indicate
significant difference (p \ 0:05).
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The system was tested following the planned opera-
tory workflow: first the GP and FP bring the probe’s
actual pose to the planned one, 2 cm above the entry
point (GP, FP targeting). The residual error, detected
as the difference between the current pose of the tip of
the surgical probe with respect to the desired one in the
optical reference system, is reduced iteratively, first
approaching the reduction with the GP, then refining
the targeting with the (FP).

The following calibration procedure was performed:

� right before the targeting;
� the day before the targeting;
� right before the targeting, then perturbed adding

noise.

The targeting approach outperforms other neurosur-
gical robots targeting accuracies. As examples, the
PathFinder was tested on phantoms and the reported
targeting accuracy was 0.5mm.8 The NeuroMate

accuracy was reported to be 1.95mm in the frameless
approach9 and 2.9mm using implanted skull fiducials.10

In the literature, robotic targeting for keyhole
surgery was already addressed providing optical feed-
back to robots. With respect to existing methodologies,
the one proposed is based on iterative corrections
and allows the reduction of targeting errors of about
50%.

The optical feedback approach proposed by
Cornellà et al.16 allowed (2.66 0.8)mm to be attained
as the maximum error at the first iteration and
(0.606 0.36)mm as the final targeting error, while
Baron et al.17 attained 0.5mm of accuracy without pre-
vious calibration. Using the iterative approach pro-
posed, the GP allowed 0.25mm to be attained as the
median value in all three calibration scenarios, while
the FP targeting performances were around 0.1mm as
the median value. It must be noted that this value is
limited only by the registration error and by the accu-
racy of the localization system.

The iterative approach proposed proved to be inde-
pendent from the calibration residuals: even if the cali-
bration transformation is inaccurate, the iterative
algorithm allows comparable residual errors to be
attained, with accurate calibrations for both the serial
and the parallel robots, despite the high initial errors.

The feedback control scheme is based on kinematics
and it is intrinsically stable because of the low speed
allowed. Stability problems were tackled by modulating
the amplitude of the correction as a function of current
error. In addition, the target was considered fixed since
the patient head is supposed to be framed in a head ring.

The correction values of the GP are negative in mag-
nitude (about –0.2mm, which means that the robot is

Figure 7. ICGP (equation (6)) and ICFP (equation (7)) in the three evaluation scenarios (calibrated, non-calibrated and perturbed).
Bars represent the median value and the error bars show the interquartile range of the data presented. Horizontal bars indicate
significant difference (p \ 0:05).

Table 5. Negative corrections of iterative algorithm of GP and
FP targeting.

Condition Value GP FP

Calibrated # (%) 1 (0.49%) 6 (3%)
Largest
correction (mm)

20.1479 20.2066

Non-calibrated # (%) 0 (0%) 10 (4.9%)
Largest
correction (mm)

0 20.4011

Perturbed # (%) 0 (0%) 14 (0%)
Largest
correction (mm)

0 20.8775

Comparetti et al. 355

 at Politecnico di Milano on November 23, 2016pih.sagepub.comDownloaded from 

http://pih.sagepub.com/


getting further from the target) in one case only when
the system is calibrated. The correction values of the FP
are negative in magnitude (about –0.3mm) in approxi-
mately 5% of the cases, independently of the calibration
accuracy. Such values are comparable to the optical
tracking system accuracy. Stated optical system accu-
racy is 0.15mm, which is the worse 3D localization
error. When using a four marker DRF, the target error
in the centre of mass is 0.08mm.33 The external sensor

accuracy (tracker) indeed affects the results, since the
corrections are computed using the tracker coordinates.
Non-expensive systems with low working volume, such
as the Polaris Vicra system (NDI, Ontario, Canada),
can be used for the target surgical scenario, which is
surgery around the head, allowing 0.13mm of accuracy
to be attained in the case when four markers are used.33

Considering the LA targeting, the error at the
entry point (0.6mm as median value) is statistically

Figure 8. Relationship between the TC component of the Pi�th robot and the TC component of the Rj after the i-th robot
movement; Pearson coefficient value and p value are also reported. (a) Relationship between the TC component of the PGP

(perturbation) and the TC component of the Rj (residual error) after GP movement; Pearson –0.2121, p = 0:1038. (b) Relationship
between the TC component of the PFP (perturbation) and the TC component of the Rj (residual error) after FP movement; Pearson
–0.0948, p = 0:4712.
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different from the targeting error at the target point
(0.4mm as a median value), and both values satisfy
the requirements for clinical applications (1mm is the
typical stereotactic frame accuracy). Fiducial registra-
tion error33 (which was estimated to be about 0.1mm
as a median value) influences the results, but with an
amplitude of the same order as the optical localiza-
tion error.

The tracking system, which provides overall surveil-
lance further to registration and targeting corrections,
also increases the safety of the application since the
consistency of the calibration loop, together with the

visibility of all DRFs, is continuously checked at 10Hz
by a safety check (similar to that proposed by Baron
et al.17). Whenever an inconsistency is detected, probe
advancement into the brain is stopped and the system
placed in a safe state.

In conclusion, the objective of the work was reached
as the targeting accuracy obtained is better than previ-
ous work and better than the one required by neurosur-
gical procedures. The presence of the tracking system is
not a further constraint in the OR, since it is usually
used for neuronavigation, but in this application it has
two further functions: error reduction and safety.

Figure 9. Errors between planned trajectory and real one. Bars represent the median value and the error bars show the
interquartile range of the data presented. Horizontal bars indicate significant difference (p \ 0:05). (a) Targeting distances at the
entry point REEP, at the target point RETP in the three evaluation scenarios (calibrated, non-calibrated and perturbed). (b) Angular
error AEP among the planned and the actual probe trajectory in the three evaluation scenarios (calibrated, non-calibrated and
perturbed).
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As already introduced, the targeting algorithm pro-
posed can be easily integrated into previous commer-
cially available surgical robots for keyhole surgery.
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Appendix 1

Notation

d desired
f final

i iterator for the robot in the kinematic
chain

j iteration index for the iterative algorithm
B robot pose
C robot correction transformation
M transformation between the tool and the

robot end effector
R residual transformation
T tool geometrical transformation
X calibration matrix for the robot end

effector
Y calibration matrix for the robot base

Abbreviations

DoF degree of freedom
DRF dynamic reference frame
EP entry point
FP fine positioner
GP gross positioner
IC iterative correction
LA linear actuator
MRI magnetic resonance image
OR operating room
PI proportional integral
PKM parallel kinematic machine
PT probe trajectory
RC rotation component
TC translation component
TP target point
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