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Abstract In brain surgery procedures, such as deep brain
stimulation, drug-resistant epilepsy and tumour surgery, the
patient is intentionally awakened to map functional neural
bases via electrophysiological assessment. This assessment
can involve patient’s body movements; thus, increasing the
mechanical load on the head-restraint systems used for
keeping the skull still during the surgery. The loads
exchanged between the head and the restraining device can
potentially result into skin and bone damage. The aim of
this work is to assess such loads for laying down the
requirements of a surgical robotics system for dynamic head
movements compensation by fast moving arms and by an
active restraint able to damp such actions. A Mayfield®
head clamp was tracked and instrumented with strain gages
(SGs). SG locations were chosen according to finite element
analyses. During an actual brain surgery, displacements and
strains were measured and clustered according to events
that generated them. Loads were inferred from strain data.
The greatest force components were exerted vertically
(median 5.5 N, maximum 151.87 N) with frequencies up to
1.5 Hz. Maximum measured displacement and velocity
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were 9 mm and 60 mm/s, with frequencies up to 2.8 Hz.
The analysis of loads and displacements allowed to identify
the surgery steps causing maximal loads on the head-
restraint device.
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1 Introduction

In some brain surgery procedures, such as deep brain
stimulation (DBS), drug-resistant epilepsy surgery and
brain tumour surgery, the patient is intentionally awakened
for performing functional and electrophysiological assess-
ments aimed at mapping the neural bases of motor, sensory
and cognitive functions. In DBS, for example, employed in
the treatment of Parkinson’s disease and other movement
disorders, electrophysiological brain activity is recorded to
refine the pre-planned magnetic resonance imaging (MRi)
localization of the target [5, 8]. In this procedure, the
patient must be intraoperatively awakened to check the
effect of the electrical stimulation [11] and of other neu-
rophysiologic tests for best DBS electrode placement [14].

Patients are also awakened in neuro-oncological open
skull surgeries [21] to appropriately evaluate the somato-
sensory and cognitive functions, such as language (e.g.,
spontaneous speech, object naming, comprehension, etc.),
calculation, memory, reading, etc., which are investigated
by means of direct cortical and subcortical electrical
stimulation and neuro-psychological intraoperative tests
[21]. Having this been done, the extent of tumor resection
is maximized, while minimizing the risk of irreversible
postoperative deficits [6].
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In these procedures, as in almost all of brain surgeries,
the head is fixed to the surgical table through a stiff-
restraint device (e.g., the Mayfield® clamp) to limit unde-
sired movements during surgery. The clamp is fixed to the
patient’s head by means of surgical pins tapped in the outer
part of the skull bones.

Several problems associated with the head clamp fixa-
tion have been reported in the literature and that include air
embolism, bleeding from the pins and scalp and eye lac-
eration [18]. In addition, intracranial complications were
reported in paediatrics neurosurgery [9] and in adult
patients [10, 20]. Lee and Lin [10] reported the occurrence
of an intracranial epidural hematoma in an adult patient
without any prior intracranial pathology after the use of the
head clamp during posterior cervical spine surgery. These
events are related to loads exchanged by the patient’s head
and the restraint device, and to the associated displace-
ments. After cortical electrical stimulations, seizures or
assessment maneuvers, the head fixation device can
undergo displacements due to the loads that are exerted by
the patient, the surgeon or accidental events.

This knowledge could be used to define the requirements
to optimize restraining devices and designing specific active
devices able to damp the patient head movements, and to
design the control system of two lightweight robots which
will compensate the patient head movements during the
operation, as it is planned for the FP7 ICT 270460 ACTIVE
project [7]. A parallel kinematics robot, whose end-effector
will be attached to the Mayfield® skull clamp, was designed
[13] and is about to be developed. To this aim, we equipped
an Mayfield® clamp with an on-purpose designed force/
moment sensor based on the strain gauges to collect the
requirements and specifications for the parallel robot design
and for the real-time control loop (maximum allowed head
displacements, maximum force/moments exerted by the
patient head during a prototypical operation, maximum
frequency content of the patient head displacements). In [4]
and in [24], SGs were used on restraint devices to measure
forces. Among the possible technologies for six axes force—
moment sensors design (e.g., piezoresistive, piezoelectric,
capacitive etc. [3, 12, 22]), SGs allow for easy customiza-
tion, guarantee wide design possibilities and are cost-
effective.

The sensor was designed to allow the measurement of
force/moments values of the patient head. Several works
reported the range of force and moments that can be gen-
erated by voluntary movements of the neck and of the
head. In Vasavada et al. [23], moments during maximum
voluntary contractions of neck muscles were measured on
11 men and resulted 52 & 11 N m during extension and
30 £ 5 N m during flexion. Similar moment values resul-
ted in Seng et al. [19] (52.04 and 31.19 N m during
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extension and flexion, respectively). In [15], the isokinetic
neck strength profile of a specific population (24-year-old
senior elite rugby players) was assessed. The mean flexion
moment was 44.04 N m and the mean extension moment
was 65.60 N m. However, all these data do not refer to
scenarios comparable to neurosurgery procedures in terms
of patient body posture and constraints. Indeed, these
greatly affect forces and moments exerted by neck muscles.
Resazoltani et al. [17] showed that the isometric force and
isometric moment of neck extensor muscles are strictly
dependent on the location of the thoracic support, i.e.,
where the torso is restrained. Reported results, measured on
a population of 20 healthy women, showed that the max-
imum isometric force (~ 150 N) and maximum isometric
moment (~70 N m) generated by the neck extensor
muscles vary with the length of the lever arm, represented
by the different levels of thoracic support.

2 Materials and methods

This section describes the experimental set-up and the
processing techniques for the quantification of the loads
exerted by the patient’s head on a specific restraint device
during brain surgery, and the corresponding head dis-
placements. The experimental set-up consisted of a system
of strain-gage (SG) load sensors and an optical tracking
system.

Hence, after describing the restraint device, we present
the theoretical background for SG force sensors, the design
of the SGs system through finite element (FE) simulations,
and the direct experimental measurement of strains on the
restraint device, along with the optical tracking system for
displacement measurements. Then, the calibration proce-
dure for the experimental measurement system is descri-
bed. Finally, we provide the details of the signal processing
techniques adopted for the quantitative description of loads
and displacements in terms of magnitude and frequency
content.

2.1 The instrumented restraint device

The Mayfield® Ultra 360™ Patient Positioning System,
Integralife, (MPPS, Fig. 1b) is a passive 7 degrees of
freedom mechanical repositionable device that allows for
positioning and fixing the head of the patient during sur-
gical procedures. Once the head is positioned in the desired
configuration, the joints of the MPPS are locked to form a
rigid structure. In order to measure forces (F,, Fy, F,) and
moments (M,, M,, M;) acting on its terminal screw, the
MPPS was instrumented with seven SGs and an appropri-
ate calibration procedure was performed.
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Fig. 1 a CAD model of the Mayfield® patient positioning system
(MPPS), constraints, point of application of forces and moments
(terminal screw) and SG positions are indicated. F indicates 90° tee
SG rosettes for flexion measurements, while 7 indicates 90° tee SG
rosettes for torque measurements. The color map shows max principal
strains in case of a force applied along the z axis (F,). b Operating
room setup. SG locations on the MPPS are shown. The passive
marker tool for tracking the MPPS position is also shown, together
with the terminal screw (which is coincident with the origin of the
reference frame of forces and moments) and the skull clamp attached
to it. Dotted lines show the main links of the MPPS

2.2 Loads measurement through SGs: theoretical
background

The unknown forces and moments vector w = (F, F,, F_,
M,, M, M;) acts on the terminal screw, where the May-
field® skull clamp is attached to the MPPS (Fig. 1b).
The vector s = (sy,..., Sy), N > 6, contains the set of the
associated SGs output signals (strains). Under the
hypothesis of infinitesimal strains and linear elastic
behavior of the MPPS, the following linear relationship can
be written [12]:

of known load vectors (W;, W, ..., W) to the MPPS
terminal screw, by recording the corresponding output
signal vectors (§;, S5, ..., §), and by computing C, after
having solved the systems of linear equations:

S=C-W (4)

where S is the N x k strain signal matrix corresponding to
the k applied loads (W, W», wy) and W is the
6 x k matrix of loads.

The full form of Eq. (4) is

St Stk c11 - Cle wir o Wik

SN1 ottt SNk CN1 ' CN6 Wer - Wek

Because the system is over-determined, C has to be
obtained in a least-squares sense, i.e.:

C=SW'w)'wTl (6)

2.3 SGs design through FE simulations

A CAD model of the MPPS (Fig. 1a) was implemented
using Solidworks® Premium 2009 (Dassault Systémes,
Vélizy, France), and then discretized into 21,000 hexahe-
dral and 683,000 tetrahedral linear elements (approximate
average size = 2.5 mm). A sensitivity analysis showed this
value to be a very good a trade-off between computational
time and accuracy of numerical results, having the elements
size increased the computational cost from 5 min to several
hours and introducing a difference in the strains computed
in the locations of interest by less than 0.5 pstrain (i.e.,
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nearly two orders of magnitude lower than the smallest
detected strains). The MPPS was described as made of
aluminum alloy (elastic modulus, Poisson ratio, yielding
stress and strain equal to 72 GPa, 0.34, 520 MPa and
0.72 %, respectively), which was modeled as a linear elastic
material based on the assumption that computed strains
would have been lower that the yield limit. To identify the
best configuration and location on the MPPS for the SGs, a
series of simulations were run through the commercial
solver ABAQUS/Standard® 6.9 (Dassault Systémes,
Vélizy, France); linearly increasing forces (up to 150 N,
50 N step) and moments (up to 70 N m, 10 N m step) [15]
acting along x, y and z axis were applied to the terminal
screw of the virtual model, while constraining the two
cylindrical segments shown in Fig. la with respect to
translations and rotations, so to mimic the real constraint to
the surgical bed.

Pairs of adjacent mesh elements were chosen as SG
positions on the fixation device (shown in Fig. 1a) where
the differences between strains along two perpendicular
directions were greater than 10pe (ten times the expected
system resolution). The choice of SG positions was also
influenced by the need to avoid operative obstruction to the
medical staff and to allow relative rotations around the
joints of the MPPS during patient head positioning.

A frequency analysis was also performed in the same
simulation environment to determine the modes of vibra-
tion of the device.

2.4 Experimental setup

MPPS strains and head displacements were acquired during
a 6-h neurosurgical procedure for removing a left fronto-
insular oligo-astrocytoma (World Health Organization
Grade II) affecting a 41-year-old patient weighing 84 kg.
The procedure was performed at the Neurosurgery
Department of the Istituto Clinico Humanitas (Rozzano,
Milan, Italy). The scientific and ethical review boards
approved the experimental setup and technical specifica-
tions of the instrumentation and a proper informed consent
was obtained by the patient.

The MPPS was instrumented using 7 strain-gauges the
day before the intervention, following indications from FE
analysis (Fig. 1a). Flexion and torque (F and T, Fig. la)
90° tee rosettes SGs (Vishay® Precision Group, Malvern,
PA, USA) were used (350 Q +£0.4 %, 3.3 x 2.0 mm area).
The SGs were connected in a half bridge configuration
using remote sense wires to eliminate gain errors due to the
resistance of the excitation leads.

Signals were acquired using a NI Compact DAQ and a
NI 9237 Bridge Module (National Instruments®Austin, TX,
US), with 1,613 Hz sampling frequency. The bridge module
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was connected to a notebook PC via USB interface. Data
collection was performed using Labview® 2011 (National
Instruments®, Austin, TX, US). The final experimental
setup in the operating room is shown in Fig. 1b.

Head displacements were measured using the optical
tracking system Polaris Vicra® (Northern Digital Inc.,
Ontario, Canada) (stated accuracy 0.25 mm, acquisition
frequency 20 Hz). The optical localizer acquired the
position of a passive marker tool attached to the skull
clamp. Displacement signals were acquired using NDI
Tool Tracker SW (Northern Digital Inc., ON, Canada).

Events occurred during the intervention were recorded
on paper and classified according to four different
typologies:

1. Surgeon action events caused by the action of the
surgeon or by the medical staff (e.g., use of surgical
driller, suturing, scalp clips application, use of
aspirator...).

2. Induced patient movement patient movements caused
by direct cortical and subcortical electrical stimulation
or requested by the medical staff (e.g., use of
stimulator on cortical areas, patient asked to speak or
count or to open and close his hand...).

3. Patient movement voluntary and physiological (e.g.,
breathing) patient movement not requested or elicited
by the medical staff (e.g., muscles activity, unre-
quested head, leg and foot movement, breathing chest
movement...)

4. Accidental movements patient movement not fitting
inside the above categories (e. g. right leg slightly
falling out of bed...).

2.5 Calibration

To successively derive forces/moments from measured
MPPS strains, after the intervention, when the patient head
and the skull clamp had already been detached from the
clamp, a calibration was performed on the SGs system
without changing the MPPS configuration. An orthonormal
reference frame was defined (Fig. 2a) as follows: the origin
was coincident with the terminal screw, the x axis was the
gravity force direction and the z axis was perpendicular to
x and laying in the sagittal plane. Forces and moments were
applied using a system of weights and pulleys (Fig. 2a, b).
F, was applied by directly connecting weights to the ter-
minal screw, while forces along z and y directions (£, and
F,) were applied through a pulley, as shown in Fig. 2b. The
perpendicularity between F, and F, and between F), and F,
was obtained using bubble levels. Moments were applied
using an arm attached to the terminal screw off the MPPS
(Fig. 2a).
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Based on the assumption of linear mechanical response
of the MPPS, the applied loads ranged between 5 and 55 N
for force components and between 0.8 and 5.5 N m for
moments.

The C matrix coefficients (c;) were computed solving
the systems of linear equations (Eq. 4), as previously
described.

2.6 Signal processing

The acquired force/moment and displacement signals were
processed using MATLAB® 2011a (Mathworks®, Natick,
MA, USA).

The SGs electronic signal bias was recorded for 5 min
and subtracted from all the acquired strain signals. To
reduce the computational load, strain signals were deci-
mated to 201.6 Hz sampling rate. To avoid aliasing, data
were filtered with a 121th order low pass equiripple FIR

Wei ght

-

Fig. 2 a Sensor calibration: application of a moment (M,). The force
F is applied along the z axis direction using a pulley. b Application of
F along the z axis. The reference frame is shown

filter (50 Hz cut-off frequency, 100 Hz stop-band fre-
quency, 0.001 dB pass-band ripple and 50 dB stop-band
attenuation) before re-sampling. The values of forces and
moments (w) were estimated multiplying the half bridge
outputs, s, times the calibration matrix Y, as described in
Eq. (D).

For each type of event g = 1...4, the force/moment
difference (Awg;) between the actual force/moment value
and the event average force/moment value was computed
for each temporal instant &, such as:

N
Aw! (k) = wi(k) — l% > wj‘.’(k)] (7)
k=1

where j = 1,...,6 and N is the number of time samples in
the considered gth event.

The values of stationary baseline forces and moments
due to the patient head, shoulders and skull clamp loads
were estimated as the average on the last 10 s of the
intervention, with the patient asleep (without any move-
ments or applied load).

Head velocity and acceleration were computed from
displacement data. The velocity vector was computed by a
central finite difference scheme:

_p(k+ 1) —pk— 1)
il =B ®)

where k denotes the sample number, p = [x, y, z]” and 1
the sampling period (f;, = 50 ms).
Acceleration was computed by Eq. (9):

a(k) :v(k—l—l)z—tsv(k—l) ©)

Of note, during induced patient movement events head
displacements could not be measured because medical staff
was hiding the line of sight of the optical tracking device.

2.7 Evaluation metrics

To evaluate the resolution of the force/moment sensor, we
computed the root mean square (RMS) residual calibration
error e between known applied force/moment vectors w
and the force/moment estimations w, computed using the
strain signals as:

1 M

€j = MZ (ij - ij)z (10)

k=1

where subscript j = 1,...,6 are the six w components (force
and moment) and M is the number of -calibration
acquisitions.

Force/moments, displacements, velocities and accelera-
tions signals of each event class were evaluated using
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<« Fig. 3 a Color maps of the strains along the three direction:

E\. = Ex, E,, = Ex3, E,; = Eyy. The three panels in the left column
correspond to a 150 N applied force F,. In the right column a 70 N m
M, moment was applied. From top to bottom E.., E,, and E,, are
shown. b Principal strain color maps for a maximum 150 N applied
force (on the left) and for a maximum applied 70 N m moment (on
the right)
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Fig. 4 Forces (a) and moments (b) during the whole intervention for
each event class. Median values, 5th and 95th percentiles are
reported. Statistically significant differences are reported with brack-
ets (p < 0.05)

Lilliefors test to test if data were normally distributed
(¢ = 0.05). Kruskal-Wallis test (¢« = 0.05), with Dunn-
Sidak post hoc, was performed to compare force and
moment differences (Aw;), displacement, velocity and

acceleration measurements among different classes of
events.

Frequency content of loads, displacements and veloci-
ties for each class of event was computed using the power
spectrum density (PSD) with the modified covariance
method [2]. To identify the frequency content, we used the
method described in [2]. A practical upper bound is rep-
resented by the frequency at which the signal to noise ratio
(SNR) falls below a predefined threshold (Th). The
threshold is computed as:

Th=k-N (11)
with
| 50Hz
N=15 / PSD(f)df (12)
30Hz

and k = 50, as described in [2]. We chose the frequency
interval 30-50 Hz for noise evaluation (Eq. 12), where the
PSD function is flat, reasonably no frequency content due
to motion is noticeable, and the Nyquist frequency
(100.8 Hz) is twice as high as the highest considered value.

3 Results

Figure 3a, b shows the strain map for the maximum applied
force and for the maximum applied moment on the MPPS
model, respectively. The strain color maps for each applied
load (an example is reported in Fig. 3a) were used to chose
SG positions. Maximum values of simulated strains
(Fig. 3b) were 2.62 x 10~* for the applied force and
1 x 1073 for the moment, below the yield strain value
(0.71 %).

The maximum strain value corresponding to the SG
signals acquired during the experiments was 0.33 %; thus,
confirming the hypothesis of small strains and of linear
behavior of the system.

Table 1 RMS errors for each force component after experimental calibration; head, shoulders and skull clamp force and moment static values;
absolute maximum values during the entire intervention, for each force and moment components

z Fe (N) Fy (N) F, (N) M, (N m) M, (N m) M, (N m)
RMS calibration errors 2.74 2.09 2.74 0.12 0.96 0.65
Head, shoulder and skull clamp static load 132.65 —15.01 —69.24 —5.67 65.3 10
Max magnitude 151.87 94.71 71.87 34.60 68.69 60.49
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Fig. 6 Displacements, velocities and accelerations during the whole
intervention for three of the four types of events. Median values, 25th
and 75th percentiles are reported. Statistically significant differences
are reported with brackets (p < 0.05)

3.1 Load measurements analysis

The force sensor matrix C, obtained with the experimental
calibration, resulted:

—0.0755 0.0677  0.5440  0.3297  0.8652 —0.5435
0.0546  0.0511  0.1676 —0.0139 0.7694 —0.6015
0.1683 —0.1838 1.3791 —0.3725 3.5515 —0.2659
C="""1_01382 0089 —02736 04664 —1.4022 —0.5667
02031 12366 —0.0161 0.3309 —0.0942 —4.2121
0.0047 —0.1596 0.0669  2.3994 —0.0956 —1.0662
—0.0269 02155 —0.333 —3.3425 —0.7471 0.0554

The condition number (Cy) is 69.92.

Calibration RMS errors are always less than 3 N for
forces and 1 N m for moments. Magnitude of forces and
moments (median, Sth and 95th percentile) are reported in
Fig. 4. Highest values correspond to surgeon actions
(median value 5.5 N for force along the vertical direction
and 2.4 N m for M,), while smallest values correspond to
accidental movements (median value 0.68 N for F, and
0.28 N m for M,). Maximum values of the six components
of vector w during the whole intervention duration and the
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values of steady forces and moments due to the patient
head, shoulders and skull clamp loads are reported in
Table 1. Maximum force component (F,) is along the
vertical direction (151.87 N), while maximum moment is
directed along the y axis (M, = 68.9 N m). Maximum
contribution of steady loads is along F, (132.65 N) and M,
(65.3 N m).

An example of a surgeon action signal (phase of skull
opening, using the surgical driller) is reported in Fig. 5.

Displacement values are in the range of a millimeter
(median value) during surgeon actions, and maximum
value reached 9 mm during the drilling phase (Fig. 6).
During patient movements and accidental movements,
displacements were always below 0.35 mm as median
value. Velocities median values are close to 1 mm/s for all
the event types with a maximum value of 60 mm/s during
surgeon actions. Median accelerations are about 20 mm/s*
in all the four types of events frequency content

The first natural frequency of the device computed in the
simulation was 62.67 Hz. Frequency content of the force
and moment signals is in the range 0-2.8 Hz. Larger fre-
quency contents are reported for F, (median value 0.69 Hz)
and for M, (median value 1.12 Hz) during surgeon action
and accidental movements, respectively (Fig. 7). Lower
frequency content correspond to stimulation induced (using
stimulation frequency range 0.5-2 Hz) movements (med-
ian value 0.1 and 0.47 Hz for F, and M,, respectively).
Nevertheless, the differences are statistically significant
exclusively between surgeon actions and patient move-
ments along vertical direction (F)).

The overall displacement frequency bandwidth is
between 0.13 and 1.39 Hz as a median value (Fig. 8).
Larger frequency content is due to surgeon actions (up to
1.39 Hz). The lower frequency content corresponds to
accidental movements (0.13 Hz, median value).
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Fig. 7 Force (a) and moment (b) frequency content during the whole
intervention for each type of event. Median values, 25th and 75th
percentiles are reported. Statistically significant difference is reported
with a bracket (p = 0.036)
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Fig. 8 Displacements’ frequency content during the whole interven-
tion for three of the four types of events. Median values, 25th and
75th percentiles are reported. No statistical difference among all the
histograms (p = 0.053) was found

Characteristic signal patterns were observed in several
segments of the whole intervention at 0.2, 0.5 and 0.7 Hz.
In particular, a 0.2 Hz pseudo-sinusoidal signal pattern,
related to the patient breathing, was acquired during the
early initial phase of the intervention when the patient was
asleep and the surgery had not started yet (force range:
+2 N).

Signal patterns at 0.5 and 0.7 Hz are related to stimu-
lation for motor-evoked potentials (MEP) recordings with
force amplitude up to £5 N.

4 Discussion

Intraoperative measurements were carried out at Istituto
Clinico Humanitas, IRCCS (Milano, Italy) to obtain
quantitative information about forces and moments exerted
by the patient’s head during awake neurosurgical inter-
ventions. Intraoperative force measurements could directly
monitor forces exchanged between the patient skull and the
pins. The aim of the data analysis was to estimate the
requirements for an active head fixation device to be used
in awake neurosurgical procedures, able to damp the pos-
sibly occurring head movements [13] and for a two-arm
robotic surgical system able to compensate such move-
ments [7]. Awake surgery with cortical stimulation was
chosen as a paradigmatic scenario because we expected the
highest stresses on the head frame and maximum dis-
placements. Data were acquired during a single surgical
intervention, since the operating room availability was
limited and due to the strict patient’s inclusion criteria.
Nevertheless, we believe that the amount of data acquired
is exemplary of a variety of possible events in the operating
room during an awake neurosurgical intervention. In
addition, when considering that maximum magnitude of
forces and moments corresponded to surgeon actions, the
results of this study are likely valid also for asleep surgery.
Further intraoperative acquisition trials will allow com-
paring our findings even in asleep surgery and with dif-
ferent configurations and types of head rests.

A system of seven double SGs was designed, to measure
the strains of the MPPS links during the intervention.
During patient preparation, the surgeon sets the MPPS
configuration and the patient head pose with respect to the
MPPS. In our work, we considered the Mayfield® skull
clamp and the patient head as a single body exerting loads
on the MPPS.

The design and implementation of force/moment sen-
sors to be used during surgical interventions had to fulfill
the operating workspace constraints, electrical safety,
sterilization and biocompatibility [16, 22] issues. Forces
and moments were estimated after a calibration procedure.
The force sensor was calibrated after the surgery, to
maintain the MPPS configuration used during the inter-
vention, and thus having consistency between the calibra-
tion and measurement set-ups.

The optimization of force sensitivities was challenging
due to the imposed MPPS structure. Generally, in force
sensor design, the structure is designed on purpose to
maximize the sensitivity isotropy [1]. In our case, the
structure was designed by the manufacturer of the MPPS
and SG location was determined on a reverse engineered
CAD model of the MPPS by FE simulations analysis. The
MPPS was considered as a whole rigid body; simulations
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did not consider joints clearance and the corresponding
friction phenomena. Furthermore, the choice of SG posi-
tions was influenced by the need to not modify how the
medical staff fixed the MPPS on the patient head and to not
limit the possible relative movements of the MPPS arms.
When considering the geometry of the MPPS device, a
completely uncoupled system is not obtainable, and
therefore cross-sensitivities exist. A particular strain signal
corresponding to a force component is affected by the
application of any of the other force components.

Calibration force and moments were well above the
median force/torque values. Loads applied during the cal-
ibration procedure led to linear strains measurements.

The condition number (Cy) of the experimental cali-
bration matrix (69.92), suggests that the force/moment
sensitivities among all the six axes are not equal. This is
confirmed also by the different values of the calibration
residuals among the forces and the moments. However,
residual calibration errors values (max RMSE value 2.74 N
and 0.96 N m for forces and moments, respectively) and
static force/moments noise standard deviation (1.93 N and
0.43 N m for forces and moments, respectively) are more
than one order of magnitude lower than maximum load
values found during the intervention, for all components.

SG number 7 (Fig. 1a) showed a positive drift during the
first 2 h of the intervention, caused by temperature varia-
tion, which was compensated.

Events were classified into four typologies to compare
the surgical workflow steps. Maximum values of forces and
moments were measured when the surgeon used the sur-
gical driller and the dissector in order to open the skull and
in the last phase of the intervention, during suturing. In
these phases, the medical staff directly applies forces on
the head of the patient. Maximum registered force was
151.87 N along x direction (perpendicular to the floor), this
is plausible considering the patient’s head position with
respect to the defined reference frame. Load values due to
patient movements are higher than those due to stimulation
and are generally less than surgeon actions, except for
moments around x and y axis. It is worth considering that
the medical staff never asks to the patient to move the head
and stimulation induced movements are always arm or leg
movements that do not involve direct application of loads
on the MPPS. Moreover, patient unexpected movements
are often considered as reactions due to pain or uncom-
fortable position of the body that indirectly involve appli-
cation of loads on the skull clamp.

For all the types of events, the frequency content is
below 1.12 Hz as median value, with a maximum value of
2.8 Hz. As said, the surgeon usually performs slow
movements and the patient is sedated. Peaks around
0.5-0.7 Hz and 0.2 Hz are mainly caused by motor-evoked
potentials and patient breathing, respectively. Improvements
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in data interpretation could be expected by integrating
the evaluation of the load signals with the analysis of
vital parameters monitoring signals (ECG, EEG or
blood pressure), EMG or electrical stimulation signals
(e.g., MEP).

The natural frequency of the device, computed in the
simulation environment, is 62.67 Hz, which is more than
one order of magnitude greater than the maximum fre-
quency content obtained from the experimental data and
guarantees that the results are not affected by the device
dynamics.

The head displacements during the whole intervention
were measured using an optical localization system. The
maximum values of displacement, velocities and acceler-
ations were found in case of surgeon actions (9 mm for
displacements, 0.06 m/s for velocity and 0.8 m/s® for
acceleration) with frequency content up to 1.39 Hz as
median value, which is comparable with the frequency
content of the load signals.

This work is the first study investigating intraoperative
head loads on the MPPS during awake brain surgery, and it
thus represents a starting reference in the field. In addition,
the possibility to measure forces and moments exerted by
the patient’s head during neurosurgical awake procedures
on the head fixation device is a starting point for the
analysis of the head clamp side effects and toward their
reduction.

Such measurement are important since their collection
can improve the devices used in the operating room to
reduce discomfort to the patient when he or she is awak-
ened for functional testing and/or to avoid harm to the skull
due to high pin pressures. Active devices for head holding
can be designed to have a controllable stiffness of the head
clamp during the phases of the surgery [13]: when high
accuracy and target’s immobility is desirable (e.g., pres-
ence of surgical tools in contact with brain tissue), the
stiffness can be tuned as high as possible; vice versa, the
device stiffness could be reduced (through the use of a
system of active dampers) to allow for limited patient
movements and to prevent possible skull damages due to
skull clamp pins. The identification of surgical steps allows
setting desired working modalities for the newly conceived
head restraint. Force/moment values, maximum displace-
ment and frequency content all depends on the surgical
workflow step, therefore the behavior of the systems used
in the operating room (e.g., the control of a surgical robot)
can depend on the particular current step, which could be
automatically identified.

These new active head restraint devices should be able
to damp the amount of forces and moments reported in this
work. On the basis of the performed analysis, the active
damper should be able to sustain these maximum values:
70-100 N as exerted external force, 5 mm as displacement,
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250 mm/s as velocity and 4.7 m/s"2 as acceleration, with a
frequency content of 3 Hz. In addition, the control loop of
a surgical robotic assistant can be designed to robustly
track and compensate such head motions.

The analysis performed can be also used as a reference
for further investigation on patient risks related to
restraining head fixation devices. During the whole pro-
cedure, the awake patient can progressively slip or shift on
the surgical table since he/she is not sedated; a safety
system that warns the surgeon when a force threshold is
exceeded will prevent fractures (e.g., intracranial hema-
toma or depressed skull fractures in pediatric patients) [9,
10, 20] and any other adverse effects.

In addition, the collected data are required for designing
the control system for the two lightweight arms (KUKA
Laboratories, Augsburg, Germany), carrying the neuro-
surgical tools, which will actively compensate for the
patient movements (predictable or not) [7].
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