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Modeling, Design, and Evaluation of a Parallel
Robot for Cochlear Implant Surgery

Jason Pile, Student Member, IEEE, and Nabil Simaan, Member, IEEE

Abstract—Cochlear implant surgery is a procedure that requires
delicate insertion of an electrode array into the inner ear. This
paper reports the clinical motivation, design considerations, anal-
ysis, and design optimization of a new robot for electrode arrays
insertion. This paper describes a new approach for coordinated
insertion of perimodiolar electrode arrays in order to minimize
shape discrepancy between the shape of the electrode array and
the shape of the inner ear anatomy. A new design of a 3-degrees-of-
freedom (DoF) parallel robot with wire-actuated prismatic legs is
presented. The dimensional synthesis of the robot design was based
on satisfying the accuracy, speed, system size, and workspace re-
quirements. The robot prototype is validated experimentally to
execute electrode insertions in plastic models of temporal bones.

Index Terms—Medical robotics, parallel robots, robot
kinematics.

I. INTRODUCTION

COCHLEAR implants (CIs) are used to restore auditory
sensation in patients with either total or profound hearing

loss. This restoration is achieved by delivering direct electrical
stimulation to the auditory nerve through an electrode array im-
planted inside the cochlea. Control of the electrical signal to
produce distinguishable auditory sensations is accomplished by
an audio receiver and processor worn externally by the CI recip-
ient. As of 2010, there are approximately 71 000 CI recipients
in the United States and 219 000 worldwide [1]. A review of
CIs history and clinical considerations can be found in [2].

Traditionally, the surgeon performs a mastoidectomy to gain
access to the cochlea. The electrode array is then inserted into
the scala-tympani (one of three helical chambers in the cochlea).
Access into the scala tympani is achieved by either using the
round window (a natural opening covered with a membrane) or
by drilling a cochleostomy. Different electrode array manufac-
turers have varying preferences for the opening type depending
on the design of a particular electrode. Current clinical practice
then has the surgeon manually insert the electrode using a pair of
forceps or other electrode-specific manually operated tool [3].

There are many types of electrodes clinically available but
all share the characteristic of being thin and delicate structures.
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In the case of perimodiolar electrode arrays (PEAs), there is
an additional component to the electrode, a thin metal stylet
embedded in its silicone body [4]. During the insertion of PEA’s,
the stylet must be held fixed in space after the first stage of
insertion as the electrode is guided deeper into the cochlea, a
technique referred to as advance off stylet (AoS).

Complications associated with the insertion of electrode ar-
rays mostly include damage to intracochlear anatomy. The basi-
lar membrane separates the scala tympani and scala media cham-
bers of the cochlea and risks damage during insertion. Several
works have investigated trauma to the basilar membrane in his-
tological studies of temporal bone specimens [5]–[8]. Trauma
minimization has been emphasized in [6] and [9]. As an increas-
ing number of CI candidates have residual hearing, reducing
trauma may help preserve residual hearing. Therefore, the need
to minimize trauma will only increase as the CI candidate pool
increases.

A review of the current standard of care in CI procedures
presents an opportunity for robotics to equip surgeons with
an important tool in this operation. This benefit comes from
two advantages in a robotic tool. The first is the tool’s abil-
ity to incorporate accurate positioning, speed control, imag-
ing, and high-resolution force sensing. Human perception of
the force is limited to approximately 25 mN [10], [11] and
given the small magnitude of forces that may damage intra-
cochlear anatomy, an automated tool will have a lower thresh-
old of perception. The second advantage of a robotic tool
is its inherent ability to log all data it perceives during the
procedure. This leads to more quantitative metrics in terms
of correlating this data to postoperative outcomes. In this re-
gard, robotic insertion systems present an invaluable research
platform.

In recent years, there has been several developments in ap-
proaching cochlear implantation through the use of robotic tools.
A pilot study by Zhang et al. [12] used a planar stage and custom-
designed steerable electrode for insertion in plastic models of
the cochlea. A study of friction in plastic models and the effect
of the insertion speed was presented in [13]. Another robot de-
sign [14] proposed a custom 6-DoF Stewart–Gough platform
for insertion of steerable electrodes in a clinical procedure.
Robotic drilling of the mastoidectomy has been presented in [15]
and [16] with robotic drilling of the cochleostomy demonstrated
in [17] and [18]. The work presented in [19] was a 1-DoF inser-
tion platform for CIs advancing the electrode through a guide
tube into the scala tympani. Later, this device incorporated force
sensing [20] and insertion in a plastic model against an experi-
enced surgeon was tested [21]. Minimally invasive access to the
cochlea using a bone-mounted robotic drill was presented by
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Fig. 1. Robotic insertion concept. (a) After the surgeon has completed the
mastoidectomy and gained access to the cochlea, the robotic system is brought
to place on a passive arm. Registration to the cochlea can be done with external
vision of the cochleostomy or through preoperative image registration [24]. (b)
The view of the surgical site from the tool’s perspective. The mastoidectomy
and small opening through the facial recess restrict tool dimensions and angle
of approach. Model temporal bone provided by Cochlear Ltd.

TABLE I
TASK SPECIFICATIONS

Kratchman et al. in [22]. Another single-axis automated elec-
trode insertion tool for bench top experimentation has also been
presented [23].

The proposed insertion platform (shown conceptually in
Fig. 1) aims to address considerations absent from previously
proposed designs. Manipulation of the electrode array is pre-
served in the cochlea’s insertion plane while removing 3 DoF
from proposed full-spatial mechanisms without compromising
control of insertion. For practical future development, isolation
of the motors should be considered for sterilization and safety.
Our design study focused on variations of the 3RPR planar par-
allel manipulator incorporating closed-loop wires to remotize
the actuator from the surgical site. This gripper incorporates
six-axis force sensing and in the case of PEA, an ability to
actuate the stylet.

Given the existing body of work, this paper’s contributions
are threefold: 1) it presents a compilation available information
from prior art and addresses workspace knowledge gaps in the
literature pertinent to robotic insertion to define a set of design
specifications, 2) it introduces a robotic insertion tool with an
actuation scheme that isolates actuators from the surgical site
with a path forward to clinical implementation, and 3) the kine-
matics, statics, and stiffness of this robot are modeled and used
during the task-based dimensional synthesis process.

II. TASK SPECIFICATION

Table I presents the task specifications used for designing
our robot. These task specifications stem from a compilation
of various results by other works. This study augments these
previous works by experimentally determining the anatomically

available tool orientation workspace. This section describes the
methods used for obtaining these task specifications.

The specification for the prototype system are based on in-
formation from several sources. The electrode array intended
for use with this device is the Contour Advance PEA from
Cochlear Ltd. However, this system can readily accept other
nonactuated electrodes such as outer wall electrode arrays. The
work presented in [24] demonstrated that a targeting accuracy
of 0.4 mm at the cochleostomy was sufficient for percutaneous
electrode array insertion using a tool rigidly attached to patient’s
skull without the capability of adjustment during insertion. A
study reported in [25] examined the shape of the facial recess
through measurements of imaged cross sections of the temporal
bone in 200 patients. These results indicated a minimum clear-
ance of 2 mm through the facial recess at its narrowest point
which suggests that tools designed to pass through this anatom-
ical constraint should be below this diameter. Zhang et al. [13]
explored the relationship of the speed and the friction force us-
ing outer wall electrodes and found that insertion forces could
be reduced by increasing the speed with the reduction seen at
speeds as high as 5 mm/s. In [26], an insertion algorithm for
perimodiolar electrodes that allowed for freedom in changing
the orientation and position of the electrode in a 2-D plane was
presented. While [25] provided dimensions of the facial recess,
which guided the dimensioning of the electrode gripper tip; it
did not characterize the allowable electrode insertion approach
angles. The anatomy of the facial recess limits the orientation
workspace of the robot gripper. This information about the ori-
entation workspace is an important design specification that has
not been characterized in the literature.

An experiment was designed to obtain an accurate specifi-
cation for the allowable orientation workspace for CI surgery.
For this experiment, a tool was constructed with the same di-
mensions as the proposed device’s electrode gripper and tested
the available angular workspace on ten human cadaveric tem-
poral bone specimens. An NDI Polaris Vicra optical tracker
was used to collect position and orientation information on the
tool. The Vicra has a working range between 0.5 and 1.3 m
and an RMS accuracy of 0.25 mm. The tool tip was placed at
the cochleostomy and measurements were taken as the tool was
pivoted about the cochleostomy to trace the angular limitations
of the facial recess. For each bone, ten trials were conducted
with roughly 600 data points taken per trial. A convex hull
method [29] was used to reconstruct the continuous curve en-
closing the allowable angular straight line access to the cochlea.

Fig. 2 shows a polar plot of the available tool tilting workspace
for all temporal bones. The radial distance of each point on a
given closed curve provides the maximal tilt angle at a given
tilt direction, designated in the plot by the polar coordinate.
The figure shows a high variability of maximal tilting range.
Note that all curves have been plotted such that their major axes
align along the 0◦ tilt direction. The major axis aligned with our
proposed 2-D insertion plane.

The results show that the minimal angular tilting workspace
was 6◦ and the maximal range was 17◦. Note that the insertion
path planning in [26] showed that tilting angles of up to 20◦ were
able to reduce the shape discrepancy between the equilibrium
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Fig. 2. Experimental validation of facial recess access. (a) A tracked tool
with diameter comparable to the proposed insertion robot’s gripper pivots about
cochleostomy of ten human temporal bones. (b) For each temporal bone, an
angular access perimeter is defined by tracing the limits imposed by the facial
recess. (c) The results show minimal access of 6◦.

shape of the PEA and the scala tympani of the cochlea. The
results of these temporal bone experiments were adopted as a
design specification since the proposed path planner can restrict
tilting angles to meet the constraints of more restrictive facial
recess anatomies.

III. GENERALIZED MECHANICAL ARCHITECTURE

The insertion robot uses a planar 3-DoF parallel kinematic
structure with a fourth actuator mounted on the end effector for
stylet actuation for several reasons. A planar structure matches
the kinematic description of the PEA insertion process [3], [26]
and the approximate 2-D model of the cochlea [30], [31] without
added complexity. A parallel mechanism was chosen to control
PEA placement due to its advantages in precision, compact-
ness, and stiffness [32]. Finally, forces acting on the PEA must
be transmitted completely through the force transducer. This
necessitates having a separate actuator on the end effector.

Among various configurations of planar parallel mechanisms,
a design was chosen based on the 3RPR configuration: three
parallel actuated prismatic links connected to the robot base
and end effector with revolute joints. This type of kinematic
chain leads to a compact form factor and allows exploration
of wire actuation concepts which, to the best of the authors’
knowledge, has not been applied to planar, piston-driven parallel
mechanisms.

The kinematic definition of one of the three chains is shown
in Fig. 3(a). Force transmission between the motors and the
moving platform is accomplished through a tensioned wire loop
for each leg [see Fig. 3(b)]. Motor rotation was transferred to
wire translation through a lead screw. While this adds length
to the device for the screw/nut travel it was incorporated into

Fig. 3. Kinematic diagram for 3RPR manipulator. (a) One of the three kine-
matic chains is shown schematically for the 3RPR design. (b) The prismatic link
is actuated through a closed-loop wire rope. This approach allows the motors to
be placed at an arbitrary distance from the link. The motors drive a carriage on
a leadscrew which transmits motion to the piston.

the design for two considerations. 1) The motor assemblies
need a right angle connection to minimize the cross-sectional
footprint of the device. 2) backlash in the motor gearheads (nec-
essary for compact motors) leading to position errors is reduced
in proportion to the pitch of the lead screw used. Future de-
signs will remove this intermediate step and connect the wire
loop to a capstan coupled to the motor output shafts for further
compactness.

Wire actuation was selected over rigid transmission elements
to enable motor isolation and to have greater control over
weight distribution. Another significant advantage is that wires
have greater potential for miniaturization in comparison to lead
screws and other linear motion mechanisms which would be
found inside the prismatic links. The concessions made in us-
ing wire rope for this application include a reduction in joint
stiffness and a smaller load capacity. The internal friction [33]
may necessitate nonlinear compensation. Also, fatigue on wire
rope can lead to breakage and as a result need more disciplined
maintenance. Since cochlea insertion forces generally do not ex-
ceed 0.5 N, the stiffness and capacity losses were not expected
to significantly disrupt the performance.

IV. MODELING AND ANALYSIS

Position control of the parallel robot is accomplished using a
closed-form inverse position solution. The linearized instanta-
neous kinematics of the robot is used in performance analysis,
calibration, and for real-time regulation of position based on
limitations of the actuators, joints, and task space constraints.
The derivation of the kinematics and the effects of wire actuation
are presented in this section.

In the following modeling framework, we will neglect ex-
tension of the actuation wires. This simplification is justified if
the actuation wires are sufficiently pretensioned and the actua-
tion forces during the normal operation are small compared to
the pretensioning loads. This device carries only minimal load
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(less than 90 g) and is subject to negligible external forces from
the PEA. Additional positioning errors may be corrected by
applying hybrid force/position control in the future.

Fig. 3(a) shows the kinematic model of one kinematic chain
of the robot. Unless otherwise explicitly stated, all vectors will
be described in the robot base frame {B}. The motor input
is described by a vector θ = [θ1 , θ2 , θ3 ]

T . Motor rotations θi

correspond with linear translations ui of wire-carriages by using
lead screws and nuts. The task space configuration is defined
at the tip of the electrode array gripper by x = [px, py , φ]T .
The active joint variables q = [q1 , q2 , q3 ]

T designate the piston
strokes. The fourth degree of actuation is employed specifically
for the perimodiolar electrode which require the coordinated
pulling of the embedded stylet during the insertion process.
Pulling of the stylet is denoted by qs .

A. Inverse Position Analysis

Given the gripper pose x =
[
pT , φ

]T
, the inverse kinematic

solution is found using loop closure of the kinematic chains. Vec-
tors bi in Fig. 3 define the location of the ith fixed revolute joint
in the robot base frame. Vectors ai = [cos(ψi), sin(ψi), 0]T de-
fine the mechanical offset of the piston axis from the ith fixed
revolute joint and the distances ai are defined as ai = ‖ai‖.
The piston stroke is defined by qi = qi ŝi . The angles αi are the
fixed interior angles between the piston axis ŝi and ai . The ith
revolute joint on the moving platform connects to the piston tip.
Vectors ei connect the gripper point p to the ith revolute joint
of the moving platform.

To write loop closure equations, we define vectors di from
the ith fixed revolute joint to the corresponding revolute joint in
the moving platform (see Fig. 3). We then solve the following
loop closure equation for di :

p + ei − di − bi = 0. (1)

Given di , the piston stroke can be found using the cosine triangle
identity

qi = ai cos(αi) ±
√

a2
i cos2(αi) − a2

i + d2
i (2)

and through completing the triangle, the vectors ai and qi are
known. Given di and qi, ψi is obtained using the law of sines

ψi = atan2 (dy,i , dx,i) + arcsin
(

qi

di sin (αi)

)
. (3)

Due to the wire actuation, the piston strokes qi are coupled
with ψi based on the radius of the wire rope pulley ri and the
translation of the wire carriages ui . We assume a known home
configuration with values qi, home , ψi, home , and θi, home . Also,
we assume that the lead screws have a known lead ηi and the
carriage displacement ui is given by ui = ηi (θi − θi,home). We
define R = diag1 ([r1 , r2 , r3 ]) and G = diag([ 1

η1
, 1

η2
, 1

η3
]) as

the pulley radius and transmission gain matrices, respectively.
Using these definitions, the kinematic compatibility of the inex-
tensible wire loop is given by

G−1 (θ − θhome) + R (ψ − ψhome) = q − qhome . (4)

1diag(a) is the diagonalization of vector a

Finally, the motor rotations θ are found using (4).

B. Instantaneous Kinematics and Statics

The instantaneous kinematics is useful for evaluating the
quality of the mechanism, for control algorithms, and for cali-
bration. Using the approach of [34], we start by writing the loop
closure equations of the kinematic chains

bi + ai + qi = p + ei . (5)

Taking the time derivative of both sides of (5) yields

q̇i ŝi + ψ̇i(ẑb × (ai + qi ŝi)) = ṗ + φ̇(ẑb × ei). (6)

First, the relationship between the task space velocity ζ and
piston velocity q̇ is found by eliminating ψ̇ from (6). This is
accomplished by premultiplying (6) by (ai + qi ŝi)T and sim-
plifying using triple product rules

Jq q̇ = Jζ ζ (7)

where Jq , Jζ is given by

Jq = diag
([

aT
1 ŝ1 + q1 ,aT

2 ŝ2 + q2 ,aT
3 ŝ3 + q3

])
(8)

Jζ =

⎡

⎢
⎢
⎣

(a1 + q1 ŝ1)T [e1 × (a1 + q1 ŝ1)]
T ẑb

(a2 + q2 ŝ2)T [e2 × (a2 + q2 ŝ2)]
T ẑb

(a3 + q3 ŝ3)T [e3 × (a3 + q3 ŝ3)]
T ẑb

⎤

⎥
⎥
⎦ . (9)

The relationship between ζ and q̇ can be written as

q̇ = J−1
q Jζ ζ = Jqζ ζ. (10)

Due to wire routing, the piston strokes are not independent of
each other. Decoupling relationships are required to relate θ̇ to
ζ. The time derivative of (4) is

θ̇ = G (q̇ − R ψ̇). (11)

The relationship between ψ̇ and ζ is obtained by substituting
di = ai + qi ŝi into (6)

ψ̇i [ẑb × di ] + q̇i ŝi = ṗ + φ̇ [ẑb × ei ] (12)

premultiplying (12) by [ẑb × di ]
T , and with the simplifica-

tion [ẑb × di ]
T [ẑb × ei ] = dT

i ei for the planar mechanism, we
obtain

ψ̇ = (J1Jqζ + J2) ζ = Jψζ ζ (13)

where

J1 = diag
([

[ẑb ×d1 ]T ŝ1

dT
1 d1

, [ẑb ×d2 ]T ŝ2

dT
2 d2

, [ẑb ×d3 ]T ŝ3

dT
3 d3

])

J2 =

⎡

⎢
⎢
⎢
⎢
⎣

[ẑb ×d1 ]T

dT
1 d1

dT
1 e1

dT
1 d1

[ẑb ×d2 ]T

dT
2 d2

dT
2 e2

dT
2 d2

[ẑb ×d3 ]T

dT
3 d3

dT
3 e3

dT
3 d3

⎤

⎥
⎥
⎥
⎥
⎦

. (14)

If di and ŝi are collinear, then q̇i [ẑb × di ]
T ŝi = 0 and J1 = 0.

Using (11), θ̇ is given by

θ̇ = G (Jqζ − RJψζ ) ζ = Jθζ ζ. (15)
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Fig. 4. Insertion kinematics schematic. The rendered cochlea model is not to
scale compared to PEA. The dashed line within the 2-D cochlea represents the
desired path of the PEA.

Using the instantaneous kinematics, a first-order approxima-
tion of the loads transmitted from the end effector to the motor
is made. Fig. 3(b) shows the constant-length wire loop trans-
mitting the force between the actuator and the piston. Using the
virtual work method [34] and neglecting the piston weight, the
statics of the robot can be written as

τT
θ δθ = τT

θ Jθζ δx = wTδx (16)

where w represents the wrench acting on the end effector (a
two-component force in plane x̂b ŷb and a moment about ẑb )
and τ θ is the vector of motor torques. Using (16), we obtain

τ θ =
(
JT

θζ

)−1
w. (17)

V. INSERTION PATH PLANNING

The path planning algorithm is based on a combination of
the electrode kinematic behavior and a 2-D model estimation
as detailed in [26]. The parameter values can be specified using
a general model as proposed in [30] or based on preoperative
CT data as demonstrated in [24]. The inner and outer walls
of the scala tympani are reconstructed in a 2-D plane using
spline curves. Fig. 4 depicts the kinematic model. Through this
section, the pose of the PEA base frame p is written in the
cochlea frame {C}. A PEA can be modeled as a curve whose
shape is determined by the instantaneous tangent angle θe(s, qs),
where s is the arc length of the PEA’s inner (modiolar) edge and
qs is the actuation of the stylet. Positive values of qs indicate
stylet retraction. From our prior PEA study [26], a 16 element
calibration matrix A can be measured and the shape of the
electrode can be written as

θe(s, qs) = ψe(s)
TAηe(qs) (18)

where

ψe(s) = [ 1, s, s2 , s3 ]T

ηe(qs) = [ 1, qs , q2
s , q3

s ]T . (19)

For optimal insertion, the PEA should fit the shape of the scala
tympani by approximating the modiolar (inner) wall as much
as possible while avoiding contact with the lateral (outer) wall.
The desired path for the PEA tip begins as a straight line from
the entry point to the scala tympani toward the modiolar wall
intersecting at the closest point of tangency. Let the points along
this path be given by Cartesian coordinates pc(s) ∈ IR2×1 . Let z

digitized points along the electrode array be given by Cartesian
coordinates pe(s) ∈ IR2×1 . During insertion, the focus is on the
inserted portion of the electrode array; hence, we define a weight
matrix W = diag(0 . . .w,w,w,w) ∈ IR2z×2z , where the scalar
weight w is used for points that are inside the scala tympani and
a zero value for points not yet inserted into the scala tympani.
We define an objective function for each insertion depth d such
that a penalty is applied for deviation from the desired path and
an additional penalty is applied for violating the modiolar wall
boundary

argmin
d,φ

1
2

(
TTWT + UTWU

)
(20)

where the vectors T and U are given by

T =

⎡

⎢
⎢
⎣

pc(s = 0) − pe(d, φ, s = 0)
...

pc(s = L) − pe(d, φ, s = L)

⎤

⎥
⎥
⎦ ∈ IR2z×1 (21)

U = [ue(s = 0), · · · , ue(s = L) ]T ∈ IR2z×1 . (22)

The value of ue(s) indicates the interference distance for each
digitized point along the electrode array (23).

The vectors re(s) and rc(s), respectively, denote the radial
distances from the center of the cochlea to a point on the PEA
specified by arc length s and the closest corresponding point on
the scala tympani inner wall

ue(s)
s∈[0, L ]

=

{
‖rc(s) − re(s)‖ , if ‖rc(s)‖ > ‖re(s)‖
0, if ‖rc(s)‖ ≤ ‖re(s)‖ .

(23)

During the simulation, the insertion depth d was set for 15 mm
in 0.5 mm increments. Optimal position and orientation of the
electrode array base were determined at each increment using a
line search optimization method. The base location and orien-
tation of the simulated electrode define the end effector path of
the robot. A cubic spline interpolation was used for evaluating
intermediate positions along the trajectory.

VI. DIMENSIONAL SYNTHESIS

The dimensional synthesis of our mechanism was defined
with the aim of determining the kinematic parameters that min-
imize sensitivity to actuation error while making efficient use
of the piston stroke and minimizing the actuator power. We cast
this as a constrained minimization problem solving for the leg
lengths ai and Aei = [ex,i , ey ,i , 0]T for a total of nine design
parameters. Vectors bi were predefined due to the size limita-
tions. The final prototype used αi = π for manufacturing cost
considerations. The simulated insertion trajectories were dis-
cretized into 100 sample poses per insertion path and used to
define the workspace W over which the following cost function
was calculated:

f
(
ai,

Aei

)
ob j = ferr + fleg + fpower (24)

where ferr , fleg , and fpower are defined in the following sec-
tions. The reader should refer to Table II for parameters used in
evaluating the optimization function.
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TABLE II
OPTIMIZATION PARAMETERS

A. Error Sensitivity

The sensitivity analysis determines the maximal end effec-
tor pose error δx stemming from a bounded motor input error
δθ such that δθi ∈ [θi − ζθ , θi + ζθ ]. Instead of using error el-
lipsoids assuming norm-bounded error δθ we used the more
conservative error polytopes [35] where we assumed that each
actuator has a bounded error stemming from backlash. The max-
imal expected pose error is approximated by

δx (δθ) = argmax (Jζ θ δθ) , δθi ∈ [−ζθ , ζθ ]. (25)

A weighted objective function ferr quantifying the weighted
norm of the end effector error was defined as follows:

ferr = δxTWδx. (26)

The weight matrix W = diag([ 1
εx

, 1
εy

, 1
εφ

]) addresses dimen-
sionality by scaling the three components of δx by their respec-
tive desired accuracy requirements defined in Table II.

B. Power Requirements

The function fpower quantifies the average peak power across
all insertion runs and discourages design solutions with rapid
motion through sections of the insertion trajectory. For ith leg
(i = 1, 2, 3) and the jth pose (j = 1, 2, . . . , 100) along a given
insertion path, we calculate τθ,i,j and θ̇i,j assuming an inser-
tion rate of 1 mm/s. The instantaneous power is calculated and
normalized by the maximal actuator power pw,max . We define
the vector pw with elements pw,k (k = 1, 2, . . . , n) representing
the maximal required normalized power for all insertion paths
in W . Using these definitions, the objective function fpower is
given by

fpower =
(
pT

wpw

)
/n (27)

where n = 28 is the number of insertion paths, and pw,j is

pw,k = argmax((τθ,i,j θ̇i,j )/pw,max). (28)

C. Piston Stroke Utilization

The objective function fleg guides the design to avoid exceed-
ing the feasible piston strokes. Also, an ideal design uses the
entire available stroke in each leg. We thus define this function
as a sum of three positive-definite functions

fleg = fT
1 f1 + fT

2 f2 + fT
3 f3 . (29)

Across all simulated insertion trajectories, a minimum and max-
imum piston position qi,min and qi,max is determined for each
leg with their difference defined as Δqi = qi,max − qi,min . Let
the constant ãi designate a portion of the initial leg length that

Fig. 5. Stroke utilization and stroke limits. Solid/dashed line designates a fully
extended/retracted piston.

TABLE III
KINEMATIC PARAMETERS AND THE EXPECTED PERFORMANCE

must be reserved for mechanical assembly, and let q̄i,min = 0
and q̄i,max = ai − ãi designate the feasible upper and lower
bounds of the piston stroke. Using these definitions, we present
the rationale behind defining f1 , f2 , f3 used in (29).

Stroke utilization was defined as the unused portion of the
minimal required leg length. In the constructed prototype, ai

and qi (see Fig. 5) are collinear, and the stroke utilization metric
f1 ∈ R3×1 is defined with it components given by

f1,i = 1 − Δqi/q̄i,max . (30)

In addition to stroke utilization, we wish to guide the syn-
thesis toward mechanically feasible designs where the minimal
length is zero or positive, and the stroke does not exceed feasible
limits. This is achieved by demanding that qi,min ∈ [0, q̄i,max]
and Δqi ∈ [0, q̄i,max − qi,min ]. Given a stroke interval with a
minimum (c0) and a maximum (c1), the cost function is defined
as

c(x, c0 , c1) = λc

(√
(x2 − c0)

2 + ε

+
√

(x2 − c1)
2 + ε + c0 − c1

)
. (31)

This function is zero within the interval and increases linearly
outside the interval. The small value, ε, allows smooth differenti-
ation during numerical optimization. The constant λc > 0 scales
the penalty per unit distance. The functions f2 , f3 ∈ R3×1 are de-
fined with their components given by f2,i = c(qi,min , 0, q̄i,max)
and f3,i = c(Δqi, 0, q̄i,max − qi,min).

D. Optimization Constraints and Results

Results of this optimization are given in Table III. It must
be noted that practical limitations for the device geometry,
including the dimensions of the available force sensor, place lim-
its on the available configurations where a local minima in the
objective function was not reached. The expected performance
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Fig. 6. Robotic insertion tool’s key dimensions shown without protective
coverings. All vectors are labeled along the second kinematic chain while some
labels are omitted in the other chains for image clarity. The overlayed curve in
the side view shows the routing of the wire rope to actuate joint 1. Dimensions
are in millimeters.

Fig. 7. Prototype Assembly. (a) The 3-DoF wire-actuated platform was assem-
bled with the force/torque sensor attached as shown. (b) The insertion module
is attached separately.

measures, also included in Table III, are based on the dimensions
of the system as built.

Fig. 6 overlays the kinematic vectors of Fig. 3 on the rendering
of the robotic system. In this image, the pistons are extended so
that vectors qi are clearly visible.

VII. PHYSICAL DESIGN AND EVALUATION

A. Mechanical assembly

The fabricated prototype (see Figs. 6 and 7) is 292 mm
long and weighs approximately 450 g. An ATI Nano43 6 axis
force/torque (F/T) sensor was used to hold an end-effector, con-
sisting of the stylet actuator and a gripper. A rendering of the
robotic system with principle dimensions is shown in Fig. 6
along with the wire rope routing required to link the actuators to
the pistons. The wire rope employed in this device is a stainless
steel Type-S construction available from Asahi Intecc. After

Fig. 8. Joint-level kinematics and backlash. Piston extension qi , arm rotation
angle ψi , and motor input θi are linearly related in the kinematic model. (a) An
unknown degree of backlash χi creates two planes of motion dependent on the
direction of motion in the actuator. (b) Sample calibration results for joint 1.

routing, the wire rope must be conditioned by cycling it through
the device’s range of motion and continually retensioning it to
take up any slack. The robot controller runs on an Advantech
pc104 (500 MHz) single board computer with a Sensoray 526
data acquisition card supporting 16-bit analog input to collect
measurements from the Nano43 sensor. The MATLAB xPC
Target package was used as the real-time OS running low-level
motor control and force data acquisition. The three pistons use
16:1 gearhead servomotors with peak power of 1.5W (Maxon
Motors P/N 256105) and lead screws with 0.61-mm pitch. The
stylet is actuated by a 37:1 geared, brushed motor from Micromo
(P/N 1506N003SR).

B. Calibration and Backlash Compensation

Calibration was used to identify kinematic parameters
ai, ηi , ri and the degree of backlash, quantified by χi , in the
robot. The parameters bi , ei , and αi are verified during the fab-
rication process. From (4), it can be seen that ηi and ri define
a plane in the space {ψ̂, q̂, θ̂}. Backlash results in motion on
two parallel planes in this space, separated by χi [see Fig. 8(a)]
and is dependent on the direction of piston motion. The motion
direction of the ith leg and kth measured pose in a sequence of
movements is defined by mi, k ∈ IR3×1 , where

mi, k =

{
1, qi, k > qi, k−1

0, qi, k < qi, k−1 .
(32)

Calibration begins by returning the system to its home con-
figuration (qi = 0, ψi = ψ0 , θi = θ0 ,m = 0) and then moving
through a sequence of 300 poses xk , k = [1, . . . , 300]. The
Polaris Vicra optical tracker was used to measure the relative
transformations of the end effector to the robot base. Tracking
markers were embedded into the covers of the tool to define the
base frame of the robot and to later register the device to the sur-
gical environment. Using (5), the value of the measured piston
extensions, qk , was determined. Values recorded from the con-
troller include motor positions θk and the motor direction mk .
The error between measured and the expected piston stroke are
written as Δqi,k = qi,k − qi,0 = qi,k . Defining Δθi,k = θi,k −
θi,0 and Δψi,k = ψi,k − θi,0 , each kinematic chain has its
experimental data separated according to the motor direction.
A plane is then fitted to the separate datasets for each leg using
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TABLE IV
SYSTEM PERFORMANCE QUANTIFICATION

Fig. 9. Position tracking post calibration. Solid line represents desired trajec-
tory, grey area represents tracker uncertainty, and points with error bars show
average position and deviation of tracked end effector using ten trials.

orthogonal regression satisfying

Δθi =

(
1
ηi

∣
∣
∣
∣
mi , k

)

qi −
(

ri

ηi

∣
∣
∣
∣
mi , k

)

Δψi − χi |mi , k
.

Fig. 8(b) presents a graphical representation of the fitting
process and shows collected data from the first kinematic chain.
Although the fitting in (33) allows for different values of ri and
ηi depending on mi,k , in practice, the coefficients are constant
within the measurement noise and provide additional validation
to the calibration model. The RMS error for the planar fitting
was below 0.6 rad in each chain. With a uniform actuator trans-
mission ratio of ηi = 0.097 mm/rad, the fitting error was below
the 0.1 mm qi error assumed during the design synthesis phase.
Once χi is known, it is applied to the controller to adjust θ based
on m.

C. Performance Quantification

The task space positioning accuracy and repeatability were
tested after calibration. Two experiments were designed to cap-
ture the global performance throughout the reachable workspace
and along an electrode insertion trajectory. For both types of ex-
periments, trials were repeated ten times with the robotic system
restarted each time to insure that errors in the homing procedure
were also included in the evaluation.

A single workspace test involved isolated cyclic movement in
each task space direction (px, py , φ), while the other two posi-
tions remained unchanged. Position repeatability is quantified as
the RMS error from the average positions at each sample point
in the tests. Task space accuracy is presented as the RMS error
from the measured end effector position and the desired task
space position. Table IV presents both the task space position
repeatability and accuracy.

The performance of the robot along the electrode insertion
path was quantified by following a single electrode insertion
trajectory. Fig. 9 shows the insertion trajectory in a solid line,

Fig. 10. Experimental Setup. (a) The insertion robot was mounted on a frame
in lieu of a balance arm and registered to the cochleostomy in the phantom model.
A digital microscope observed the insertion through the transparent front face
of the phantom. (b) The model of the cochlea was provided by Cochlear Ltd.
and adapted to a custom plastic holder. The access was designed to mimic the
restrictions found in measured temporal bones. The center, nonshaded region
represents the typical field of view for the digital microscope recording the
insertion process.

target task-space error bounds of ±0.4 mm in dashed lines, the
error bars for 20 discrete points sampled along the trajectory, and
a greyed area showing the uncertainty stemming from the optical
tracker error as provided by the manufacturer specifications. The
figure shows that the accuracy along the insertion trajectory is
better than the global accuracy throughout the entire workspace.

VIII. EXPERIMENTAL EVALUATION

To validate our system, several insertion experiments into a
plastic cochlea phantom model were performed. This model
was provided by Cochlear Ltd. and replicates the left-side tem-
poral bone shape. To facilitate image acquisition, the cochlea
model was removed from this phantom and a new mount was
fabricated to allow use of a high-resolution digital microscope
to record the insertion process. The mastoidectomy and access
through the facial recess are also of a typical size with the pas-
sage through the facial recess having dimensions of 4.8 mm by
2.1 mm with an angular access of ±7◦. To prepare the model
for realistic friction characteristics, the cochlea was filled with
a 50% water/glycol solution. This lubrication choice has been
presented in the literature [28] and validated against other types
of lubrication in [36].

Fig. 10 shows the experimental setup prior to insertion includ-
ing the robot, cochlea model, and digital microscope. For these
experiments, the robot was mounted fixed relative to the tem-
poral bone model and the gripper tip was manually registered
to the cochleostomy through direct control from the user. A test
electrode was loaded and the insertion platform moved to an
initial position, bringing the tip of the PEA to the cochleostomy.
The path planning was updated for the current electrode shape
with a minimum depth of insertion before initiation of AoS to
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Fig. 11. Plastic model insertion results. The top plot presents the recorded
insertion force data throughout the insertion process. The middle plot shows the
robot trajectory planner’s desired insertion depth and stylet actuation. Following
the protocol of the AoS technique, the stylet is retracted at the same rate as the
PEA advances. Photos of the insertion are labeled A, B, and C, and correspond
to the similarly marked points on the middle plot. The basilar turn, the point
where AoS begins, has been marked.

Fig. 12. Collective insertion force results in insertion direction for ten trials.
Insertions at 0.3 mm/s are shown as dashed lines and insertions at 1 mm/s as
solid lines.

be 5 mm. This series of insertions were set at a fixed linear
insertion rates of 0.3 and 1 mm/s.

A. Experimental Results

A total of ten insertions on the phantom model were per-
formed to quantify the magnitude of the insertion force. Fig. 11
shows a detailed look at one insertion with the force, displace-
ment, and imaged PEA position. Electrode displacement, actu-
ation, and forces are taken from the robot’s real-time controller
which records all data during the insertion process at a rate of
1 kHz. A review of insertion forces experienced during all eval-
uation insertions is shown in Fig. 12. Forces were kept below
0.08 N throughout the insertions while consistently maintaining
forces below 0.04 N before the basal turn. This is consistent

with measured forces in [21] and [28]. It should be noted how-
ever, that in those prior studies, single axis components of force
were presented while this system’s measurements include all six
components of the force and moment applied on the tool. Forces
acting normal to the robot’s plane of motion are called out of
plane forces and varied up to 0.2 N in one case. The out of plane
forces occur due to the registration error and exist in the null
space of this tool’s workspace. Lateral insertion forces (acting
along ŷb in Fig. 3) are of the order of 40 mN and may have
the potential for further reduction through hybrid force control
algorithms. The case of high out of the plane force did not have
a noticeable impact on the insertion force. These forces are
likely applied at the cochleostomy and the sliding friction with
a minimal contact area is negligible in the lubricated model.

IX. CONCLUSION

This study presented the design of a new robot for CI inser-
tion with the ultimate goal of mitigating trauma and providing
reliable measurement of applied forces on the cochlea through-
out insertion. The unique contributions of this design lie first in
its compactness and ability to be deployed without altering the
current clinical workflow for this procedure. Second, the wire-
driven 3RPR parallel mechanism structure allows for designs
that isolate motors from the surgical site and the solution to the
decoupling of wire actuation to end effector position and orien-
tation was presented. Calibration of the tool’s kinematics used
a method which considers the loading direction on the actuators
without identifying explicit stiffness and friction parameters.
Our continued efforts in the development of this device focus on
improving the mechanical design, miniaturization, developing
mechanism stiffness models, and more sophisticated algorithms
for electrode placement and insertion fault identification.
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[27] G. Kontorinis, T. Lenarz, T. Stöver, and G. Paasche, “Impact of the inser-
tion speed of cochlear implant electrodes on the insertion forces,” Otol.
Neurotol., vol. 32, no. 4, pp. 565–570, Jun. 2011.

[28] J. T. Roland, “A model for cochlear implant electrode insertion and force
evaluation: Results with a new electrode design and insertion technique,”
Laryngoscope, vol. 115, no. 8, pp. 1325–1339, Aug. 2005.

[29] C. B. Barber et al., “The Quickhull algorithm for convex hulls,” ACM
Trans. Math. Softw., vol. 22, no. 4, pp. 469–483, Dec. 1996.

[30] L. T. Cohen et al., “Improved and simplified methods for specifying po-
sitions of the electrode bands of a cochlear implant array,” Amer. J. Otol.,
vol. 17, no. 6, pp. 859–865, Nov. 1996.

[31] B. M. Verbist et al., “Consensus panel on a cochlear coordinate system
applicable in histologic, physiologic, and radiologic studies of the human
cochlea,” Otol. Neurotol., vol. 31, no. 5, pp. 722–730, Jul. 2010.

[32] N. Sima’an et al., “Design considerations of new six degrees-of-freedom
parallel robots,” in Proc. IEEE Int. Conf. Robot. Autom., vol. 2, Leuven,
Belgium, May 1998, pp. 1327–1333.

[33] W. Townsend and J. Salisbury, “The effect of coulomb friction and stiction
on force control,” in Proc. IEEE Int. Conf. Robot. Autom., 1987, vol. 4,
pp. 883–889.

[34] L.-W. Tsai, Robot Analysis: The Mechanics of Serial and Parallel Manip-
ulators. New York, NY, USA: Wiley, 1999.

[35] P. Chiacchio et al., “Global task space manipulability ellipsoids for
multiple-arm systems,” IEEE Trans. Robot. Autom., vol. 7, no. 5, pp. 678–
685, Oct. 1991.

[36] G. Kontorinis et al., “The effect of different lubricants on cochlear implant
electrode insertion forces,” Otol. Neurotol., vol. 32, no. 7, pp. 1050–1056,
Sep. 2011.

Jason Pile (S’10) received the Bachelor’s degree in
mechanical engineering from Northeastern Univer-
sity, Boston, MA, USA, in 2005, and the M.Sc. de-
gree in mechanical engineering from Columbia Uni-
versity, New York, NY, USA, in 2010. He is cur-
rently working toward the Ph.D. degree in mechan-
ical engineering at Vanderbilt University, Nashville,
TN, USA.

From 2005 to 2009, he was an Assistant Staff En-
gineer at MIT Lincoln Laboratory.

Nabil Simaan (M’04) received the B.Sc., M.Sc.,
and Ph.D. degrees in mechanical engineering from
the Technion—Israel Institute of Technology, Haifa,
Israel, in 1996, 1999, and 2002, respectively.

During 2003, he was a Postdoctoral Research Sci-
entist at The Johns Hopkins University National Sci-
ence Foundation (NSF) Engineering Research Center
for Computer-Integrated Surgical Systems and Tech-
nology, where he was engaged in research on mini-
mally invasive robotic assistance in confined spaces.
In 2005, he joined Columbia University, New York,

NY, USA, as an Assistant Professor of mechanical engineering and the Director
of the Advanced Robotics and Mechanisms Applications Laboratory. He has
been an Associate Professor at Vanderbilt University, Nashville, TN, USA, since
the Fall semester of 2010.

Dr. Simaan received the NSF Career Award for young investigators to design
new algorithms and robots for safe interaction with the anatomy in 2009.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


