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E. Franco*, M. Aurisicchio, M. Ristic

Mechanical Engineering Department, Imperial Collegadon
London, UK

E-mail: efl311@imperial.ac.uk

E-mail: m.ristic@imperial.ac.uk

*Corresponding author
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demonstrated with experiments in the MR scanner.
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receiver coil on his abdomen. Open MR magnets haen
used in this context to target the lesions with caxal
puncture needle and to undertake thermal monitafag!

et al 1995). However the lower field and gradient regta

of this type of scanners limit their imaging capipiand
speed. Cylindrical magnet MR scanners are commonly
available in most hospitals, but the patient accesgverely

1. INTRODUCTION

Laser Interstitial Thermoablation (LITT) is usedtteat
otherwise inoperable liver tumours by deliveringerthal
energy from a high power laser through a cathetebe
directly to the target lesions. The lesions nonn#édeated
vary in diameter from 10 mm to 50 mm and can batkext in

any part of the liver (Gough-Palmer and Gedroyd&0
Compared to ultrasound guidance the MRI-guided guiare
offers better soft tissue contrast and providesathiéty to

monitor the tissue temperature rise and to cotittherapy

delivery (Dick et al, 2002). During MRI-guided procedures

the patient is anaesthetized and lays supine withVi&

restricted. Consequently it is usual to have thbatar probe
placed under ultrasound guidance at a differemt isitthe
department and to move then the patient to the bHRrser
(Gedroyc, 2005). This approach results in a mompdex
and time consuming workflow. Moving the patienteafthe



catheter insertion also bears the risk of disloggthe
catheter probe compromising targeting accuracy.

The aim of this research is the development of an
actuated mechatronic needle positioner that wilbval
accurate alignment of a suitable needle guide wtiike
patient is in the MR scanner and will assist mamesdle
insertion outside the bore with the goal of redgcin
procedure duration and improving targeting accurddyis
paper presents the design, control and validatioa first
prototype with 3 degrees-of-freedom (DOF), low ptes
pneumatic actuation and long supply lines.

A needle-guiding robot for microwave thermotherayy
liver tumours is presented in (Hata, Hashimoto @akuda,
2005). The robot has 3 actuated DOF and was dekifgme

Fig. 1. Stakeholder Influence Map for the needisitioner.

steady-state position errors below 0.15 mm whigilteng in
lower overshoot, shorter settling time and higheicking

use in an open MR scanner. The actuation employsyccyuracy compared to a standard SMC design. ler dad

degradation when activated inside the MR scanneceRly
pneumatic actuation has been chosen for several- MRI
compatible robotic devices because it produces muimi
alterations to the MR environment. A 4-DOF robot f
transperineal prostate biopsy with pneumatic aictnand 5

m supply lines is presented in (Sosigal, 2010). A 6-DOF
MRI-compatible robot actuated by special low-fiocti
pneumatic cylinders with the control unit residinghe MRI
scanner room is described in (Melstral, 2008). A 4-DOF
parallel robot for breast biopsy actuated by pneimma
cylinders with long supply lines is described inafiget al,
2011a). In spite of keeping the control unit ouwsithe
scanner room operating the device in the bore hed t
noticeable SNR reduction due to metallic parts lme t
pneumatic cylinders and to the piezo motor usedctoate
the needle insertion.

The prototype presented in this paper is actuated b
commercially available plastic pneumatic cylindérke use
of low actuating pressure enhances safety and esdair
consumption. In order to minimize alterations t@ MR
environment all control hardware including the pmatic
valves is kept outside the magnet room thanksdage of 9
m long supply lines. Position errors below 1 mm aver
achieved in (Yanget al 2011b) for a similar pneumatic
system using Sliding Mode Control (SMC) schemesis Th
paper presents an improved SMC scheme that achieve

wireless micro-coil fiducials attached to the neegilide are
used for initial registration in the MR scanner eTposition
of the fiducials is calculated with a tracking aigfum that
provides sub-millimetre accuracy (Galassal 2014).

In Section 2 of this article the design requireradat the
needle guiding robot are presented and analysexio8e3
outlines the system design. Section 4 presentsahgoller
design. Section 5 describes the micro-coil fidwcaid gives
an overview of the tracking algorithm. Section Gaes
experimental results and Section 7 contains thelasions.

2. SYSTEM REQUIREMENTS

The needle positioner is intended to operate inMife
environment and to assist clinicians in laser &tatof liver
tumours. According to the definition presented WHO,
2003) the system falls in the category of medialickes.
The system requirements were identified and andlyse
through a systems engineering approach involving th
application of multiple methods. In particular wemoyed a
Stakeholder Influence Map, a Viewpoint Analysis, a
Systemic Textual Analysis and a Quality Functional
Deployment. Although each of these methods can be
regarded as a different analytical tool, these vegugied in
sequence for the purpose of producing a completeofse
tequirements. The methods were implemented using a
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Table 1 Systemic Textual Analysis.

Non-functional System Requirements

- light: weight < 5 kg

- quiet: noise < 60 dB

- reliable

- low cost

- MRI compatibility: ASTM F2503

- safe: Machinery, Low Voltage Directive 2006/42/E2006/95/EC
- fits in the scanner: 60 cm bore

- easy to use: minimal training required

Non-Functional
Performance
Requirements

Non-Functional
Implementation
Requirements

Functional
Requirements

install device set-up time < 30 min

register device in the

accuracy* <1 mm
MR scanner frame y*

accuracy < 1 mm;
workspace*
210x160mm on
coronal &2) plane

position needle

measure position

acquire user input
verify needle insertion

insert needle

accuracy* <1 mm

accuracy < 5mm;

standard ablation ki direction inclined on

remove needle

(coaxial needle and— : axial (xy) and
catheter probe) insert ablation probe | sagittal gy) planes*
hold needle 1.2 mm*

connect to power
distribute power
display MR images

standard fittings,
240 V AC, 4 bar
pixel size Imm

common requirements model which distinguishes timerh)

operational (i.e. describing the main purpose ef shistem
with its key constraints); 2) functional (i.e. ddbing a

function); 3) non-functional (i.e. quantifying anfttion’s

outcome or a system property). The latter werehéurt
subdivided into: 1) non-functional performance riegments
(i.e. outcome of a function); 2) non-functional teys

requirements (i.e. constraints affecting the whsystem,

such as size and weight); 3) non-functional impletaion

requirements (i.e. imposed solutions for a spedificction).

In this article we present only a selection of thethods
applied to provide an overview of the approach éstband
to illustrate the outcome of the requirements asialy

constructed to identify the critical stakeholders the
beginning of the design process. According to #dmproach
a list of potential stakeholders was created, §raups were
formed considering subjects and entities with similiews,
and a map was constructed which highlights theuémftes
between the groups (Fig. 1). The group ‘Legislatdos
instance refers to norms related to machinery dkaseto
the MR environment, while the group ‘Manufacturer’
includes R&D engineers, designers, and techniciaimslly
it was decided not to collect requirements fromigues
initially, since the procedure is normally carriedt under
general anaesthesia.

The operational requirements were defined in close

collaboration with radiologists and MRI physicisishich
are part of the group ‘Clinicians’. The systemritenhded to
be used inside a high-field closed-bore MR scamamet is
required to: 1) plan and execute needle insertauiskly

Table 2 Requirements verification plan.

. Verification
Functional | Performance
requirement | indicator Method | Acceptance Model
install set-up time | bench tgst 30 min rototype
device P P P
register accurac scanner 1 mm rototype
device Y test P o
position
needle accurac scanner 1 mm rototype
measure y test P P
position
osition
P 210x160mm
needle . . . .
——— | workspace | simulation on coronal | kinematics
measure
- plane
position
acquire inpuf accuracy | benchtgst 1 mm user interface
verify accurac scanner 1 mm rototype
insertion 4 test P P
insert needlg
accurac scanner 5 mm rototype
remove need|e y test accuracy p yp
insert probe
insert needle inclinationson
—] needle . . ) . .
remove need|e simulation axial and kinematics
——————— " movements ;
insert probe sagittal planep
hold needle diameter | simulation 1.2 mm CAD model
connect to standard
power fittings; . . . component
_ inspectio ass/fail M
distribute 240V AC, P P specifications
power 4 bar
display MR . .
'p Y resolution | benchtest 1 mm user interface
images

and accurately; 2) provide visual verification dre tMR
images prior to the needle insertion; 3) achiewtargeting
accuracy sufficient for clinically relevant lesign$) target
lesions within the whole liver. Additionally the stgm
should operate with a standard ablation kit coimgjsof a
coaxial needle and of a catheter probe (Somatexn&wgy).

In order to gain a deeper understanding of thelpnob
additional requirements were derived using a Viempo
The Stakeholder Influence Map (Burge, 2007) was Analysis (Burge, 2011). This method is particulanseful
when stakeholders provide limited information. Thsult of
the Viewpoint Analysis is a structured chart thasatibes
the system functionality necessary to meet the atiperal

requirements.

In

the first stage of the analysis a

brainstorming session was employed to supplemeat th
operational requirements. This phase encouragesid=ying
aspects beyond operation, such as design, manafegtu
and maintenance (Dai and Aurisicchio, 2013). Subsety
the requirements were separated in functional aod- n

functional.

The functional

requirements were furthe

separated into external (i.e. defining functiomaditexternal
to the system of interest) and internal. With 8tep the user
interface and the interfaces to services and talitetion kit

were

identified as specific functions.

The functibn

requirements were then logically grouped and aasextito
the corresponding non-functional requirements asvahin
the structured chart (Fig. 2). In particular thensfionctional
requirements affecting the whole system, such &t aod



Fig. 3. Prototype of the needle positioner (a)ekiatic diagram in isometric
the measured piston positions, cylinders are nuedbfarm 1 to 3; CAD model (cfland FO are the coordinate frames of positioner and Midser.

MRI-compatibility are positioned at the top of ttleart since
they influence not just operation but they als@®effdesign
and manufacturing.

A Systemic Textual Analysis (Burge, 2004) was then
employed to identify and interpret missing requieets.
Integrating the requirements using a different roetlis
particularly beneficial for new designs where thelgsis
cannot rely on the know-how accumulated over previo
versions. Differently from the Viewpoint Analysishe
Systemic Textual Analysis focused only on operat&lated
requirements (Dai and Aurisicchio, 2013) while athe
aspects, such as design, manufacturing and mairtena
were not directly considered. It must be noted h@awéhat
the interface functions previously identified aneluded in
the analysis and provide a more complete view @& th
system. Five performance requirements (*) were titied
as missing and supplemented (Table 1). In partictia
requirement for the robot workspace was defineddbam
the average size of the liver in adults (Kawamu@27). The
requirement for the insertion direction was deribeded on
further consultations with clinicians and on thesiga of
similar systems (Hata, Hashimoto and Tokuda, 2005).

view (h);,0p,gs are the actuated movements of the needle guide, sare

be designed and an effective localisation methadilshbe
employed to register and track the robot in the 848nner.
Additionally the system should allow verifying theedle
insertion on the MR images and should make usehef t
standard coaxial needle. The design of the prootig
presented in the next section.

3. SYSTEMDESIGN

The prototype presented in this paper is intended t
provide accurate point-to-point positioning of a&dle guide
inside a closed bore MR scanner and to assist tneuah
needle insertion outside the bore during phantdatstrThe
system consists of a remotely actuated positicenegntrol
unit containing control hardware and micro-congnlla
graphical user interface on a host PC. This sect@stribes
the design of the prototype.

A. Robot Structure

The prototype was designed to be placed insidéMiRe
scanner secured to the patient bed and consisas fixked
gantry and of a remotely actuated unit carryingegdbe
guide (Fig. 3.a). To ensure MRI compatibility plast

As soon as a complete set of requirements becomematerials (Delrin, PTFE) were employed for the ¢amtion

available their method of verification should bensidered
(Ward et al 2002). This activity aims at making plans to
answer the question “are we building the thing t2gh
(Alexander and Clarkson, 2000). Since this aspext not
explicitly covered by the previous methods an aoloét
analysis was conducted. Candidate verification opugh
acceptance criteria and model characteristics waen
associated to each functional requirement (TableTB)s
analysis allowed highlighting problematic requirersethat
cannot be verified and should therefore be refoamedl.
Additionally an indication of the effort and of tmesources
necessary for the verification was provided. Wihsleme
requirements can be verified with simulations anodets
(e.g. FMEA, CAD), testing and prototypes are nemgsi
other cases. These different approaches shouldensten
as mutually exclusive but should rather be combifwdrd
et al 2002). The requirements analysis highlights thedn
for a first prototype in order to verify the crulcaspects of
the design. In particular the prototype should apable of
moving the needle in the MR scanner and of meagutin
position. For this purpose a suitable control athar should

and double-acting plastic cylinders (IPS Inc.) weh®sen
for the actuation. In this first prototype the nieeguide can
translate along the; andz; axes (movemenis;,q,) and can
only rotate around the; axis (movement) in the base
frame F1 (Fig. 3.b). This configuration constrains the
insertion direction on axial planes which is repreative of
only a subset of liver ablation procedures. Howewer
modular structure was adopted in view of the inticithn of

a 4" DOF which would allow double-inclined insertions.
Cylinder 1 is mounted orthogonally to the other tewd
moves them along the longitudinal axis of the MRrser
(1* DOF: ;). Cylinder 2 and Cylinder 3 are arranged to
provide needle translation "2 DOF: g,) when moved
together and rotation (3 DOF: @;) when moved
differentially. The needle guide is attached tdqgris 2 and 3
with revolute joints. The relation between the foin
coordinates d;,0p,05) and the measured positions of the
pistons (g, 2, 3) Is:



0= 1
0= »2
0z = tan'l(( 3° 2)/t)

The parametet is the distance between Cylinder 2 and
Cylinder 3. The base coordinate frafe was assigned with
the axesz; andx; parallel to the prismatic jointg; and g,
respectively. The fixed origi@1 of F1 is taken coincident to
the lower revolute joint when all pistons are retied. The
needle tipP is located at a distantdrom the originO1. The
relation between the generic position Pf{q;,a,0s) in the
frame F1, its initial position P, (0,0,0) and the joint
coordinates is:

F( 4 % :Q3) = T](%) <y XTZ(QZ ) TS ><T3(q3 ) * )

The terms T1, T2, T3 are 4x4 homogeneous
transformation matrices, function of the joint cdioates.
The misalignment between the joimts ; and the axes,

@)

7z caused by manufacturing and assembly tolerances i

accounted for by the constant matridés and T% that are
computed during calibration. The linear range otion of
the prismatic joints, andg, is 80 mm. The angular range of
motion of the revolute joind; is +45° to -45° whemy, is at
mid-range. The limits on the workspace are dictdtgdhe
available space in the scanner bore which restiiots
maximum size allowed for the actuators. Using thernge
of motion allows targeting points within a volume
corresponding to 60% of the liver size without mavito
manually reposition the gantry on the patient beak the

Table3 Actuators selection

Cylinder Friction Inertial Calculated  Stock bore
force [N] load [N] Bore [mm] [mm]
1 22 0.5 28 31.75
2 10 0.1 16 19
3 10 0.1 16 19

Nominal piston friction corresponds to 0.35 barsgtee. Inertial loads
assume maximum acceleration 200 nfmTse piston mass is 0.3 kg. A
constant 2 bar pressure is considered acting inctfieder front
chamber. Stock bore is chosen immediately largan tfalculated bore.

Cylinder &

Brake
Cylinder ]

Cylinder 2

Proportional
valves

Fig. 4. Pneumatic circuit diagram.

et al 2008). In spite of the common supply to the front
chamber no mutual coupling between actuators wasreed

LITT procedure the workspace is however considereddue to the slow movement of the pistons and trgeliow

acceptable since the location of the lesions withéliver is
generally known from pre-interventional MR images.
Consequently the gantry can be positioned accdsdiog
the patient bed at the start of the procedure G-a.

B. Actuation and Sensing

The size of the actuators was selected based @péwe
constraints in the MR scanner and on the exteaaald. The
bore diameter of a 3T MR scanner is typically 60 ton70
cm (Siemens Verio) and the gantry should alloneast 25
cm clearance from the patient bed. Considering@ytihder
2 and 3 are orthogonal to the axis of the bore thaximum
extended length is 280 mm. This limits the cylindioke to
about 100 mm which allows sufficient clearance viitie
scanner. The cylinder bore was chosen consideritlg o
inertial loads and friction forces (Table 3) sinle prototype
is not intended to come in contact with the patidrte
pneumatic circuit (Fig. 4) features a proportionalve
(Tecno Basic, Hoerbiger) supplying all cylinder rfto
chambers at 2.3 bar while individual proportionalves are
used to set the pressure within the range 0.30b2:3tbar in
the cylinder back chambers. This ensures motiotath
directions due to the different effective pistoreaain each
cylinder chamber. The actuators behave like sirgiing
cylinders with the advantage that a steel springnas
required, which would adversely affect the MRI
compatibility of the system. This design choiceussks the
number of supply lines from 6 to 4 resulting in @paaving
inside the MR scanner and requires fewer propation
valves than other similar devices (Saial, 2010), (Melzer

rate the proportional valves can provide (ref. Becb). The
maximum pressure in the cylinders is constrainemivéxen
0.3 bar and 2.3 bar in order to enhance safetyt@aneduce
air consumption. Non-metallic pneumatic brakes nbedn
orthogonally to each cylinder axis allow lockinge thistons
in position. Each brake consists of a miniature upmetic
cylinder with a silicone O-ring that acts as a metapring.
Linear incremental encoders (EM1-250, US Digitatid a
guadrature counters (LS7366, LS| Computer Systerog |
are employed for position sensing (0.025 mm re&oiut A
homing procedure is employed at start-up duringctvhll
cylinders are retracted and the counters are reset.

A 9 m long shielded cable and 9 m long supply lines
connect the positioner to the control unit, contanall
electronic components and valves, outside the Mitrssr
room. An aluminium wave guide adapter with chagsmmnt
pi-section filters serves as interface for the eabh both
sides of the panel to prevent EM noise from pentgrithe
MR environment. The microcontroller (mbed NXP
LPC1768) in the control unit runs the real-time ipos
control and the trajectory planning for each pisibri kHz.

A Linux PC hosts a graphical user interface that
communicates with the microcontroller and displdyes MR
images after each scan (Fig. 5). The user selket$arget
point graphically while the computed needle tipifias is
displayed on the MR image for verification (Fig. 6)

C. Calibration

The prototype was calibrated using independent
measurements with an optical tracking system (Qgdtot



Registratiol

Forward kinematics:

Calculates current needle tip positio
from encoder readings

Inverse kinematics:

Calculates joint coordinates set-po
from desired needle tip position

Position Control
Trajectory Planning

Fig. 5. Block-diagram of the system. Red arrowsesent commands,
green arrows represent feedback. The inner coldop runs on the
microcontroller. The user closes the outer cortrmb using MR image
feedback.
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Certus, NDI). An optical marker (Smart Marker, ND¥as
mounted on an adapter 200 mm long attached todbdla
guide, corresponding to the length of the coaxésddie. The
identification of joint axes (Mooring, Roth and Blg, 1991)
was employed: the actuated joints were moved onerlgy
through their whole range of motion while the caoates of
the optical marker were measured with the trackiygfem.
The constant matriceB, and T%, the adapter lengthand

the distancein (1), (2) were then estimated by least-square

4. CONTROLLERDESIGN

An improved SMC scheme based on SMC theory (Slotine
and Li, 1991) has been designed to achieve accurate
position control in spite of the high friction. Siarly to
(Chang, Hwang and Hsieh, 2002) the control law eyl
nested boundary layers. However in this controbssh the
boundary layers are defined by two saturation fonstthat
instead of acting individually compensate friction
concurrently. The control design is based on tlkiced-
order model of the piston’s dynamics:

AxU - A'XP, = mx+ g+ F, sign(x) 3)

The termsm, A, A', P, are respectively the mass of the
piston, the effective piston areas and the constant pressure in
the front cylinder chamber. The termandF, are the actual
unknown values of viscous and Coulomb friction. Simylarl
to (Yanget al 2011b) the much faster dynamics of the
proportional valve and the delay introduced by the pipes are
not considered in the design. To construct the controldaw
the positive definite Lyapunov functior=1/2S is defined,
whereSis a function of the piston positionand velocity
and of their prescribed values (Slotine and Li, 1991):

S=/(xser - X)+ (Xser - X) (4)

The parameter = 12.5 Hz was chosen based on the
largest un-modelled delay as indicated in (Slotine and Li,
1991). The delay (approximately 28 ms) was measured from
the step response of the proportional valve connected to a
pressure sensor (MPX4520GDP, 1 ms response time) with a
9 m pipe. The piston velocity is calculated by discrete
differentiation of the measured positigrfollowed by first
order low pass Butterworth filter. The corner frequency of
the filter was set to 120 Hz considering that the unfiltered
velocity shows high spectral density only below 50 Hz.

The control law ensures a stable error dynamics if

V = S£0. The improved control law proposed here is:
U=u (5)
The termue, keeps the system on the sliding surfaee0:
AP Xg . MXser Mixser - )/ +Fa sign(x) (6)
A A A A A

The termsg and F, are the nominal values of viscous

and static friction provided by the cylinder maruattaer.
The remaining terms in (5) are saturation functi@msl
compensate for model uncertainty:

u, =a’ sa(§/b)= a”sign(§/b) [S° b

g T UL U,

Ueq =

a” b <b
' S -
¢’ sa(ge) |9 <b
2 0 |§2b
Assuming known the boundg Ifa— F,]EF and

|g- g|£ Cthe positive parametessandc are chosen as:
a=F/A+C|x|/A+h ®)
c=F/A+G|x|/A
The boundary layer thickneds and e (e < b) and the
¢ Positive constant are empirically tuned. To verify the



stability of the control scheme (5) the derivatiVe is Inductor 123.4 MHz

computed differentiating (4) and substituting (B3 &5):
S A N SA
= (. - & )siore + (- a))- — - +u,)
= S(Df - Ay, —Auz) m
The term fin (9) represents the maximum variation of the
friction forces. Substituting (7) and (8) we rewr(®) as:

(9)

Water gel

Fixed capacitor

-h |S|A <0; ISE b Variable capacitor
m
2 Fig. 7. Wireless micro-coil fiducial (left) andefjuency response (right).
VE - E+%+@ s <0; b>|Spe (10) oo . Lo
m m m b resonant circuit inductively coupled to a receigeil in the
S S AHAS MR scanner (Burl, Coutts, Young, 1996). Differenfiigm
S/m Of - (|: +G|x|) ez = ISEe active fiducials a wired connection to the scanisemnot
b e b required which simplifies the design but makes #miproach

more sensitive to background noise. In spite ofrtioelerate

SinceV £0 for |S|>e the system is globally uniformly ~heating that can occur due to electromagnetic aogihese
bounded with the control law (5). Fd8| b the control ~ Markers are considered relatively safe if they tlomme into
scheme is equivalent to a standard SMC. It is appahata  direct contact with the patient (Garnev al 2011). Finally
larger produces a more responsive control action and gP@ssive markers typically consist of capsules aoinig
faster convergence to the bound. Adding inside the high-contrast material that appears as a brighibnegn the

. - MR images. Passive markers offer the simplest isolditom
boundary layer makes/ negative definite forb>|S|>e a design prospective and are comparatively inexpens

which leads to higher accuracy with the same tumifig  aAqgitionally they do not experience heating andtaezefore

andb. completely safe. Passive markers are typically lieed
For comparison purposes the following baselinerobnt Using image processing methods such as templatehimgt
law is considered as an alternative to (5): (de Oliveiraet al 2008). These methods are applicable in
U'=U.. +U' principle to all types of markers and can be useth w
eq "1 standard imaging sequences. Consequently this agiprie
u;=a’ sa(§/b) (11)  completely portable and can be employed as is fereit
b=e types of scanners. The main drawback is the rédihegrtime

In this case the system is also boundedSjye however a ~ a@ssociated to 2D image reconstruction of many stahd
smaller value of should be chosen to avoid overshoot and IMaging sequences (McRoblgeal 2003). Active and semi-
oscillations. This can also results in less respensontrol.  active fiducials can also be localised using spemiaging

In the proposed control scheme (5) instead theribaipn ~ S€quences that employ orthogonal one-dimension) (1
of the term decreases linearly f¢8|<b. At the same time ~ Projections of the marker signal. This method issiderably
u, balances completely the friction forces for|S|>e.  faster thanimage processing and offers high réeolu

Consequently a fast convergence |8} b, desirable for The prototype presented here makes use of semaeacti
tracking tasks, is followed by a more gentle cogeece to  markers localised using a tracking algorithm thaipleys
IS|=e which is desirable for point-to-point positionitasks. 1D projections (Galasst al, 2014). The method involves
acquiring a set of 1D projections through excitataf the
5. ROBOTLOCALISATION whole imaging volume. For this purpose a modifigddient
Echo sequence (GRE, TR = 5.6 ms, TE = 3.5 ms, FOV =
300) is used. The peaks generated by each markehem
detected for each projection and the marker positiare
computed in three dimensions with sub-millimetreuaacy.
The fiducials consist of wireless micro-coils tunat the
Larmor frequency corresponding to the field strangft the
MR scanner (123.4 MHz at 2.9 T for Siemens Verio).
Previous designs typically employed fixed capasitam

The accurate registration of the base frafde of the
needle positioner in the MR scanner is essentiarder to
achieve the desired targeting accuracy. This praeed
involves independently measuring the position & tbbot
in the coordinate frameO of the scanner. Fiducial markers
of different types are typically employed for thpsirpose
(Rea et al 2008) together with various localisation

techniques. Fiducial markers can be grouped inetinain . . L
categories. Active micro-coil fiducials provide @grsal to a parallel with an inductor constructed hand-windéngopper

: i d a cylindrical former while keeping shgdps
dedicated channel of the MR scanner by means of Ire aroun ; )
connecting wire (Dumoulin, Souza, Darrow, 1993).eTh aSletween the turns to allow fine tuning (Retaal 2008). In

; : : . this work tuneable micro-coils were constructechgsi non-
main advantage of this approach is that the signhighly S . ; X .
localised and therefore less sensitive to backgtoumise. magnetic air core inductor (Coil Craft) filled withater gel

However the connecting wire adds complexity todesign (zmﬁeﬁlijlsgit%?inspaergﬁgl vv?[ﬁltg(}?;g dLég) aa;?é,m;;?\'/%
and experiences heating as a consequence of thg P p P

- ; ; ; lus Inc.). The advantages of this approach ard&ehig
electromagnetic coupling (Konings al 2000) which poses o . ;
a safety h%zard. Se?ni-zgc'give fidﬁiall,s typigallymsietpof a repeatability and shorter manufacturing time thattkghe

use of standard components. Additionally the trimme



capacitor allows easily tuning the micro-coils grudentially
reusing them for different field strengths. The rallemicro-

coil assembly measures 10 mm in length and 5 mwidth

and height (Fig. 7). Instead of using markers medirdn a
rigid frame for registration (Seifabadit al 2012) three
fiducials are attached directly to the needle guidds

approach reduces registration errors since it éscahe
needle guide directly and is therefore insensitivethe
manufacturing tolerances of the supporting strectur

6. EXPERIMENTAL RESULTS

Experimental tests were conducted to verify the MRI
compatibility of the system, to evaluate the perfance of
the controller and to assess the accuracy of thedl@e
positioner in the MR scanner.

A. MRI Compatibility

The MRI compatibility of the prototype was testeda
3T MR scanner (Siemens Verio). The prototype wasequ
on the patient bed above a cylindrical phantom Kalic
Sulphate solution) and the needle guide was aligvitdthe
scanner isocenter (Fig. 8). The imaging sequensed were
a Turbo Spin Echo (TSE, TR = 3000 ms, TE = 12 msFF
180°, FOV = 300 x 300, Slice Thickness = 8 mm) afidue

a)

b)
Positione[ j Positlone 5 Fiducia
MR scanner
Phantom\
Phantom
Fig. 8. CAD model of the positioner in the MR sgan (a);

corresponding axial MR image with the positionewpred on (b).

a) b)

c)

d)

Fig. 9. MR images (TrueFISP): Phantom (a); Powk(ly); Power on
(c); Movement (d). Fiducials indicate the preseoicthe positioner.

Table 4 MRI Compatibility of the Needle Positioner

TrueFISP TSE
Setup - .
SNR %Variation SNR %Variation

Phantom

(reference) 115.5 . 546

Power off 115.1 -0.4% 536 -1.8%
Power on 115.2 -0.3% 531 -2.7%
Movement 114.2 -1.1% 530 -2.9%

Variations in SNR calculated for test in 3T Méasner.

fast imaging with steady-state precession (TrueFIS® =
44 ms, TE = 2.2 ms, FA = 44°, FOV = 400 x 400¢&li
Thickness = 8 mm) in conjunction with the scannedpB
coil. In total four sets of images were acquiretisidering
first the positioner disconnected from the contmit, then
powered on but not moving, and finally with eaclstgn
executing a sinusoidal trajectory. The fourth ctiodiused
for comparison refers to the phantom alone. Theéoprpe
did not produce visible artefacts within the regadrinterest
with both TrueFISP (Fig. 9) and TSE sequences. The
variation in signal-to-noise ratio (SNR) compared the
phantom alone calculated according to (NEMA Stashdar
Publication, 2008) remained below 3 % for all w=tnarios
(Table 4). Additionally no interference in the maasl
position was detected as a result of the MR enxint.

B. Controller Performance

The advantages of the improved controller (5) daher
baseline scheme (11) are highlighted with steps tesid
tracking tests on Cylinder 1 alone mounted horialbyngs in
the prototype. Tests were also performed using &@ mass
to evaluate the robustness of the controllers. Buthtrol
schemes are equally simple to implement on
microcontroller and both rely on the same assumptib
bounded variation of the friction forces (ref. Semct4).
Scheme (11) requires manually tuning 2 parametgrs)(
while guidelines exists for tuning the parameter The
controller (5) requires tuning one additional pagten € <
b) which however can be chosen from the step regpohs
the baseline scheme (11). The procedure for turiey
parametee is as follows: 1) increase the valuebaintil the
overshoot in the step response disappears; 2) etowalue
of e larger than the steady-state error; 3) set theegaound
for b ande in (5); 4) further adjuse to reduce either the
overshoot or the steady-state error. The numerigesaof
controller and model parameters are listed in T&bl@he
value b'=0.01 was used in (11) for all tests in order to
present a meaningful comparison since choodirre
resulted in excessive chattering.

the

Table5 Controller and Model Parameters for Cylinder 1

A

Parameters FalA FIA b e
Value 125 035 03520 20 0.1 0.004 0.75
unit Hz bar Ns/m m/s bar

Parameterb, e, are manually tuned;is chosen as per Section 4.



a)

b)

Fig. 10. Step response for Cylinder 1 without addal mass for: (a)
baseline SMC scheme (11); (b) improved SMC sché&jheRed dashed
line represents the set-point; blue solid linertteasured position.

Step tests with amplitudes of 0.5 mm, 1 mm, 5 mah an

10 mm were repeated 10 times for both control seisefh)
and (11). The step response for both controllerhout
additional mass is depicted in Fig. 10 while Fig.r&fers to
the test with additional mass. Compared to the linese
scheme (11), the improved controller (5) achieveticaably
lower overshoot and equivalent steady-state errallitest
conditions (Table 6) and shorter settling timeha test with
the 2.5 kg mass.

The tracking performance was evaluated with a pgario
constant-jerk polynomial trajectory (20 mm peakptak
amplitude, 3s period). The piston position for tibst without
additional mass is depicted in Fig. 12. Comparedh®
baseline scheme (11), the improved controller (hlieved
smaller root-mean-square error (RMSE) and smateking
error (Table 7). The corresponding control inputiépicted
in Fig. 13. The baseline scheme (11) shows a musense

Table6 Step Response for Cylinder 1
=u,, +u, + ‘= '
Controller U = Ueq +Uy +Uy U =l tly
Improved Scheme (5) Baseline Scheme (11)
Load [kg] 0 25 0 25
Overshoot 4 g 0 1.15 1.63
[mm]

Se“"[g? time (.66 077 0.64 1.40
Steady state ) ;5 0.14 0.10 0.13
error [mm]

Values are the maximum over a set of 4 step regsongth
amplitudes 0.5 mm, 1 mm, 5 mm and 10 mm each regd4l times.

a)

b)

Fig. 11. Step response for Cylinder 1 with 2.5 Ediional mass for: (a
baseline SMC scheme (11); (b) improved SMC sché&jeRed dashe
line represents the set-point; blue solid linertteasured position.

control action where the control input frequentiys hthe

upper and lower limits defined in Section 3. Thisdue to
the narrower boundary layeb'(< b) which reduces the
linear region of the saturation function (ref. $mct4) and

results in a more aggressive control. Consequémlypiston

trajectory is less smooth compared to control sehé€h).

Similar results were obtained in the test with #uglitional

mass. In conclusion the improved controller (5)fqrened

better in both step test and tracking tests andthexefore

deemed more suitable for the needle positioner.

Finally the accuracy of all three actuated axes was
assessed with the control scheme (5). The posititor for
all three actuated axes was measured over 100-foepaint
movements with amplitudes varying from 0.3 mm ton2®
in both directions of motion starting from the eetied
position. The maximum steady-state error for abksawas
below 0.16 mm and the highest mean absolute ersm w
below 0.1 mm. The dynamic response was evaluated

actuating the pistons first individually and then
Table 7 Tracking Error for Cylinder 1
U =u,+Uu +u = )
Controller eqg M1 T2 U =Ugg*ly
Improved Schem¢b) Baseline Scheme (11)
Load [kg] 0 25 0 25
Maximum
error [mm] 1.74 1.45 1.97 2.15
RMSE [mm] 0.45 0.53 0.69 0.78

Values refer to a periodic polynomial trajectoryttwB s period and 20
mm peak-to-peak amplitude.



a)

a)
b) b)
Fig. 12. Piston trajectory for Cylinder 1 withadditional mass: (a) Fig. 13. Control input for Cylinder 1: (a) baseiBMC scheme (11);
baseline SMC scheme (11); (b) improved SMC schéme ( (b) improved SMC scheme (5).
simultaneously. At the same time the pressure énfibnt A preliminary phantom study was conducted to evalua

cylinder chambers was monitored with a sensorhe targeting accuracy of the positioner in the &t&nner. A
(MPX4520GDP, 35 mbar accuracy) on the common supplyyater-phantom with plastic circular features (diteme from
line. The pistons followed smoothly the prescrilbedstant- g mm to 12 mm) visible on the MR images was usedHe
jerk trajectories (up to 40 mm executed in 2 s)rédoer N0 experiment. The phantom was positioned horizontatiyhe
coupling between actuators and no noticeable vamiah the  patient bed and aligned with the scanner isoceAfeer the
measured pressure was detected in spite of the oomm gytomatic registration in the MR scanner the greadhiiser

supply to the front cylinder chambers (Fig. 14). interface was employed to plan the needle inserfioneach
target: 1) an initial MR image of the phantom wagquared;
C. Robot Accuracy 2) the operator graphically selected the targethen MR

The accuracy of the positioner was assessed iMiRe image; 3) the software calculated the movement awhe

scanner over 20 target points within the worksg&ig 15).

A micro-colil fiducial was placed on an adapter 20@ long a)
attached to the needle guide. This setup simulatédly

inserted needle and amplifies position errors,a&nd 3 by a

factor 5, corresponding to the ratio between addpteythl

and distance (1). The coordinates of the micro-coil in the

reference fram&0 of the MR scanner were calculated using

the tracking algorithm described in (Galassial 2014).

Initially the reference frame1 was automatically registered

with respect to the scanner frafi@ computing the position

of 3 points with (2) and measuring the correspomdin

position of the micro-coil fiducial with the tracig b)
algorithm. Subsequently the desired marker positiothe

base framé-1 was calculated with (2) from the set values of

the joint coordinates and then transformed in tt@nser

frameF0O. The position of the 20 points was measured three

times over two hours, which corresponds to the agesr

duration of a LITT procedure. The deviation wascakited

as distance between the desired and the measusétmpo

The mean position error for each dataset is betwleam

and 1.5mm while the maximum error is below 2.1 mm Fig. 14. Constant jerk trajectories for each pista, 2, 3) with 2 s se

(Table 8)- for the movements (a). Pressure in the cylindecsitftchambers (b).



Fig. 15. Needle-tip desired and actual positiontlmx;-z; plane in
the base frame1 of the positioner.

Table 8 Accuracy in 3T MR Scanner
Dataset 1 Dataset 2 Dataset 3
Mean error
[mm] 1.32 1.36 1.21
Maximum 2.07 2.08 2.06
error [mm]

Needle-tip position error for 3 datasets over 2rhd@u 3T MR scanner.

joint; 4) the positioner automatically aligned tieedle guide
with the target; 5) the patient bed was moved 6tit@ bore
and a plastic needle was manually inserted usiaghéedle
guide; 6) the patient bed was moved back in the bod a
second MR image was aquired to verify the needsitipa.

The procedure was repeated for eight insertionsfoom

different targets. The in-plane targeting error wamputed
as distance between the center of the circulaufeatnd the
center of the needle artefact using the 3D Slicdtware

package (3D Slicer, 2004). The mean error was hBwith

a maximum of 3.2 mm. Coronoal images of four défer
test conditions are depticed in Fig. 16.

7. CONCLUSIONS

The first
positioner with low pressure pneumatic actuatiod mg
supply lines intended for MRI-guided LITT of thedr has
been presented. The design of the system was lmsed
detailed analysis of the requirements. The pro®tgan
operate inside a high-field MR scanner while beiagotely
actuated form the control room. The MRI compatipilbf
the prototype was investigated showing minimumratiens
to the MR images. Sufficient point-to-point accyragas

achieved with an improved SMC scheme. Compared to
standard SMC design the controller allowed achigvin

smaller overshoot and shorter settling time in #tep
response and better tracking accuracy. Experimentbe
MR scanner suggest that the accuracy of the systeaid
be sufficient for clinical use. Further work wilhdlude the

development of a second prototype with an additiona

angular DOF to allow inclined needle insertions lmoth

sagittal and transversal planes. We also aim ahdur

enhancing the accuracy of the system in order fler afear
advantages over the manual procedure. Finally thengal
time saving associated with the use of the neeagipner

prototype of a MRI-compatible needle

Fig. 16. Preliminaty phantom study: target posit{geft); needle tip
position (right).

compared to manual procedures will be evaluatedh wit
experiments.
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