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AbstracH Actuation is a major challenge in the development of
robotic systems intended to work in functional Magnetic
Resonance Imagingf(MRI) procedures due to the high magnetic
fields and limited spacein the scanner. Fluidic actuators can be
madefMRI -compatible and are, thus, promising solutions. In this
work we developed two robotic interface devices, one with
hydraulic and another with pneumatic actuation, to control one
degreeof-freedom translational movements of a user that
performsfMRI tasks Due to the fMRI-compatibility restriction s,
special materials were used fothe endeffector whichworksin the
scanner bore and active components such athe control valves
and pressure sensorshad to be placed far away from the
endeffector with long transmission lines in betweenTherefore,
the two fMRI-compatible setups differed from conventional
fluidic actuation systems and brought controldifficulties. Both
systemshave been provedto be fMRI -compatible and yield no
image artifacts in a 3T scanner.Passive as wll as active subject
movements were realized by classical position and impedance
controllers. With the hydraulic system we achieved smoother
movements, higher position control accuracy and improved
robustness against force disturbances than with the pneumatic
system. In contrast, the pneumatic systemwas back-drivable,
showed faster dynamicaith relatively low pressure, and allowed
force control. Furthermore, it is easier to maintain anddoes not
cause hygienic problems after leakages. In general, pneumatic
actuation is favorable for fast or forcecontrolled applications,
whereas hydraulic actuationis recommended for applications that
require high position accuracy, or slow and smooth movements

I. INTRODUCTION

Robotic systems and devicethat are compatible with
magnetic resonancenaging (MRI) techniquéind wide range
of applications in academic and indigirfields [1, 2].
Functional MRI (fMRI) is an advanced reseamd clinical
tool in neuroscience. AiIMRI-compatible robot could perform

and ensure image quality. Second, the desfemuldfunction
properlyin thescanneroom Third, the devicés compacto fit
into thescanner borgiith the diameter 065~70 cm[1, 3].
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Fig. 1 fMRI-compatible robotvorking with fMRI procedures

The strong magnetic fietdlimit the choice of materials,
sensors and actuators to be used in the MRI environment. Stiff
polymer materials are a good alternatifenagnetic metalfor
applications in thscanneenvironment Sensors and actuators
using strong electrical currens should also be avoided.
Electrical components may be brought into tkeanner
environmentf their electrical signals are of low frequency and
low amplitude, andf the components are placed at a certain
distance from the scanner andtoey areshielded[5, 6, 8]
Sensors with optical principtdave been employed to measure
position[6, 9], force /torque[6, 10, 11]

Typical fMRI-compatble actuation technologies are based
on hydraulicor pneumatic principlesspecialelectromagnetic
principles, shape memory alloys, contractile polymers,
piezoelectric actuain, materials with magnetostriction
propertieselectrorheological fluids (ERFs)or bowden cablg
[1, 2, 12, B]. Among these working principles, fluidic

well controlled and reproducible sensorimotor tasks, while thectuations are promising solutions fMRI-compatiblerobots

subject's motor interactions with the robot are recordgd
fMRI procedures and translated into brain imageg.(1).

Therefore fMRI-compatible robots cabe applied with fMRI
procedureso map brain function§3, 4], investigate human

that areintended to perform defined functional movement
tasks, because 1) the fluids are magnetically inert in nature and
the moving endeffector can be madiéRI-compatible, 2) the
power can be generated distantly from the endeffector and sent

motor control[5, 6], monitor rehabilitation induced cortical to the endeffector inside theeanner via transmission hoses, 3)

reorganizationn neurologicalpatients[7], etc Such kind of

fMRI-robotic systera could provide insights into the cortical
reorganization mechanism after damagthtmervous system,
offer a better understanding of theraimgluced recovery, and
help to derive morefgcient rehabilitation strategies.

the actuators can provide large movement raregel large
forces, 4) the forcéo-mass ratio is high, and 5) the
transmission can be made flexible so that they can be placed
adaptively to the wd environmen{2, 12].

In literature, many efforts have been made for the application

To construcfMRI-compatible devices is rather challengingof pneumatic actuation tecblogies to fMRI-compatible
First, the device must not disturb the scanner magneticsfieltbbotic systera [14] and devices[4, 15, 16] Hydrostatic



actuation was applied in mastdave setups to interact with - Actuator velocity range:15é 15 cm/s;

humaif9] or to position a forceps for surgef¥7]. Reported - Actuator force range1 0 0 é IND O

problems were leakageresuling in pollution, performance - Subject passive movement :
degenerationand entrancef air bubbles Furthermoreimage to follow a designed position curve;
deteriorationoccurreddue to the high magnetic susceptibility - Subect active movement: simulate a virtual spring so
of materials used for the systefi7, 18] that the subject can push or pull against the system.

Traditional hydraulic or pneumatic actuation techniques
cannot be directly transferredftdRI-compatible applications. T he fuidic systemstructurewas taken a Fig. 2.
The fluid power generators, i.e., hydraulic or pneumatic RIR
compressors, consist of ferronmegic materials. They must be H él,i
placedoutside of the scanner room for safety reason. Contr‘ E,d—’}> e s »g» PG Powes >lm[ -.-ﬁ”;g;‘;‘r;gg;"‘
Sensors
Controller Lﬂ Tontiation >} %FZ‘::MST“::;:J‘

Fluidic Power

valves are normally actuated by magnetically driven solenoid
Furthermore valves ad pressure sensorglso contain
ferromagnetic materialsThus, they must bepositionedfar
away from the scanner and the endeffector to avoi
electomagnetic interferencesausng malfunction and/or
image artiacts Therefore, d)ng loseshave to be used to Fig.2COncept of fluidieactuated robots to work with fMRI

transmit the fluid power from the compressorthe control B. Material Consideratiorand MeasuremerRrinciples

valves and then to the endeffector. The materials put inside or close to the MRI scanner must

This arrangement results in several challenges for both . s . .
. : velow magnetic susceptibility and low electdonductivity.
construction and control. First, the endeffector must be made ! )

erefore, PET and PVCplastic were takeras the main

fMRI-compatible materials so that#n work close to or inside : . .
construction material for frames and mechanical adapters

the scanner boreThis can result infriction and stiffness :
- . o ; Nevertheless, metals have to be useddone partsequired to
problemsat the fluidic cylinder, which is required to transfer, . : ; .
be stiff, such ascylinders that will work undetigh pressure

fluidic pressure into force and motioisecond, valvesand . ) ;
. . and force. Both cylinders were specially manufactured, with
pressure sensoase distant from the endeffectoausingdelay : . : . .
aluminum being the housing material. Theiston of the

ﬁ]r;:(:trig e:rslgrfxqraicccg;icristgg?sl,(t)Qr?w \r/]v(i)lfsnﬁee?;gtlr\]/v?tltﬁz pneumatic cylinder is made of PE¥hile that of the hydraulic
P : Y cylinder is made of bronz® sustain the higher forces due to

usey sothatthe working pressure must be limited _to eNSUr e significantly higher pressure8oth aluminum and bronze
safety Reduced messure may alsimcrease the compliance of hawe low magnetic susceptibilities
it .

the systemFinally, position and force sensors used inside th

MRI scanner must be made MBompatible, which may Table1 Physical properties of several materials
reduce their signal qualitylhe mechatronic setup, including Material Magnetic Electrical conductivity
sensor, actuator armbntrollermug be able to cope with these susceptibility [m/qmn?, or 10s/m]
. * -

challenges and work imaaccuratestable and robust way. Br‘gﬁi (CusSng) _(1)'58;(9;3? 167':

In th|_s work two compar_ablmbotlc_lnterface _dewces with Brass 8.6310° 17
hydraulic and pneumatic actuatiomespectivey, were Aluminum 20.%10° 36
developed and implemented to control a translational one Copper -9.63x10° 57
degree of freedom movement for fMRI studies. The interfage Drinking water |  -9.05¢10° 0. 0 5x4(
devices are equipped wiftMRI-compatible position and force | Nickel 600 14.4

Iron 200 000 9.9

sensors. Position and impedafachnittancecontrollers were - values provided by the supply company
realized to achieve active as well as passive subject '
movements, which are both required to investigate different Both manipulandum systems agquipped withone force
fMRI-relevant motion tasks. The two systems were evaluatgéld two position sensar The force sensor consists of three
and compared with respect to control performanceptical fibers, one with emitting laser light and two with
Furthermore, bth manipulandunsystemswere eamined for receiving laser lighf19]. When a pull or psh force is applied

MRI-compatibility in a3 TeslaMRI scanner. to the hanbar, the emitting fiber is slightly displaced, thus,
changing the light intensities in the two receiving fibers. The
Il. DESIGN ANDREALIZATION OF THE FMRI-COMPATIBLE measured force is a function of the ratio of light intensities
ROBOTIC SYSTEMS and |,. Laser signald; and |, are sent out via glass fibers,
A. Design Considerationand SysterStructure converted to voltage signal by the processing circuit, and then

read into the control computefn optical encodemeasurs
thehandarposition and a potentiometer works as a redundant
position sensor for safety consideration

According to the prospective clinical applicatiorgedesign
corsiderationsare defined as:
- fMRI-compatible;
- Haptic interaction force and position measurement; C. Fluidic Actuators
- Movement ramge: 0€é20 The oilusedin hydraulic actuatiois Orcon Hyd 32whichis



acceptedhs a lubricant wh incidental food contacHence itis device, in vhich the robotic system is not placed into the

appropriatdor biomedical applications. MRI room 2) dlent device in which the robotic
The supply oil pressure from the compressoRSbar A interfaceis atthe working positionbut not in operation;

directional valve regulates oil flow andhus controls the 3) functioning devicein whichtherobotic systenis at

movement of the actuation cylinder. Two pressure sensors were  theworking positionandin operation

mounted on the valve manifol@il is nearly incompressible Two methodsare taken to evaluate whether artifacts

and the actuatiosystem is not baeHrivable,i.e., the piston have been introduced into the fMRI imadé$®]. The

cannot be easily moved when the directional valve is closed. signatto-noise ratio (SNRjn dB [21]

For pneumatic actuatiothe supphair pressure isdar.Both :
flow control and pressure control can be implemented. Pressure  20log;,
control is considereduperior to flow control to overcome

0:66, mean signal
Average of noise region standard deviations

limitations of compressibility, friction and external quantitativelyestimats whether additional nee has been
disturbances[12]. In our application the manipulandum introducedinto fMRI proceduredy the robotWe define
interacts with human subjects and the interaction force varies theSNR variatiorthreshold to b&%. A second method is
within a large range, so that vpeeferredpressurecontrol. For image subtractignwhich qualitativdy checls whether

each cylinder chamber, one valve regulates the pressure with image shift or deformatiohasoccured
the feedback from a pressure sensor.

Thehydraulicandpneumatidransmission hoses between the [ll. CONTROLLERDESIGN
control valves and the cylinders are 6m andn Song, A. Hydraulic
respectively. The valves werechted at the corner of the o o )
scanner room, far from the scanner isocenter. The scanner|ydraUIIC oil compressibily is characten;ed by thpulk
magnetic field decreasesather quickly with increasing ModulusK. Changes of pressur€s andP; in the cylinder
distance fronthe scanner bore amsmes to be onlp.2mT at  chanberscan be written as

the valve locatio20] (For comparisonthe magnetic fielabf K

the earthis about0.06 mT). This special setup, different from R = Vk(ﬂ Vi + ) k=12 (1)
conventional fluidic actuators, was taken to fulfill the

fMRI-compatibility requirements. Herev; = Vi + xA; andV, = Vo + (L § X)A; are the total

fluid volumes on two sides of the cylindéris the stroke of the
cylinder, x is the position of the pistoW;o andV,g are the
dead volumesA; and A, are the cross sections oflinder
chambersqg, ard o are oil flowsthat are dependéeron the
chamberoil pressure, supply oil pressum@ reservoir oil
pressureand alsanthe control signal [22].
Fromequatiors (1), the pistonvelocity can be derived as:

_ 1 Pi o VioRs 1
X = Alqlﬂ XY 1 A, K 1 Al\Llo
or
1 P VooR 1
=9—o + (L —+ — — 4+ —
X ﬂAzqz ( ﬂX)K A, K AZVZO

Fig. 3 Compositim of the fMRIcompatible haptic interface

D. fMRI-CompatibilityTest

The fMRI-Compatibility of the tworobotic systems must be
examined by fMRIexperiments The working position of Mao. \eo areall equal tazero.Thus, the velocity of the pistds
robos has already been shown Big. 1 andFig. 3. The test fully determined by the oil flosigy andap:
consists othreepart:

First, we consider the steady situatidmessure changesid
dead volume variationare ignored In this casePs, P, and

. e 1 1
1. No force or torque is induced byetimagpetic fields and X = A—ql =1 A—qz 2
the robotic systenwhen it is placd at the working L 2
position When the piston moves atanstanspeed, th@ressure®;

2. The robotic systerfunctions properly as designethen  andpP, are both constans, too. Thus the oil flows qzandp
it is placel at the working positionAll components onjy depend orthe proportional vake. The control voltagdo
work properly, and the whole system can perform thghe proportional valveegulateshepistonvelocity, and thiscan
desired movements. be modeledisa lookuptable To dealwith model uncertainties,

3. The robotic system doesot deteriorate fMRI image external disturbances, and compliance from the hydraulic

quality. A mineral waterphantomis to bescannedn  gystem a velocity controller was designed whicbnsists of a
each of the following experimental conditions: N9  compliance compensatigermand aproportionalterm



