
 

 

Abstractð Actuation is a major challenge in the development of 

robotic systems intended to work in functional Magnetic 

Resonance Imaging (fMRI)  procedures, due to the high magnetic 

fields and limited space in the scanner. Fluidic  actuators can be 

made fMRI -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 

degree-of-freedom translational movements of a user that 

performs fMRI  tasks. Due to the fMRI-compatibility restriction s, 

special materials were used for the endeffector which works in the 

scanner bore, and active components such as the control valves 

and pressure sensors, had to be placed far away from the 

endeffector with long transmission lines in between. Therefore, 

the two fMRI -compatible setups differed from conventional 

fluidic actuation systems and brought control difficulties. Both 

systems have been proved to be fMRI -compatible and yield no 

image artifacts in a 3T scanner. Passive as well 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 system was back-drivable, 

showed faster dynamics with relatively low pressure, and allowed 

force control. Furthermore, it is easier to maintain and does not 

cause hygienic problems after leakages. In general, pneumatic 

actuation is favorable for fast or force-controlled applications, 

whereas hydraulic actuation is recommended for applications that 

require high position accuracy, or slow and smooth movements. 

I. INTRODUCTION 

Robotic systems and devices that are compatible with 

magnetic resonance imaging (MRI) technique find wide range 

of applications in academic and industrial fields [1, 2]. 

Functional MRI (fMRI) is an advanced research and clinical 

tool in neuroscience. An fMRI-compatible robot could perform 

well controlled and reproducible sensorimotor tasks, while the 

subject's motor interactions with the robot are recorded by 

fMRI procedures and translated into brain images (Fig. 1). 

Therefore, fMRI-compatible robots can be applied with fMRI 

procedures to map brain functions [3, 4], investigate human 

motor control [5, 6], monitor rehabilitation induced cortical 

reorganization in neurological patients [7], etc. Such kind of 

fMRI -robotic systems could provide insights into the cortical 

reorganization mechanism after damage to the nervous system, 

offer a better understanding of therapy-induced recovery, and 

help to derive more efficient rehabilitation strategies.  

To construct fMRI-compatible devices is rather challenging. 

First, the device must not disturb the scanner magnetic fields  

 

and ensure image quality. Second, the device should function 

properly in the scanner room. Third, the device is compact to fit 

into the scanner bore with the diameter of 55~70 cm [1, 3]. 

 
Fig. 1 fMRI-compatible robot working with fMRI procedures 

 

The strong magnetic fields limit the choice of materials, 

sensors and actuators to be used in the MRI environment. Stiff 

polymer materials are a good alternative of magnetic metals for 

applications in the scanner environment. Sensors and actuators 

using strong electrical currents should also be avoided. 

Electrical components may be brought into the scanner 

environment if their electrical signals are of low frequency and 

low amplitude, and if the components are placed at a certain 

distance from the scanner and/or they are shielded [5, 6, 8]. 

Sensors with optical principles have been employed to measure 

position [6, 9], force / torque [6, 10, 11].  

Typical fMRI-compatible actuation technologies are based 

on hydraulic or pneumatic principles, special electromagnetic 

principles, shape memory alloys, contractile polymers, 

piezoelectric actuation, materials with magnetostriction 

properties, electro-rheological fluids (ERFs) , or bowden cables 

[1, 2, 12, 13]. Among these working principles, fluidic 

actuations are promising solutions for fMRI-compatible robots 

that are intended to perform defined functional movement 

tasks, because 1) the fluids are magnetically inert in nature and 

the moving endeffector can be made fMRI-compatible, 2) the 

power can be generated distantly from the endeffector and sent 

to the endeffector inside the scanner via transmission hoses, 3) 

the actuators can provide large movement ranges and large 

forces, 4) the force-to-mass ratio is high, and 5) the 

transmission can be made flexible so that they can be placed 

adaptively to the work environment [2, 12].  

In literature, many efforts have been made for the application 

of pneumatic actuation technologies to fMRI-compatible 

robotic systems [14] and devices [4, 15, 16]. Hydrostatic 
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actuation was applied in master-slave setups to interact with 

human[9] or to position a forceps for surgery [17]. Reported 

problems were leakages, resulting in pollution, performance 

degeneration, and entrance of air bubbles. Furthermore, image 

deterioration occurred due to the high magnetic susceptibility 

of materials used for the systems [17, 18]. 

Traditional hydraulic or pneumatic actuation techniques 

cannot be directly transferred to fMRI-compatible applications. 

The fluid power generators, i.e., hydraulic or pneumatic 

compressors, consist of ferromagnetic materials. They must be 

placed outside of the scanner room for safety reason. Control 

valves are normally actuated by magnetically driven solenoids. 

Furthermore, valves and pressure sensors also contain 

ferromagnetic materials. Thus, they must be positioned far 

away from the scanner and the endeffector to avoid 

electromagnetic interferences causing malfunction and/or 

image artifacts. Therefore, long hoses have to be used to 

transmit the fluid power from the compressor to the control 

valves and then to the endeffector.  

This arrangement results in several challenges for both 

construction and control. First, the endeffector must be made of 

fMRI-compatible materials so that it can work close to or inside 

the scanner bore. This can result in friction and stiffness 

problems at the fluidic cylinder, which is required to transfer 

fluidic pressure into force and motion. Second, valves and 

pressure sensors are distant from the endeffector, causing delay 

and measurement inaccuracies. Third, long hoses result in high 

inertia and compliance. Fourth, the system will interact with the 

user, so that the working pressure must be limited to ensure 

safety. Reduced pressure may also increase the compliance of 

the system. Finally, position and force sensors used inside the 

MRI scanner must be made MRI-compatible, which may 

reduce their signal quality. The mechatronic setup, including 

sensor, actuator and controller must be able to cope with these 

challenges and work in an, accurate, stable and robust way. 

In this work two comparable robotic interface devices with 

hydraulic and pneumatic actuation respectively, were 

developed and implemented to control a translational one 

degree of freedom movement for fMRI studies. The interface 

devices are equipped with fMRI-compatible position and force 

sensors. Position and impedance/admittance controllers were 

realized to achieve active as well as passive subject 

movements, which are both required to investigate different 

fMRI -relevant motion tasks. The two systems were evaluated 

and compared with respect to control performance. 

Furthermore, both manipulandum systems were examined for 

MRI-compatibility in a 3 Tesla MRI scanner. 

II. DESIGN AND REALIZATION  OF THE FMRI-COMPATIBLE 

ROBOTIC SYSTEMS 

A. Design Considerations and System Structure 

According to the prospective clinical applications, the design 

considerations are defined as: 

- fMRI -compatible; 

- Haptic interaction force and position measurement; 

- Movement range: 0é20 cm; 

- Actuator velocity range: -15é15 cm/s; 

- Actuator force range: -100é100 N; 

- Subject passive movement: guide the subjectôs hand 

to follow a designed position curve; 

- Subject active movement: simulate a virtual spring so 

that the subject can push or pull against the system. 

The fluidic system structure was taken as in Fig. 2. 

 
Fig. 2 Concept of fluidic-actuated robots to work with fMRI 

B. Material Consideration and Measurement Principles 

The materials put inside or close to the MRI scanner must 

have low magnetic susceptibility and low electric conductivity. 

Therefore, PET and PVC plastic were taken as the main 

construction material for frames and mechanical adapters. 

Nevertheless, metals have to be used for some parts required to 

be stiff, such as cylinders that will work under high pressure 

and force. Both cylinders were specially manufactured, with 

aluminum being the housing material. The piston of the 

pneumatic cylinder is made of PET, while that of the hydraulic 

cylinder is made of bronze to sustain the higher forces due to 

the significantly higher pressures. Both aluminum and bronze 

have low magnetic susceptibilities. 
 

Table 1 Physical properties of several materials 

Material 
Magnetic 

susceptibility 

Electrical conductivity 

[m/ɋmm2, or 106s/m]  

Bronze (CuSn8*) -0.879×10-6    7.5 

Zinc -15.7×10-6 16.6 

Brass -8.63×10-6 17 

Aluminum 20.7×10-6 36 

Copper -9.63×10-6 57 

Drinking water -9.05×10-6 0.05é5 ×10-2 

Nickel         600 14.4 

Iron  200 000   9.9 

*: values provided by the supply company. 
 

Both manipulandum systems are equipped with one force 

and two position sensors. The force sensor consists of three 

optical fibers, one with emitting laser light and two with 

receiving laser light [19]. When a pull or push force is applied 

to the handbar, the emitting fiber is slightly displaced, thus, 

changing the light intensities in the two receiving fibers. The 

measured force is a function of the ratio of light intensities I1 

and I2. Laser signals I1 and I2 are sent out via glass fibers, 

converted to voltage signal by the processing circuit, and then 

read into the control computer. An optical encoder measures 

the handbar position, and a potentiometer works as a redundant 

position sensor for safety consideration. 

C. Fluidic Actuators 

The oil used in hydraulic actuation is Orcon Hyd 32, which is 



 

accepted as a lubricant with incidental food contact. Hence, it is 

appropriate for biomedical applications. 

The supply oil pressure from the compressor is 25bar. A 

directional valve regulates oil flow and, thus, controls the 

movement of the actuation cylinder. Two pressure sensors were 

mounted on the valve manifold. Oil is nearly incompressible 

and the actuation system is not back-drivable, i.e., the piston 

cannot be easily moved when the directional valve is closed. 

For pneumatic actuation, the supply air pressure is 4bar. Both 

flow control and pressure control can be implemented. Pressure 

control is considered superior to flow control to overcome 

limitations of compressibility, friction and external 

disturbances [12]. In our application the manipulandum 

interacts with human subjects and the interaction force varies 

within a large range, so that we preferred pressure control. For 

each cylinder chamber, one valve regulates the pressure with 

the feedback from a pressure sensor. 

The hydraulic and pneumatic transmission hoses between the 

control valves and the cylinders are 6m and 5m long, 

respectively. The valves were located at the corner of the 

scanner room, far from the scanner isocenter. The scanner 

magnetic field decreases rather quickly with increasing 

distance from the scanner bore and comes to be only 0.2 mT at 

the valve location [20] (For comparison, the magnetic field of 

the earth is about 0.06 mT). This special setup, different from 

conventional fluidic actuators, was taken to fulfill the 

fMRI -compatibility requirements.  

 
Fig. 3 Composition of the fMRI-compatible haptic interface 

D. fMRI-Compatibility Test 

The fMRI-Compatibility of the two robotic systems must be 

examined by fMRI experiments. The working position of 

robots has already been shown by Fig. 1 and Fig. 3. The test 

consists of three parts: 

1. No force or torque is induced by the magnetic fields and 

the robotic system when it is placed at the working 

position. 

2. The robotic system functions properly as designed when 

it is placed at the working position. All components 

work properly, and the whole system can perform the 

desired movements. 

3. The robotic system does not deteriorate fMRI image 

quality. A mineral water phantom is to be scanned in 

each of the following experimental conditions: 1) No 

device, in which the robotic system is not placed into the 

MRI room; 2) silent device, in which the robotic 

interface is at the working position but not in operation; 

3) functioning device, in which the robotic system is at 

the working position and in operation.  

Two methods are taken to evaluate whether artifacts 

have been introduced into the fMRI images [19]. The 

signal-to-noise ratio (SNR) in dB [21] 
 

20log10

+
0:66¸mean signal

Average of noise region standard deviations

,

 quantitatively estimates whether additional noise has been 

introduced into fMRI procedures by the robot. We define 

the SNR variation threshold to be 5%. A second method is 

image subtraction, which qualitatively checks whether 

image shift or deformation has occurred. 

III.  CONTROLLER DESIGN 

A. Hydraulic 

Hydraulic oil compressibility is characterized by the bulk 

modulus K. Changes of pressures P1  and P2  in the cylinder 

chambers can be written as 
 

 _Pk =
K

Vk

(¶_Vk + qk ); k = 1; 2 (1) 

 

Here V1 = V10 + xA1 and V2 = V20 + (L¶x)A2 are the total 

fluid volumes on two sides of the cylinder, L is the stroke of the 

cylinder, x is the position of the piston, V10 and V20 are the 

dead volumes, A1 and A2  are the cross sections of cylinder 

chambers, q1 and q2 are oil flows that are dependent on the 

chamber oil pressure, supply oil pressure or reservoir oil 

pressure, and also on the control signal u [22].  

From equations (1), the piston velocity can be derived as: 
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First, we consider the steady situation. Pressure changes and 

dead volume variations are ignored. In this case, _P1, _P2 and 

_V10, _V20 are all equal to zero. Thus, the velocity of the piston is 

fully determined by the oil flows q1 and q2: 
 

 _x =
1

A1

q1 = ¶
1

A2

q2 (2) 

 

When the piston moves at a constant speed, the pressures P1 

and P2 are both constants, too. Thus, the oil flows q1and q2 

only depend on the proportional valve. The control voltage to 

the proportional valve regulates the piston velocity, and this can 

be modeled as a lookup table. To deal with model uncertainties, 

external disturbances, and compliance from the hydraulic 

system, a velocity controller was designed which consists of a 

compliance compensation term and a proportional term. 


