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Abstract²A novel compact piezoworm actuator for the MRI 

(Magnetic Resonance Imaging) environment is presented which 

is capable of both linear and rotary motion. The actuator will 

be fabricated from beryllium copper for minimal image 

distortion. Complementary clamps are integrated to minimize 

the number of drive channels and to act as a brake in case of a 

malfunction. Analysis was employed to optimize the selection of 

the piezostacks and flexures depending on their functional 

requirements. The device is targeting a maximum speed of 5 

mm/s, a force thrust of 9 N and 5 rpm of rotational speed. 

I. INTRODUCTION 

MRI (Magnetic Resonance imaging) has become a 
standard diagnostic tool in hospitals around the world and is 
increasingly used in performing image-guided intervention 
(IGI) procedures. The trend of using remotely actuated and 
controlled devices to assist in the performance of MRI-
guided interventions are increasing [1] since its image quality 
is superior to other modalities. Brachytherapy and biopsy 
medical procedures can be conducted using MRI-guided 
interventional technology for accurate navigation of the 
needle. The main goal is to insert the needle with high 
accuracy resulting in a more effective treatment [2]. The key 
point of accurate placement is rotating the needle round its 
own axis either using continuous spinning or pulsation 
methods [2-5]. This emphasizes the need for a two degree-of-
freedom actuator for this type of MRI-guided medical 
procedures.  

Despite all the advantages of MRI, the extreme magnetic 
fields (up to 7 Tesla), rapidly changing magnetic field 
gradients (GR), and radiofrequency (RF) pulses used in 
operating the scanner [6] make it a difficult environment in 
which to operate actuators. One must consider the induced 
forces and torques and image distortion caused by the 
introduction of the device into the MR scanner. Heating of 
the device may also be a concern. Heating results from the 
interaction of the device with the RF magnetic field and/or 
the switching gradient fields which can be create eddy 
currents, induction loops, or resonating RF waves along 
conductors as discussed in [7-9].  Additionally, the limited 
space inside MRI scanner bore necessitates a compact 
actuator so the materials employed must be strong and rigid 
as well being MR-compatible [1,6,10,11].  

Several designs of actuators for MR-compatible 
applications have been developed. Hydraulic actuation is a 
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stiff MR-compatible method of actuation as described in [12] 
but it is difficult to control and requires heavy infrastructure. 
Pneumatic methods of actuation are low cost, compact in 
size, and posses a high power-to-weight ratio as in the case of 
PneuStep [13], but low stiffness and performance degradation 
with time are some of its disadvantages. If remote actuation 
is considered as in [14] this will drastically decrease the 
stiffness of the system, as remote systems suffer from joint 
flexibility, backlash, and friction. Manual actuation is a 
simple method of actuation as in the MRI guided needle 
interventions in [15]. The major drawback in this case is 
large device size. 

One of the commonly utilized technologies for MR-
compatible actuators has been piezoelectric motors. In [16], a 
rotary-linear piezoelectric actuator was developed based on 
ultrasonic motors using three vibration modes. It was a very 
compact design however its thrust force was below 0.5 N. In 
this paper, the piezoelectric actuation method is also 
employed but it will be used in a piezoworm-type (also called 
inchworm®) actuator which combines three or more 
piezostacks [17]. This retains attractive features like the high 
positioning resolution, high stiffness and MRI compatibility 
but has much higher output force.  

To establish appropriate performance targets we 
considered the research on needle insertion in skin and soft 
tissues presented in [2-5]. Testing done in [2] simulated the 
needle forces using 18 gauge needle inserted in a soft 
material phantom from polyvinylchloride (PVC). Tests were 
done at different insertion and rotational speeds and resulted 
in a maximum insertion force of almost 9 N and torque of 1.6 
N.mm. Using these results as the basis for a common needle-
guided intervention we targeted an actuator with a 50 mm 
range, linear speed up to 5 mm/s, rotary speed of 5 rpm, 
output thrust up to 9 N and a torque exceeding 2 N.mm. 

The concept and design parameters of the novel 
piezoworm motor are presented in the following sections. 
Section II describes the actuation principle with the 
complementary clamp arrangements. Section III then 
presents the actuator design and the analysis performed. The 
conclusions are summarized in Section IV. 

II. ACTUATION PRINCIPLE 

The proposed actuator design is shown in Fig. 1. It is 
based on the piezoworm configuration which employs two 
piezostacks to clamp the shaft and a third piezostack to 
provide the linear motion. The same set of clamps is used for 
both linear and rotary motion. A fourth piezostack was added 
which rotates the plate attached to the front clamp to get the 
rotary motion. By using the same set of clamps for both 
linear and rotary motion the overall size of the actuator is 
reduced. By using separate actuators for each degree-of-
freedom the motions can be undertaken separately or jointly 

Design of a Two Degree-of-Freedom, MRI-Compatible Actuator* 

Khaled M. Elbannan and Shaun P. Salisbury, Member, IEEE 

34th Annual International Conference of the IEEE EMBS
San Diego, California USA, 28 August - 1 September, 2012

940978-1-4577-1787-1/12/$26.00 ©2012 IEEE



  

to achieve the required motion. The piezostacks are 
preloaded by setscrews to keep them always in compression 
to prevent damage from tensile forces. Utilizing a shaft as the 
moving member, similar to [18], minimizes the size (and its 
MRI signature) but reduces the thrust capacity as compared 
to piezoworms that run inside a channel [19]. In future 
refinements of this design we hope to act directly on the 
needle during the intervention but at this time we are 
planning to integrate it into the shaft for our testing. 

The clamp arrangement is based on the complementary 
clamp concept developed in [20]. One clamp is designed to 
grip the shaft when the piezostack is energized and is 
designated the normally unclamped (NU) clamp. The other 
clamp is designated as normally clamped (NC) and grips the 
shaft when the piezostack is de-energized. The advantage of 
this arrangement is that in a conventional piezoworm [21] 
complete steps are done in six successive actuation 
operations but in the case of a complementary piezoworm 
only four actuation operations are required (see Fig. 2) [20]. 
This is because both clamps are fed from one signal 
amplifier, so one clamp opens and the other closes during the 
same time frame. Delay circuits can be used [20] to increase 
the force during the transition of the clamps. Another 
important benefit of using complementary clamps is that if 
the power is suddenly lost the shaft will automatically be 
secured safely in place. 

 

Figure 1: Actuator model. 

To achieve the rotary motion the NC clamp has been 
mounted on a plate which can rotate about the axis of the 
shaft. A piezostack drives the rotary motion against a flexure 
machined into the rotary plate which returns the plate to its 
original orientation when the piezostack is de-energized. The 
piezostack is also preloaded with a setscrew. The speed of the 
linear and rotary motion can be controlled by both the 
amplitude and the frequency of their voltage waveforms. The 
direction of motion is dictated by the sequence of the 
actuation operations. 

III. ACTUATOR DESIGN 

The challenging environment and available space inside 
the MRI scanner require the actuator design to strike a 

balance between several competing objectives. Good thrust 
and torque, long linear travel range, and high stiffness are the 
design main performance objectives while minimizing size 
and image distortion. The range of travel for the proposed 
actuator is limited only by the available space inside the 
scanner. The available space depends on orientation of the 
actuator in the MR scanner bore as well as the part of the 
body being imaged. 

Selecting suitable material for the MR-compatible 
actuator is a challenging task as various parameters come into 
play such as susceptibility, resistivity, strength, and stiffness 
of material as discussed in [22]. The principal material 
property affecting image distortion is the material 
susceptibility. It also dictates the magnitudes of the forces 
and torques acting on the actuator. The material selection 
criterion for the proposed device was based on minimizing 
the susceptibility and maximizing the stiffness and strength.    
Hardened beryllium copper (UNS C17510) was chosen as an 
optimal material for this task as it strikes a balance between 
high stiffness and low susceptibility when compared to other 
engineering material tested in [22]. Though beryllium copper 
is expected to show some rise in temperature as presented in 
[7] this can be compensated by insulating the interface 
between the medical tool and the actuator for maximum 
patient safety. 

Figure 2: Actuator linear step sequence. 
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A. Extension frame design 

Maximizing the speeds (linear and rotary) while 
minimizing the size of the actuator is critical for maneuvering 
tools inside the limited space inside the MRI scanner and 
decreasing the duration of the medical procedure. The critical 
factors in the speed of the actuator are the displacement range 
of the extender frame shown in Fig. 3 and its resonant 
frequency. To maximize the speed the design of the flexure 
must be designed to maximize the piezostack expansion but it 
must be such that the resonant frequency is larger than the 
operating frequency. The constrained expansion of the 
SLH]RVWDFN�� û�� LV� JLYHQ� E\� ���� ZKHUH� Np is the piezostack 
stiffness kf is the flexure stiffness anG�û0 is the free expansion 
of the piezostack. 
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A piezostack, Physik Instrumente (PI) P-885.51, was 
selected which is 5 mm by 5 mm in cross section and has a 
length of ��PP��,WV�QRPLQDO�GLVSODFHPHQW�LV�����P at 100 V 
DQG�KDV�D�VWLIIQHVV�RI����1��P��The length and thickness of 
the flexure were set to 6 mm, 1.5 mm respectively to give a 
resonant frequency of 1574 Hz. The total effective stiffness 
of the flexures was 16.1 1��P��:KHQ�FRQVLGHULQJ�WKH�IUDPH�
stiffness, the frame will have an expansion of 11 �P�EDVHG�RQ�
calculation presented in [20]. The maximum speed of the 
motor is expected to be about 9 mm/s based on a driving 
frequency of 800 Hz. 

 

Figure 3: Extension frame. 

B. Rotation frame design 

Similar to the extension frame, the rotational speed is 
affected by the displacement range of the piezostack and the 
resonant frequency. But this frame (Fig. 4) has an additional 
factor which is the distance away from the center of rotation. 
With a fixed piezostack displacement, increasing the arm of 
rotation will result of larger torque and lower speed. On the 
contrary, decreasing the arm will result in higher speed and 
lower torque. The arm length was selected to be 11.75 mm to 
optimize for maximum speed at the targeted torque. The 

rotating plate flexure width is 6 mm and its length and 
thickness were set to 6.5 mm and 0.8 mm respectively to give 
a resonant frequency of 5928 Hz. The stiffness of the flexure 
is 1.6 1��P��Based on (1), the frame will have an expansion 
of 12 �P��7KH�PD[LPXP�VSHHG�RI�WKH�PRWRU�LV�H[SHFWHG�WR�EH�
about 8.5 rpm and torque of at least 5 N.mm based on a 
driving frequency of 800 Hz. 

 

 

Figure 4: Rotation frame. 

C. Clamp Design 

The clamp configurations are shown in Fig. 5 and 6 in 
both their energized and de-energized states. The piezostack 
shown in gray pushes against the black tab which is rigidly 
fixed to the supporting frame. The displacements shown are 
exaggerated for clarity as the actual displacements are in 
micrometers.  

In [17], it was thought that ideally both clamps should be 
the same shape and size to perform a fully complementary 
action, so as to achieve the same dynamic performance and to 
facilitate simultaneous manufacturing using electro-discharge 
machining. However, the way in which each clamp develops 
its clamping force is different. In the NU clamp, the 
piezostack pushes up to grip the shaft so the flexure in this 
case is simply to guide and protect the piezostack. The NU 
flexure stiffness should be minimized so as to not impede the 
piezostack motion and will in turn increase its clamping 
force. The lower bound on the flexure stiffness is governed 
by the maximum bending stress.  

The NC clamp grips the shaft when it is de-energized so 
the clamp force is developed by the displacement of its 
flexure. Now, the flexure stiffness must be maximized in 
order to get the most clamping force. However, if the flexure 
is too stiff the piezostack will not be able to fully disengage 
the clamp. Bending stress is also a consideration here as well.  

Both clamps use the same ceramic material piezostack 
element from PI, P-885.11. The piezostacks have a cross 
section of 5 mm by 5mm and a length of 9 mm. Their 
nominal displacement is �����P�DW�����9 with a stiffness of 
���� 1��P. These piezostacks were selected for this 
application as they offer high stiffness in small size package, 

942



  

and sufficient nominal displacement. The flexure width and 
thickness were set at 6 mm and 1 mm respectively.  The 
length of the flexures was varied to achieve the desired 
stiffness for each type of clamp. The NU flexure has a length 
of 4 mm which gives a stiffness of 19.5 1��P��DQG� the NC 
flexure is 5 mm long with a stiffness of 10.6 1��P. The 
predicted clamp forces are 43 N for the NU and 34 N for the 
NC clamp.  The resonant frequency is 18243 Hz for the NU 
clamp and 7370 Hz for the NC clamp which is well above the 
maximum drive frequency of 800 Hz. 

 

Figure 5: NC clamp a) de-energized, b) energized. 

 

Figure 6: NU clamp a) de-energized, b) energized. 

IV. CONCLUSIONS 

A novel two degree of freedom piezoworm actuator was 
developed specifically to be MR-compatible. Rotational and 
linear motions can be actuated simultaneously or separately 
according to the demands of the medical procedure.  The 
structural elements are made from beryllium copper and the 
clamps are configured as complementary clamps for 
maximum performance and safety. The design calculations 
showed that the performance targets should be achieved in 
the compact envelope. Prototype construction and 
experimental evaluation will be conducted to verify the 
DFWXDWRU¶V� SHUIRUPDQFH�� 7KHQ� LW� ZLOO� EH� WHVWHG� LQ� DQ� 05�
scanner to confirm its compatibility.  
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