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Abstract—In recent years, the use of robotics to augment
MRI diagnostic and interventional procedures has increased
significantly. However, the demanding MRI environment
precludes the use of most common actuation approaches.
Alternative actuation concepts have been proposed but these
solutions do not lend themselves to linear control topologies.
We present a new actuation method, using the motion of
parallel ultrasonic motors combined through a differential
mechanism, to address these limitations. A prototype of this
device is constructed and evaluated. Results demonstrate the
viability of the proposed approach while helping to clarify
design improvements to further increase its utility.

I. INTRODUCTION
The use of robotic systems in an MRI environment has
many applications, particularly in the area of diagnostic and
interventional image-guided medical procedures. These
systems have been proposed for an array of interventional
procedures including prostate and breast biopsies [1-7], as
well as diagnostics procedures such as fMRI studies
requiring haptic feedback within the MR-bore [8-14].
However, working in an MRI environment is very
demanding due to severe material and space constraints.
The large magnetic fields present preclude the use of
ferromagnetic materials in any part of the device, all but
ruling out the use of electromagnetic actuators as well as
many construction materials.
To avoid these limitations, a number of researchers have
developed MR-compatible actuation methods using
pneumatic, hydraulic, and ultrasonic components [3, 8-12,
15-19]. While these actuation approaches have met with
considerable success, their use in applications that require
actuation with high-bandwidth linear characteristics, such as
position control with good disturbance rejection and force
control, has been challenging.
Pneumatic actuation methods have primarily focused on
stepper-motor implementations [3, 8, 10, 15, 18, 20]. In
these cases, pneumatic valves are located outside the bore
for MR-compatibility. Air-line compliance is generally not
an issue as the actuator is operated open-loop, in that desired
positions are achieved through the command of specified
actuator steps. This configuration functions well for position
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control applications but does not lend itself to force control
or tele-robotic applications which required high-bandwidth
linear actuator characteristics.
Hydraulic actuation has been implemented in a number of
prototype systems [7, 8, 16, 21]. This approach works well
for low frequency applications. However, due to fluid line
compliance and valve nonlinearities, this approach does not
lend itself to applications requiring high-bandwidth control.
Finally, ultrasonic motors (USMs) have been extensively
used in MR-compatible robotic applications [4, 9, 22].
Ultrasonic motors create rotational motion by applying highfrequency, high-voltage signals to a ceramic stator. The
stator is pressed against a ceramic rotor and vibrates in
response to this signal, creating what is known as a traveling
wave. This wave causes the rotor to advance with a velocity
that is determined by the amplitude and frequency of the
traveling wave. Because of these different operating
principles, they do not rely on magnets or ferromagnetic
material for motive torque. For this reason, they are well
suited for MR-applications assuming they are located away
from the MR-bore so as to avoid MR-image degradation.
While the drive electronics can vary, most commercially
available USM systems are velocity controlled devices. The
drivers are designed to drive the actuator at an output
velocity proportional to input voltage regardless of the
torque applied.
However, the driver has some serious limitations. Due to
the USM’s physical limitations, it cannot be driven below a
threshold velocity, typically 10% of the maximum velocity.
This creates a velocity-dead zone, which can be seen in
Figure 1. In addition, there is typically a delay associated
with velocity reversals. These characteristics make highbandwidth feedback control using linear design techniques
nearly impossible.
In addition, other limitations must be considered when
designing the controller, including limited USM output
speed and inherently high output impedance.
These
limitations must be overcome before USMs can be used for
force control or tele-robotic applications.
One system developed to overcome the limitations used
an ultrasonic motor in combination with a powder brake
[22]. This device was capable of force control, and used the
USM in an admittance force control topology. The USM
created active torques while the brake created resistive
torques. This approach successfully created forces
mimicking springs and walls. However, the bandwidth of the
system was limited because of the non-linearities inherent to
the USM (i.e. delays switching direction and velocity-deadzone).
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This approach is summarized in Figure 2.
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Fig. 1. General velocity non-linearity typical of ultrasonic motor

II. PROPOSED ACTUATION CONCEPT
To overcome the limitations of USMs, we propose a new
actuation concept that combines the output motion of
parallel USMs through the use of a differential mechanism.
The differential mechanism will act as a motion summer,
where the output is a linear combination of the two parallel
USM’s motion. Using this approach, the velocity of each
USM can be constrained to the linear region of operation,
avoiding the dead band nonlinearity and delay associated
with velocity reversals. Output motion is controlled by
creating a velocity bias favoring either the clockwise or
counter clockwise direction. By combining the motion of
USMs in this fashion, we can achieve an actuation system
that has a linear velocity to command relationship.
By eliminating the non-linearities, force and position
control topologies can be created with much higher
bandwidths.
III. CONTROL APPROACH
There are many ways to combine the velocities of the
parallel USMs. One option is to set the nominal velocity of
each motor at the midpoint between its maximum velocity
and the upper limit of its dead-zone region. With one USM
set at this positive value and the other set at the negative
value, the resulting output velocity is zero. Changes in
output velocity are achieved by changing the velocity of
both USMs simultaneously around that point. Using this
approach, the output velocity of the differential actuator is
given as
∗

∗

(1)

where c1 and c2 are the scaling factors caused by gear ratios,
A is a user defined gain, and wdesired is the commanded
output velocity. In this case, the USM actuators are
commanded to follow a velocity profile given as
∗

∗

(2)

∗

Fig. 2. Description of Motion Summer. In this figure, A is the user defined
gain and c1 and c2 are the individual gear ratios from each individual USM
to the output. Ideally c1 and c2 are both unity. Both USM’s velocities are
changed simultaneously.

Alternatively, power can be minimized (assuming power
dissipation is proportional to output velocity) by setting the
nominal velocity for both USMs at the non-linearity
threshold and increasing the velocity of only one USM at a
time to create an output velocity. Using this approach, the
system velocity equations are given as:
∗
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∗

0
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Using the previously described velocity heuristic, we have
created a ‘black box’ that can be treated as a linear
component in the control model. The overall system is now
linear and we can use linear techniques to analyze and
design a controller. In the case of position control, a simple
proportional gain is sufficient. As shown in Figure 3, the
plant is modeled as a simple integrator. Presumably, similar
control schemes could be designed for force control
applications.
ωdesired

ωout

1

Fig. 3. Position Control. Block diagram of simplified model of the USM
differential actuation position controller. The velocity heuristic can
effectively be treated as a block with unity gain.

IV. HARDWARE IMPLEMENTATION
To validate our approach, we have constructed a
differential actuation prototype. We choose to implement
the differential mechanism using a planetary gear train (see
Figures 4 and 5). The two input ultrasonic motors drive the
sun gear and ring gear, respectively. The planet gears,
coupled to an output shaft, provide the actuator output. This
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configuration was chosen because it possesses simple
kinematics and is easily fabricated. An additional gear
stage, using a pulley and timing belt, was added between the
planetary gear set and each USM to equalize their
contribution to the differential actuator output velocity. The
system was designed such that the output velocity was a
simple summation of the input USM actuator velocities.

V. EXPERIMENTAL RESULTS
A. Single USM Characterization Experiments
To verify the assumptions made about the characteristics
of a single USM, a set of open-loop experiments was
performed. The first experiment obtained the steady-state
velocity output of a single USM actuator as a function of
input voltage. Figure 6 shows the measured relationship
between input voltage and output velocity for the Shinsei
ultrasonic motor/driver set used (model USR60E/D6060E) .
As seen in Figure 6, the output velocity is linear with
commanded voltage away from the dead band. In addition,
the dead band region around low velocities is clearly visible.
Here, the dead band region magnitude is approximately 10%
of the full scale output velocity.
20

Fig 4. Differential Arrangement. The timing pulleys are used to counteract
the gear ratios introduced by the planetary gear box. For MRI testing the
USM drivers are removed to a greater distance.
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Fig. 6. Experimentally obtained USM velocity vs Command Voltage. Note
that negative command voltages are actually positive, but with the direction
bit flipped. The negative values are used for visual clarity.

Fig. 5. Internal view of the planetary gear. The ring gear and gear housing
are rigidly attached and driven by one USM. The sun gear is driven by the
other USM. The planet gears are rigidly attached to the output, which
extends out the back.

The ultrasonic motors selected for the prototype system
were from Shinsei Corporation (Tokyo, Japan). The
ultrasonic motor (model USR60E) and its drive (model
D6060E) come as a matched pair. The Shinsei USM is
constructed entirely of non-ferromagnetic materials and is
equipped with a 1000 CPR encoder.
The USMs were controlled using Matlab xPC. The xPC
target was equipped with a Contec DA12-16 digital to
analog convertor card for command voltages and digital
outputs. It has 16 channels with 12-bit resolution. In
addition, the target had an 8-channel, 32-bit encoder counter
card to manage the encoder signals.

To assess dynamic response, the frequency response of a
single USM actuator was experimentally obtained, with
commands ranging from 0.1 Hz to 35 Hz. To avoid the lowvelocity dead band, the experiments were performed with a
constant velocity offset. This created a position output with a
constant ramp component. To improve the quality of the
measured frequency response, this ramp signal was
eliminated from the data prior to processing using a highpass filter, the cutoff frequency of which is two-orders of
magnitude below the lowest frequency of interest. The
position output can be seen in Figure 7.
The frequency response of the velocity-offset USM was
constructed by assembling the experimental data obtained
for the tests spanning the frequency range from 0.1 to 35 Hz
(see Figure 8). It shows that the measured position response
as a function of input voltage closely matches that of a pure
velocity source for frequencies below approximately 10 Hz.
For frequencies above 10 Hz, the frequency response shows
evidence of a damped resonance, either electrical or
mechanical. The plots in Figures 6 and 8 verify our USM
model assumptions provided the closed-loop bandwidth of
the prototype system is lower than estimated system
resonance. For control implementations with high desired
closed-loop bandwidths, alternative control topologies
would likely produce better results.
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incremental positions of the motor encoders, and the output
position as measured by the encoder on the output shaft.

Fig. 7. Output position with the constant velocity offset and resulting
position output after high pass filter was applied.
Fig. 9. Step response of differential actuator position control system. The
system has a time constant of 0.024 seconds, which puts its closed loop
bandwidth at 6.6 Hz.

The offset error between the measured output position and
the incremental calculated position is due to compliance in
the timing pulleys and flexible couplings. The harmonics
visible in the measured position are caused by the inertia of
the planetary gear assembly and output inertia and the
compliance of the timing pulleys and flexible couplings.
3.5
3

Command
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Fig. 8. Frequency Response of a single USM. The plot relates the
command voltage to measured position.

B. Differential Actuator Control Experiments
To assess the performance of the proposed differential
actuation approach, a position controller of the type shown
in Figure 3 was implemented. Position measurements from
encoders mounted directly on the USM were used as the
feedback signal.
To emulate a typical MR-robotic
application, additional inertia was added to the output stage
of the differential mechanism. The control system was
adjusted to provide the highest closed-loop bandwidth
attainable without inducing appreciable system oscillations.
To assess the performance of the position control
implementation, a series of step inputs were applied to the
closed loop system. Position measurements were made at
the output of the USMs as well as at the output of the
differential mechanism. As seen in Figure 9, the closed-loop
system time constant is approximately 0.024 seconds,
resulting in a 6.6 Hz closed-loop bandwidth.
The plot shows three signals including the position
command, the output position as calculated from the
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Fig. 10. Response of system to steps of variable magnitude. The output
error and harmonics are caused by compliance in the timing belts and the
inertia of the planetary gear box.

In Figure 10, a set of consecutive step inputs of variable
magnitude were commanded to assess the systems stability
due to velocity saturation of the ultrasonic motors. As seen
in Figure 10, the step input which commences at 1.5 seconds
causes velocity saturation with the resulting lag in response.
However, system stability is maintained.
In addition, the frequency response of the closed-loop
position controlled system was experimentally obtained.
Sinusoidal input commands, ranging in frequency from 0.2-
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35 Hz, were applied to the closed-loop system. The
commanded amplitude was limited to avoid saturating the
ultrasonic motors. Figure 11 shows three examples of the
system’s sinusoidal tracking performance. Figure 12 shows
the complete closed-loop frequency response. As seen from
Figures 11 and 12, the system tracks the output commands
well for frequencies below approximately 8 Hz. In addition,
the differential tracking approach has eliminated all traces of
the velocity dead band nonlinearity. For the 1 Hz tracking
experiment shown, the output velocity varies from -1 rad/sec
to +1 rad/sec. This low tracking velocity, which includes
zero-crossings, would be impossible to achieve with a single
USM.
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As noted previously, the response of the differential
actuator prototype, as measured at the output of the actuator,
is offset from the desired position. In addition, higherfrequency oscillations are present. These effects are caused
by compliance and, to a lesser extent, backlash and
mechanical run out in the prototype differential mechanism.
The authors believe that a redesign of the differential
mechanism would address the majority of these issues. In
addition, it is expected that higher closed-loop position
control bandwidths are also achievable.
In addition to the modifications discussed above, the
steady-state offset error could be eliminated through the use
of a non-collocated control approach. Specifically, feedback
of position measurements from the output of the differential
mechanism would allow the controller to drive the steadystate error to zero. However, a non-collocated control
approach is generally more difficult to stabilize and will
invariably result in a system with a lower closed-loop
bandwidth [23]. As seen in Figure 13, a non-collocated
control approach has eliminated the steady-state position
error. However, the resulting closed-loop bandwidth has
been significantly reduced resulting in a slower response.
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Fig. 11. Sine tracking at 1, 10, and 30 Hz. The figure is adjusted to show
only the steady state response. The output position as calculated from the
incremental positions of the motor encoders was used.
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Fig. 13. Non-colocated multistep response

VI. CONCLUSION

Fig. 12. This bode plot summarizes the frequency response for the
differential actuator. The output position as calculated from the incremental
positions of the motor encoders was measured. From the plot, a close loop
bandwidth of 7Hz is determined.

We have successfully created a new actuation method for
use in MR-compatible applications. This new actuator
design eliminates the velocity reversal delays and the low
velocity dead band associated with a single ultrasonic motor.
With the elimination of these non-linearities, this device can
be used for force control applications for MR-compatible
applications.
The closed loop bandwidth of this system was around
7Hz. While this is relatively low for high performance
applications, it can easily be increased by modifying the
prototype design. The timing belt compliance can be reduced
by adding additional pre-tensioning or selection of better
materials. Also, the size of the planetary gear box can be
reduced through strategic redesign using a smaller internal
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gear pitch. This reduction in size will significantly reduce
the inertia of the assembly.
Future iterations of this design will incorporate a torque
sensor on the output shaft to allow force control to be
implemented using an admittance approach.
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