904

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 19, NO. 3, JUNE 2014

Development of a Parallel Actuation Approach
for MR-Compatible Robotics
Christopher M. Esser, Chembian Parthiban, and Michael R. Zinn

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 structures. We present a new actuation method,
using the motion of parallel ultrasonic motors combined through
a differential mechanism, to address these limitations. Specifically,
the approach eliminates the nonlinear velocity dead band and velocity reversal time delay characteristic of MR-compatible ultrasonic actuators. A prototype of this device is constructed and evaluated. Results demonstrate the viability of the proposed approach
for linear position control and telerobotic applications.
Index Terms—Actuators, medical robotics, MR-compatible
actuation.

I. INTRODUCTION
HE use of robotic systems in a magnetic resonance imaging (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 neurological studies using functional
MRI requiring haptic feedback within the MR-bore [8]–[14].
However, working in an MRI environment is very demanding
due to the limited space of the MR-bore and the severe material
constraints due to the MR magnetic and RF environment. These
constraints are particularly challenging in regards to actuation
development. The large magnetic fields and sensitivity to RF
noise 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 commercially available actuators.

T

A. Previous Actuation Methods
To overcome these limitations, a number of researchers have
developed MR-compatible actuation methods using a variety
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of approaches including electromagnetic, pneumatic, hydraulic,
electrostatic, electroactive, and ultrasonic components, to name
a few. [3], [8]–[12], [15]–[20]. A comprehensive overview is
given in [21]. 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, force control, and bilateral telerobotic applications has been challenging. The most
prevalent MR-compatible actuation technologies include pneumatic, hydraulic, and piezoelectric.
Pneumatic actuation methods have primarily focused on
stepper-motor implementations [3], [8], [10], [15], [18], [22]. 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 control applications
but does not lend itself to force control or telerobotic applications where high-bandwidth linear actuator characteristics are
required.
Hydraulic actuation has been implemented in a number of
prototype systems [7], [8], [16], [23]. 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], [24]. USMs create rotational motion by applying high- frequency, 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. The ultrasonic motor is a variant
of the more general piezoelectric actuation. 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, USMs do not rely on magnets or
ferromagnetic material for motive torque. For this reason, they
are well suited for MR-applications. However, while previous
applications using USMs have met with success, system performance has been limited by the nonlinear characteristics of the
USMs.
B. Ultrasonic Motor Limitation
USMs can provide a linear, one-to-one relationship between
desired and actual output velocity if a suitable velocity control approach is implemented [25]. However, due to the USM’s
physical limitations as well as the limitations of its driving circuitry, it generally cannot be driven below a minimum threshold
velocity, typically 10% of the maximum output velocity [26].
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Fig. 1. Measured ultrasonic motor (USM) output velocity as a function of
desired input velocity (proportional to input voltage frequency). Note nonlinear
velocity dead-band about zero velocity. Model tested: Shinsei USR60-E3 N.

This creates a nonlinear velocity-dead zone about zero velocity
(see Fig. 1). In addition, there is commonly a time delay associated with velocity reversals [26]. While specialized control
and drive circuits have been developed that partially overcome
these limitations [27], [28], the majority of commercially available traveling wave ultrasonic actuators still suffer from these
limitations. These characteristics make high-bandwidth control
using linear design techniques challenging.
II. PROPOSED ACTUATION CONCEPT
To overcome the limitations of USMs, a new actuation concept is proposed that combines the output motion of two, parallel
USMs through the use of a differential mechanism. The actuation concept was initially described in [29]. In this paper, we
elaborate on the theoretical development of the approach, including a study of various velocity partitioning schemes, and
present significant new controls and experimental work in the
context of MR-compatible telerobotic applications.
A functional overview of the proposed approach is shown in
Fig. 2. The differential mechanism acts 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 deadband nonlinearity and delay associated with velocity reversals. Output velocity is regulated by independently adjusting
the relative input velocities of the two input USMs.
The use of differential gearing for motion summation is well
known and has been employed in automatic applications such as
to reduce shift shock and shorten shifting time [30]. In addition,
in [24], a differential gear was used to combine the motion of
a single USM and powder clutch with the goal of increased
rendered stiffness and lower power consumption. The approach
improved performance and was, in theory, MR-compatible. In
[31], a differential gear is used to combine two actuators to
improve overall velocity and torque performance. In [32], a
method to use a differential gear to expand the velocity limits of
a parallel arrangement of two ultrasonic actuators was described.

Fig. 2. Overview of the proposed parallel actuation approach. Use of two
actuators in combination with a differential mechanism allows the controller
to avoid the velocity dead-band and time delay associated with USM velocity
reversals.

However, in these references, the nonlinearities of the USM
about zero velocity were not explicitly addressed.
The proposed approach described here utilizes the motion
summation properties to avoid the nonlinearities of the redundant actuation associated with velocity reversals, an application not previously described. In addition, a detailed analysis of
the required velocity partitioning and experimental validation is
presented.
A. General Differential Mechanism
For a general differential mechanism, the relationship between output velocity, ωo , and the input velocities, ω1 and ω2 ,
can be expressed as
ωo = C1 ω1 + C2 ω2
where C1 =

∂θo
∂θo
; C2 =
.
∂θ1
∂θ2

(1)

The weighting coefficients C1 and C2 , in the case of a common
differential drive mechanism, are constant. A possible gear arrangement for a differential using a planetary gear is shown in
Fig. 3(a). In general, the resulting output velocity ωo , as a function of input velocities ω1 and ω2 and the weighting coefficients
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Fig. 5.

Fig. 3. Possible differential gear arrangements for use in the proposed actuation approach. (a) single output, dual (parallel) inputs, (b) two outputs, three
inputs, (c) n outputs, n+1 inputs (with common input shaft with constant
velocity).

Possible input velocity partitioning schemes.

identical, the weighting coefficients would be equal in magnitude. In situations where different actuators are used or where
desired positive and negative output velocities are not equal,
unequal weighting coefficients may be desirable.
B. Velocity Partitioning
Redundant actuation requires purposeful partitioning of input velocities. As seen in Fig. 4, for a given desired output
velocity ωo the two input velocities are constrained along a line
defined by (1). While there are numerous possible schemes to
partition the input velocities such that a desired output velocity is achieved, we will discuss two schemes which have been
implemented on the hardware discussed in Section III.
The first partitioning scheme considered takes a simplified
approach, where the input velocities fall along curve (1) shown
in Fig. 5. Considering (1) and assuming that the minimum and
maximum velocities of the two input motors are equal, the required input velocities as a function of desired output velocity
is given as

ω1 =

ω2 =

Fig. 4.

Output velocity, ω o u t , as a function of input velocities, ω 1 and ω 2 .

is shown in Fig. 4. To avoid the nonlinearities associated with velocity reversals, minimum velocity limits are enforced for each
USM. In addition, the maximum velocity of each USM introduces an additional constraint. As such, the output velocity ωo
is limited to the regions identified in Fig. 4. As seen from Fig. 4,
bidirectional motion is possible when operating in quadrants II
and IV while quadrants I and III support unidirectional motion
only. The maximum obtainable output velocities are located
at the extreme corners of quadrants I and III. Tasks requiring
linear, bidirectional output would, by necessity, operate within
quadrants II or IV. When higher output velocities are desired,
mode transitions between quadrants are possible assuming that
the delay and nonlinearity that occurs during the transition is
acceptable. In most applications, where the USM actuators are

C2
C1 + C2
−C1
C1 + C2




(ωm in + ωm ax ) +




(ωm in + ωm ax ) +

1
C1 + C2
1
C1 + C2


ωo

ωo .

(2)

If the weighting coefficients are equal (C1 = C2 = C), (2) reduces to

1
ω2 = − (ωm in
2




1
ωo
2C


1
+ ωm ax ) +
ωo .
2C

1
ω1 = (ωm in + ωm ax ) +
2

(3)

The second partitioning scheme seeks to minimize
 the Euclidian
norm of the input actuator velocities, ω = ω12 + ω22 . This
approach is motivated by the desire to minimize power consumption, as power output is proportional to velocity, as well as
maximize available actuator torque—as the output torque of the
USMs are greatest at lower velocities. This velocity partitioning
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Fig. 7. Alternative input velocity partitioning scheme to reduce required input
actuator acceleration.

Fig. 6. Example: comparison of the velocity partitioning schemes for a specified sinusoidal output velocity, ω o = 0.9 sin(t). Given parameters: C 1 = C 2
= C = 1, ω m in = 0.1, ω m a x = 1.0. ∗ Note: The velocity and acceleration
profiles of input actuator 2 for scheme 2 are equal/opposite to those of actuator
1 and are omitted for clarity.

profile is described by (4) and is shown as curve (2) in Fig. 5
if ωo > ωm in (C1 − C2 )
ω1 =

C2
1
ωm in +
ωo
C1
C1

ω2 = −ωm in

if ωo < ωm in (C1 − C2 )
ω1 = ωm in
ω2 = −

(4)

C1
1
ωm in +
ωo .
C2
C2

Fig. 8. Example: Velocity partitioning scheme 3 for a specified sinusoidal
output velocity, ω o = 0.9 sin(t). Given parameters: C 1 = C 2 = C = 1, ω m in =
0.1, ω m a x = 1.0, A = 0.01. ∗ Note: The velocity and acceleration profiles of
input actuator 2 are equal/opposite to those of actuator 1 and are omitted for
clarity.

If the weighting coefficients are equal, (4) reduces to
if ωo > 0
ω1 = ωm in +

if ωo < 0
1
ωo
C

ω1 = ωm in

(5)

1
ωo .
C
As seen in Fig. 5, the velocity norm is minimized at the intersection of the isocline associated with ωo and the minimum
velocity constraints of the input motors.
When considering which partitioning scheme to adopt, it is
important to consider the limitations of the input actuators. As
aforementioned, minimizing the norm of input velocities will
ensure that the torque–velocity space of the parallel actuation
is as large as possible, particularly at lower output velocities.
However, the acceleration capability of the input actuators may
also limit performance. As seen in Fig. 6, a comparison of the
two partitioning schemes for an example sinusoidal desired output velocity reveals that the required input motor accelerations
are greater for the approach which seeks to minimize input
motor velocity. In particular, the discontinuity in input motor
velocities results in a step change is acceleration. During exω2 = −ωm in

ω2 = −ωm in +

perimental validation, it was clear that the USM used in this
study had difficulty with the velocity discontinuity of scheme 2,
frequently resulting in an overheat fault when the discontinuity
was traversed.
While this limitation can be overcome by modifying the
required profile, it does illustrate that the chosen partitioning
scheme must consider input actuator limitations. An alternative
profile which limits the required USM accelerations while preserving the original intent of minimizing input power could be
considered. One such approach is shown in Fig. 7. In this case,
the velocity partitioning is governed by the constraint equation
(ω1 − ωm in ) (−ω2 − ωm in ) = A.

(6)

As the parameter A is increased, the maximum acceleration and
rate of change in acceleration are reduced at the expense of
overall power input (see Figs. 7 and 8).
C. Multiple Degrees of Freedom
The actuation approach described previously can be extended
to multiple degrees of freedom, where the number of required
USMs is n + 1 where n is the number of independent outputs.
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For example, a two DOF system employing three USM could
be constructed using the gear arrangement shown in Fig. 3(b).
In this case, assuming an equal weighting of inputs, the output
velocities ωo,1 and ωo,2 as a function of USM input velocities,
ω1 , ω2 , and ω3 , are given as
ωo,1 = Cω1 + Cω2
ωo,2 = Cω1 + Cω3 .

(7)

Of course, the minimum velocity constraints on the input motors must be applied to avoid the velocity reversal nonlinearity.
As such, the obtainable output velocities may be limited. An
alternative approach is to utilize a shared, common USM which
is commanded to move at a constant velocity [see Fig. 3(c)]. Because the shared USM must supply a share of the output torque
for all outputs, its power output would necessarily be proportionally higher than the motors assigned to individual outputs.
While the approach can be extended, the increase in complexity
and possible constraints on output velocity must be weighed
against the advantages of the approach.
III. HARDWARE IMPLEMENTATION
To validate our approach, a parallel actuation prototype
testbed was constructed. The goal was to evaluate the performance of the actuation technique and demonstrate its use in a
simulated clinical environment. As such, the testbed was designed to emulate a biopsy needle insertion task. The needle
insertion motion is actuated using the approach described here.
The developed testbed is shown in Fig. 9. The testbed consists
of a needle analog (or emulator) supported on a linear slide. An
integrated force sensor provides needle force measurements.
The linear slide is driven through a rack and pinion which in
turn is driven by the parallel actuation prototype. To support
telerobotic needle insertion control experiments, a dc-motoractuated rotary input knob was included to provide rotation
input and torque feedback. The input knob serves as the master
device of the telerobotic system.
A. Differential Mechanism
We chose to implement the differential mechanism, which
combines the input USM motion, using a planetary gear train
[see Figs. 9 and Fig. 3((a)]. The two input USMs drive the sun
gear and ring gear. The planet gears, coupled to the output shaft,
provided the actuator output. This configuration was chosen
because it possessed simple kinematics and was easily fabricated. An additional gear stage, using brass gears to maximize
the stiffness of the system while maintaining MR compatibility,
was added between the planetary gear and each USM to equalize
their contribution to the parallel actuator output velocity. The
system was designed such that the output velocity was a simple
summation of the input USM actuator velocities.
B. Actuators and Processing
The USMs selected for the prototype system were from Shinsei Corporation (Tokyo, Japan). The ultrasonic motor (model
USR60E) and its drive (model D6060E) came as a matched pair.
The Shinsei USM was constructed entirely of nonferromagnetic

Fig. 9. Overview of parallel actuation test-bed. (a) Parallel USM (slave) system with rack and pinion output. Linear slide drives a needle analog in-line with
an MR compatible force sensor, (b) master input device—used as telerobotic
master for needle position control with torque feedback, and (c) schematic of
mapping from handle motion to needle motion commands and from needle force
to handle torque.

materials and was equipped with a 1000 counts/revolution encoder. The control software was implemented using MATLAB
xPC. The xPC target was equipped with standard IO cards for
analog outputs, analog inputs, and encoder counters.
C. Needle Analog Linear Stage
The output of the planetary gear is connected to a rack and
pinion that drives the linear stage of the device. The gear ratio
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from rack to pinion was chosen so that the maximum rotational
velocity of the output (∼15 rad/s) would map to a linear velocity of approximately 150 mm/s. This maximum velocity is
reasonable for telerobotic needle biopsy applications. The total
linear translation of the sled is approximately 100 mm, which
provided for a large workspace in the context of breast biopsies.
The linear position of the slide was measured using rotary encoders mounted on both the output pinion shaft and the output
shafts of both input USMs. The device hardware is shown in
Fig. 9.
The linear stage served as a mount for the needle analog and
force sensor. These were supported by a matched pair of linear
flexures, which serve to isolate the force sensor from all forces
not applied axially. This was important so that erroneous forces
were not fed back into a force controller, which would cause
abnormal behavior.
D. Telerobotic Master
The master hardware consisted of a haptic knob attached to
a dc motor. The dc motor encoder served to monitor the master
position while the dc motor provided torque feedback. It was
driven by a standard dc motor driver. A rotary input device was
chosen for practical considerations. The user input knob was
designed with paddle-like features that allow the user to grasp
it in a manner that approximates a linear motion input, thus
providing some kinematic similarity between master and slave
motion [see Fig. 9(c)]. In the case of bilateral telerobotic operation (see Section IV-B), the haptic knob rotation is converted to
an equivalent desired needle displacement through the product
of the knob rotation and the radial distance at which the user
grasps the knob.
E. MRI Compatibility
The actuation approach described in this paper is inherently MR-compatible. The use of ultrasonic actuators for MRcompatible systems has been described in [21] and [33] and
has been shown to be both MR-safe and MR-compatible—in
that image distortion can be limited to negligible levels. However, the use of USMs does require careful system design to
limit the RF interference—including proper shielding of the
power and sensing electronics. To prevent RF noise emanating
from the prototype’s motor driver, a faraday cage was constructed to house the actuator electronics. The Faraday cage
was grounded to the MR-scanner room’s Faraday cage through
a low impedance ground.
Our prototype was constructed of nonferromagnetic materials to prevent excessive image distortion or safety concerns
due to spatial gradient induced missile effects. The drive train
bearings were constructed from glass impregnated ceramics.
However, for practical considerations, the mechanism drive train
was constructed using aluminum and brass components. For full
MR-compatibility, the amount of electrically conductive material should be minimized because the large oscillating magnetic
fields can set up eddy currents inside any conducting materials. These eddy currents can create RF noise that would need
to be blocked from interfering with the MRI. The eddy cur-

Fig. 10. MR-images of a spherical phantom placed adjacent to a USM of the
type used in the prototype system (Shinsei USR60E)). (a) Image of spherical
phantom with USM removed from the MR-scan room and (b) USM powered and
moving in bore. Power electronics located outside of scan room and connected
to motor through wave guide. Note visible RF interference on image. (c) USM
unpowered—with electrical connection maintained to power electronics through
wave guide. Note visible RF interference on image. (d) USM unpowered and
not connected to power electronics through wave guide. Note the lack of visible
RF interference on image—suggesting that the majority of RF interference is
due to control room noise propagating through the wave guide on the motor
power lines.

rents can also create large damping forces on fast moving parts
which could affect the performance of the device. These are
valid concerns for devices that must operate directly inside the
MR bore. As such, future prototypes will seek to eliminate as
much conducting material as possible.
To assess MR-compatibility of the current prototype and to
confirm our design assumptions as well as help inform future
design changes, a set of simple imaging tests were performed.
Specifically, MR-images were acquired using a T1-weighted
spoiled gradient echo imaging pulse sequence on a 1.5 T scanner
(SignaHDx, General Electric, Milwaukee, WI, USA). Images of
a spherical phantom were taken under various conditions.
Overall, the imaging sequences confirmed the MRcompatibility of the USMs used in the prototype, assuming
proper shielding of the power electronics was in place (see
Figs 10 and 11). In addition, the imaging tests also confirm
that the electrically conductive structural and drive train materials used in the prototype resulted in image distortion, particularly when the device was placed next to the phantom (see
Fig. 12). The elimination of electrically conductive materials
would likely improve the MR-compatibility of the design, particularly in regards to its effect on the homogeneity of the local
magnetic field. Structural elements could be replaced with a high
strength plastic while the drive train gear components could be
replaced with ceramic gears. Plastic gearing could also be used
but would likely reduce the drive train stiffness and adversely
affect performance.
Finally, it should be noted that the MR-compatibility tests
performed were limited in scope, primarily as a result of limited access to suitable imaging equipment. As a result, the
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Fig. 11. MR-images of a spherical phantom placed adjacent to parallel actuator prototype with power and signal electronics placed inside a grounded
Faraday cage. (a)Actuators unpowered (b) actuators powered. Note the MRimages are virtually identical—suggesting that the Faraday cage shielding is
effective. The signal to noise ratio, measured as the mean of the signal divided
by the standard deviation of the noise, was approximately 159 (44.0 dB) for the
powered system while the phantom alone, with no device or controller present,
was approximately 171 (44.7 dB), resulting in a difference of less than 0.7 dB.
MR-images were acquired using a T1-weighted spoiled gradient echo imaging
pulse sequence on a 1.5-T scanner (SignaHDx, General Electric, Milwaukee,
WI, USA).

Fig. 13. Overview of the parallel actuator position control structure. Controller
includes proportional control in the outer position loop with inner PI control
loop on USM motor velocity.

Fig. 14. Measured velocity as a function of desired input velocity. The measured velocity signals include the differential gear input shaft velocity and the
output pinion velocity. The output pinion drives the needle linear stage.

Fig. 12. MR-images of a spherical phantom. (a) Image of spherical phantom
alone (b) and (c) Image with prototype system placed adjacent to phantom. Note
the fringe pattern interference near the top of the image due to the electrically
conductive material in the prototype device.

compatibility tests performed were relatively simple and do
not represent a precise quantitative assessment of compatibility. Rather, in combination with the work of other researchers
demonstrating MR-compatibility of the piezoelectric actuators
used here [21], [33], they provide good evidence that the actuation approach, in general, can be made MR-compatible.
IV. EXPERIMENTAL RESULTS
Using the constructed prototype, we evaluated the performance of the design in two important application areas including position control and telerobotic control of a biopsy needle
analog.
A. Position Control
To assess the performance of the proposed parallel actuation
approach, a position controller of the type shown in Fig. 13
was implemented. The hardware described in Section III was
used [see Fig. 9 (a)]. To avoid a noncollocated actuator–sensor
arrangement, and thus avoid the stability issues associated with
a noncollocated approach [34], [35], the control structure in
Fig. 10 uses direct measurements of each USM shaft rotation.
An estimate of the combined actuator output motion, θ∗ , is

obtained by combining the measured USM rotations using the
summation mechanism kinematics.
While a complete description of the USM dynamics is complex, we can assume a first-order model relating desired USM
input velocity to USM output velocity [25] as long as the stall
torque of the actuator is not exceeded. The addition of an
inner-loop velocity PI controller results in an overall secondorder system relating desired velocity, ωid (i = 1, 2) to output
velocity, ωi . To assess velocity characteristics, a simple velocity
profile tracking experiment was performed using the prototype
mechanism described in Section III. The prototype was commanded to follow a sinusoidal velocity trajectory and the input
and output motion of the prototype differential mechanism was
measured. In this case, the velocity partitioning scheme 1 (as described in Section II-B) was used. As seen in Fig. 14, the output
pinion velocity, which drives the needle linear stage, tracks the
commanded input velocity with 10% of full scale. The difference
between commanded and measured velocity is primarily due to
the calibration of the motor drivers in regards to the conversion
of analog input voltage to desired velocity. The tracking of the
output motion (as measured at the output pinion) to the measured input motion is within 2% full scale. The differences are
due to the mechanism nonlinearities including run out and backlash from the differential gear set. It should be noted that, when
considering position control performance, steady-state velocity
errors, such as those between the desired and measured velocity,
are of limited consequence. The velocity loop is encompassed in
an outer position control loop whose high gain eliminates errors
associated with the inner velocity loop. However, velocity errors
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with frequency content above the closed-loop bandwidth of the
position controller will contribute to position errors. Improved
output velocity tracking would require a more precise gear train
design than has been implemented on the current prototype.
The high output impedance of the USM, in combination with
the high-gain velocity loop, allows us to ignore loading effects
for the application in question. While there are many possible
position control compensation filters that could be used, the dynamics of the open-loop system, including the inner velocity
controller, allow for the use of a simple proportional controller
as long as the compensated system’s crossover frequency is
set below the inner velocity controller’s closed-loop bandwidth
(∼40 Hz). In this case, the open-loop compensated system will
approximate a pure integrator and will possess a phase margin approaching 90◦ —providing ample stability robustness. The
controller’s proportional gain was adjusted to achieve as high
a closed-loop bandwidth as possible. The factors limiting the
ultimate controller gain include the compliance of the drive
train, and to a lesser degree, the bandwidth of the inner velocity
controller.
To assess the performance of the actuation approach and the
proposed position controller, a series of experiments were carried out on the 1-DOF testbed described in Section III. To maintain consistency between experiments and provide a realistic
loading scenario, the linear output sled, including the needle
analog and flexure support, remained attached to the actuator
output during the position control experiments.
The first set of position control experiments evaluated the step
response of the closed-loop parallel actuator system. For the position control experiments described here, as well as for the
telerobotic experiments described in Section IV-B, the velocity
partitioning scheme 1, as described in Section II-B, was used.
As seen in Fig. 15(a), the closed-loop system exhibits a firstorder dominant root response with a time constant of 3.75 ms,
resulting in a closed-loop bandwidth of approximately 42 Hertz.
The large phase margin of the proportional position controller is
robust to gain variations and, in particular, behaves well under
USM velocity saturation conditions. As seen in Fig. 15(b), a
large step input causes the USM to saturate in velocity. However, the system remains stable with little or no overshoot. As
described earlier, the position controller utilizes the USM position measurements, as opposed to the position measurement of
the differential output shaft, to avoid a noncollocated actuator–
sensor arrangement. While this greatly improves the stability
robustness, errors in the planetary drive train, including gear
run out and backlash, will result in position errors at the output
[see Fig. 15(b)]. To partially address this limitation, the system
was augmented with an additional lower gain proportional feedback term acting on the error between the desired position and
the measured output position of the differential mechanism.
In addition to step response characterization, the closed-loop
position controlled system was evaluated in the frequency domain. Specifically, the parallel actuator was commanded to track
a sinusoidal input trajectory over a frequency range from 1 to
30 Hz. Higher frequencies were avoided to prevent damage to
the test hardware. To avoid velocity saturation the output magnitude was limited to 0.06 radians. As seen in Fig. 16(a), the
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Fig. 15. Position control step response of the closed-loop parallel actuator
testbed. (a) response to small magnitude input step command and (b) response
to large magnitude input step command.

Fig. 16. Frequency response of the closed-loop position-controlled parallel
actuator testbed. (a) small signal frequency response of parallel and single
actuator systems and (b) response of parallel and single actuator system to
sinusoidal input command.
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parallel USM actuator system has a closed-loop bandwidth in
excess of 30 Hz, confirming the estimate obtained from the step
response experiments.
For purposes of comparison, a single USM driven system,
using a proportional compensator, was evaluated under the same
conditions. As seen in Fig. 16(a), the single actuator exhibits
significant phase loss above 10 Hz as the effect of the velocity
deadband and the time delay associated with velocity reversals
results in phase delay in the calculated frequency response.
Note that the drive train design employed was sufficiently stiff
such that no flexible modes within the frequency range of interest
were measureable. Follow-on force control experiments (not
discussed here) indicated that the first mode was between 40–
50 Hz. It is important to note that in systems with noncollocated
actuator and sensor arrangements, commonly encountered in
telerobotic applications, the presence of flexible modes within
the frequency range of interest can severely limit performance.
As such, the drive-train design for the approach proposed here
must be sufficiently stiff for effective operation.
The beneficial effect of the parallel actuation arrangement can
be seen when we examine the response to a single frequency
input position command. As shown in Fig. 16(b), the response
of the single actuation system to a 20 Hz input signal becomes
distorted due to the nonlinear characteristics of the USM while
the output of the parallel USM actuators, acting through the
differential drive, exhibits very little nonlinear distortion.
B. Bilateral Telerobotic Operation
An important application for higher performance MRcompatible actuation includes telerobotic applications, particularly when force or position feedback create dynamic coupling
between the master and slave system. As such, to evaluate the
use of the parallel USM actuation, we have constructed a 1-DOF
telerobotic testbed. The testbed was designed to emulate a system that could perform an MR-guided needle biopsy with force
feedback. Target applications include breast biopsy as well as
more advanced interventional techniques.
As described in Section III (see Fig. 9), the testbed includes
a slave subsystem, comprised of biopsy needle analog in-line
with an MR-compatible force sensor and driven by a parallel
USM actuation system. The master subsystem includes a master input control knob which provides torque feedback via a dc
brush motor (located in the MR-suite control room). The control
structure implemented is shown in Fig. 17. The position controller described in Section IV-A was utilized. The parameters
μ and λ are used to adjust the master position scaling and slave
force scaling, respectively [36]. When μ and λ are equal to one,
the master position-force relationship is identical to the slave’s.
The product of μ and λ directly affects the loop gain and thus the
stability of the telerobotic loop. As shown in [36], the product
μλ must generally be less than the ratio of the master and slave
effective inertias for the system to remain stable, although this
limit is a function of the specific master and slave system dynamics as well as the passive dynamics of the user and the type
of loop compensation used [37], [38]. In this case, the effective
inertia of the slave system is difficult to estimate and in fact is
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Fig. 17. Position-force telerobotic control structure used to evaluate the parallel actuation approach.

poorly defined due to the nature of the underlying piezoelectric
actuation. For the purposes of system evaluation, the product ratio is used here to quantitatively compare the parallel actuation
and single actuator approaches.
In general, the position scaling ratio, μ, is adjusted to scale
the user inputs to the workspace of the slave system [38]. In our
experiments, μ was set fixed at a value of 0.5, which created
an approximate 1:1 relationship between the linear motion of
the needle analog and the tangential motion of the master input
knob outer rim. The test setup included a breast tissue phantom
whose mechanical properties were designed to approximate that
of normal breast tissue.
In the experiments, a user advanced the needle analog into the
breast tissue phantom through rotation of the master input knob.
As seen in Fig. 18(a), the experiment begins with free-space
motion, as the user directs the needle toward the phantom under
the control of the master input knob. As the needle contacts
and deforms the breast phantom, the measured force and thus
the reflected torque to the master input knob increases. As the
needle is retracted the measured torque and subsequent reflected
torque decreases to zero as the needle moves off of the phantom.
The viscoelastic properties of the phantom results in a hysteresis
loop.
To assess the performance of the parallel approach, and to
compare it to the performance of a single actuator system, experiments were performed where the force scaling λ was increased
and the stability of the telerobotic system was assessed. In the
first set of experiments, a single actuator system was used. The
USM used in the experiment had a velocity deadzone with characteristics as shown in Fig. 1, where the deadzone limits were
approximately 3 radians/ per s. The results of the single actuator
experiment are shown in Fig. 18(b). To provide a linear forceposition comparison, the equivalent force at the contact point
between the input knob and user fingers are plotted along with
the actual master knob feedback torque and rotation. Note that,
while the single actuator system achieved a reasonable μλ product (more than twice the environmental stiffness of 0.5 N/mm
was achieved), the master input feedback torque is accompanied
by servo chattering. This behavior is a direct consequence of the
USM nonlinearity about zero velocity. When the parallel actuator arrangement was used in the same set of experiments, the
nonlinear chatter is eliminated. As seen in Fig. 18(c), the measured response is considerably smoother than the single actuator
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experiment and users reported smooth, realistic force interaction
with the tissue phantom. At high values of μλ, contact transition oscillations occur in both the single and parallel actuator
experiments. These oscillations are not a consequence of the
actuator velocity deadzone but, instead, result from compliance
and backlash in the testbed mechanism. If a higher μλ ratio is
desired, the drivetrain limitations mentioned previously must be
addressed. In the context of the needle biopsy application discussed here, the μλ ratio attained is more than sufficient —as the
perceived stiffness at the master input exceeds the environment
stiffness by more than a factor of two.

V. SUMMARY
A parallel actuation approach has been presented that combines the output motion of two, parallel USMs through the use
of a differential mechanism. The differential mechanism acts 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 deadband nonlinearity and delay associated with velocity reversals. The approach can be applied to
single and multiple degree-of-freedom systems. The actuation
controller contains a velocity partitioner which can be used to
resolve the redundant input USM velocities. An experimental
testbed was developed to evaluate the approach in the context
of position control and telerobotic applications. It was shown
that the parallel approach eliminated the deleterious effects of
the USM velocity deadzone and velocity reversal time delay
while maintaining the high-bandwidth capabilities of the underlying USM. The beneficial effects enumerated must be balanced
against the increase in device complexity. In addition, the drivetrain design, including the differential mechanism, has a large
impact on overall performance. Effects including drive train
compliance and backlash must be minimized to realize the full
benefits of the proposed approach. Thus, careful system design
is required to realize the benefits of the approach and the increase in complexity and resulting cost must be considered in
any proposed implementation.
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