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Fig. 7. PneuStep driver.

Fig. 8. Torque versus speed with 3-m hose and rotary pump.

The ends of the fibers are connected to two D10 Expert fiber
optic sensor by Banner Engineering Corporation, one for each
fiber optic circuit. The digital output of these sensors is con-
nected to the A and B encoder channels of a motion control card.

VI. OPEN-LOOP MOTION TESTS

The output shaft of the motor was connected to a dynamic
torque measurement stand. The motor was connected to the
distributor with 1/8 in = 3.175-mm ID hoses. Experiments were
performed with both distributors at various pressures and hose
lengths. The diagram in Fig. 8 depicts the output torque versus
speed graphs with the rotary distributor for various pressure
levels, when using 3-m long hoses. The graphs show a serious
deterioration of the torque capability with speed. This low-pass
filter effect is given by the dynamics and compressibility of the
air being pulsed faster and faster through the lines, damping the
pressure waves. This is significantly influenced by the length
of the hoses, which should be minimized as much as possible.
Alternatively, air-piloted valves could be used, or other ways

Fig. 9. Motor stall speed versus (a) hose length with rotary pump (b) supply
pressure with electronic pump and 7-m hose.

to exhaust the air on separate circuits could be implemented.
The present solution was selected for its simplicity and for the
restrictions of the MRI environment.

Each combination of pressure: hose-length: pump presents
a characteristic speed above which the motor stalls, when the
effective pressures acting on the diaphragms fall below internal
friction levels of the motor. Fig. 9(a) shows the dependency of
the stall speed on the hose length with a rotary distributor. The
power of the motor is also a function of these parameters, which
measured up to 37 W.

Open-loop motion tests were performed to determine step-
ping accuracy. These show no drift and noncumulative
positioning errors, as for any stepper motors. The 99% con-
fidence interval of the step error was ±0.84% of the angular
step (3.333◦). The experiments performed with the electroni-
cally controlled valve distributor show increased speed–torque
performance. Fig. 9(b) shows the stall speed of the motor with
7-m hoses. The improvement may be explained by the faster
opening time of the valves, which is independent of the stepping
frequency allowing more time for the air-wave propagation.
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VII. CLOSED-LOOP CONTROL AND TESTS

The speed–torque behavior of the PneuStep motor presented
above requires particular care in implementing the control of the
motor, when closed-loop operation is desired. As any step motor,
when overloaded PneuStep, stalls and skips steps. Even though
motion is resumed when the torque drops, the lost steps may not
be acquainted for, unless an encoder is used. The built-in optical
encoder may either be used as a redundant encoder in open-
loop control, or for providing closed-loop feedback. In either
case, with the PneuStep motor, increased torque is achieved by
lowering speed. This behavior needs to be implemented in the
controller.

Common stepper motion control cards use PID algorithms
with various feed-forward terms and saturation functions to
calculate stepping frequency and direction based on encoder
feedback. When dawdling, these command higher stepping fre-
quencies for the motor to catch up with the desired motion. For
the PneuStep this is inappropriate, because the increased fre-
quency drops the torque. To overcome this problem, we intro-
duced a special saturation function of the command frequency,
iteratively updated as

s =
{

max(s − kminv̄, smin) |v̄ > v̄max

min(s + kmax, smax) |v̄ < v̄min
(6)

where the saturation s is limited to the [smin, smax] interval set
below the motor stall speed [Fig. 9(b)], coefficients kmin and
kmax are experimentally set, [v̄min, v̄max] is an error-transition
interval, for which

v̄ = |vd − va| (7)

where vd, va, and v̄ are the desired, actual, and error velocities in
encoder space, respectively. In the case of the hoop-gear encoder
a 6/4 conversion factor is used between the encoder and motor
steps. With the 3-mark code-wheel, this is 6/12.

In normal operation, the saturation function keeps the com-
mand frequency below smax.

When significant speed errors are detected (v̄ > v̄max), the
saturation is progressively reduced to gain torque. When the
situation has been overcome (v̄ < v̄min), the saturation is in-
crementally restored. The algorithm should be tuned to activate
only when incidental torque overloading occurs. Similar satu-
ration functions are applicable to any chosen type of primary
control to adapt its behavior to the particularity of the new motor.

Tests were performed connecting an eccentric weight to the
motor shaft and measuring the rotation of the shaft (α) with
an additional encoder. The motor is to complete a full rotation
with constant velocity (125◦/s) starting and stopping to rest
with constant acceleration (125◦/s2) from the lowest position of
the eccentric (α = 0◦). The graph in Fig. 10 plots the position
of the shaft versus time in five experiments. For low torque
values, the open-loop, regular, and modified PID controls have
identical performance (Graph a). At higher torques, the PID
controller fails to complete the full rotation cycle (Graph b), but
the modified PID control (Graph c) recovers and completes the
cycle by lowering the speed and increasing the torque.

Step error tests were also performed with the modified PID
control. As expected, these have similar results with the open-

Fig. 10. Open-loop, PID, and modified PID tests.

Fig. 11. MRI-compatible robot with six PneuStep motors.

loop experiments. The 99% confidence interval of the step was
5◦ ± 0.028◦ with noncumulative errors (four count encoder
used).

VIII. MRI-COMPATIBLE ROBOT APPLICATION

Six PneuStep motors were used to actuate the first fully MRI-
compatible robot. Previously reported MRI robots had limited
compatibility [12]–[14], mainly due to their piezoelectric actu-
ation.

The robot was designed for performing transperineal percu-
taneous needle access of the prostate gland under direct MRI
guidance. Its first application is for prostate brachytherapy [17].
The robot is positioned alongside the patient on the MRI ta-
ble, as shown in Fig. 11. PneuStep performance matches the
requirements of the clinical application for low speed (<20
mm/s), high accuracy (<0.5 mm), and most importantly safety.
The stepper is safer than servo-pneumatic actuation, because
in case of malfunction it may only stall. Breaking a PneuStep
hose, for example, may not unwind the mechanism, potentially
harming the patient.
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The solution of using a high-speed pneumatic motor with a
high-ratio gearhead built of nonmetallic materials could poten-
tially work for the MRI robot application. However, precision
servo-pneumatic control with long hoses and the construction of
the custom nonmetallic components would still be challenging.
Thus, we opted to create the new motor which better suits the
application for its ease, reliability, and safety.

The robot is controlled from a remotely located cabinet
through 7-m hoses carrying air and fiber optics. The robot is
entirely nonmagnetic and dielectric. Imager compatibility tests
performed showed that the robot is unperceivable in MRI and
does not interfere with the functionality of the imager, in motion
or at rest. In fact, the robot is multi-imager compatible, because
it is compatible with all other types of medical imaging equip-
ment (MRI gives the most stringent constraints). Motion tests
showed the mean value of the robot’s positioning repeatability
to be 0.076 mm with a standard deviation of 0.035 mm, which is
impressive for a “plastic” robot. The PneuStep motor was also
tested in a 7-T MRI scanner (typical scanners go up to 3 T),
and no problems were encountered in its operation. Animal
experiments are presently underway.

IX. DISCUSSION

The main advantage of the new motor is its simplicity of
control in precise motion. This is achieved by using a step motor
principle. Like for electric motors, step motion is commanded by
a train of pulses (pneumatic in the PneuStep case). Proportional
analog control of the pressure levels is not required. The motor
takes the same steps, if pressurized with 10 or 100 PSI. Speed
and torque will vary (as shown in the Fig. 8 graphs for example)
but the steps are the same, independent of the pressure (within
limits).

The mechanical performance of the motor allows for its
use in actuating image-guided intervention robots and in other
nonmedical low-speed high-precision applications. Sizably in-
creased performance is expected to occur with dynamically op-
timized designs, but the main speed-limiting factor, which is the
pulsing of air waves, is conceptually bound to this kinematics.
For longer distances signal-amplifiers may also be considered,
but PneuStep normally applies to short lines.

Hydraulic actuation of the motor is applicable for higher
torques, but may not be employed to decipher the low-pass
filter problem of the long hoses. Even though incompressible,
the higher mass of the pulsed liquid volumes yield to higher
dynamic effects, cavitation, and bubbling.

Although electric step motors have been overshadowed in
motion control by servo systems, stepper motors still have sev-
eral simplicity advantages. For pneumatics, moreover, servo
actuation still presents significant challenges related to the re-
sponse time, errors, and instability. Unlike servos, the pneumatic
stepper can achieve easily controllable precise motion, which
uniquely satisfies a class of applications. Also, very important in
some applications is the stepper’s fault-safe behavior, preventing
the motor to inadvertently spring up.

Resonance was never detected in the experiments, but is rea-
sonable to suspect that it may occur for inertial loads at certain

speeds even in open loop. As for electric motors, the use of half-
step techniques should offer almost complete freedom from
resonance problems.

Like any stepper, PneuStep’s drawback is the discrete posi-
tioning, but the integrated gearhead allows for trading speed in
lieu of the step size. Switching to microstep control (propor-
tional pressurizing the diaphragms) could be employed for finer
fixed-point regulation, like with electrics. Again, PneuStep may
only serve a certain class of applications.

X. CONCLUSION

This paper presents a novel motor, which fills the gap of sim-
ple and precise low-speed pneumatic actuation by introducing
a step motor design. Its novelty is in the kinematic principle,
which relates to the multifunction 3P mechanism. Special dis-
tributors, electronic drivers, optical encoding, and simple control
adaptations are introduced to set the new motor in motion.

The motor rotation is in direct relation to the number of input
pulses, and its speed is related to the frequency of the pulses. The
motor holds its position under load without the aid of clutches
or brakes.

It is reasonable to assume that the motor follows open-loop
digital commands, if the motor is correspondingly sized to the
load. Closed-loop control makes the stepper more robust to load
uncertainties, and allows for using a lower size motor without
loss of reliability.

The motor is not universally applicable. However, within its
limitations, the motor can easily perform accurate and safe ac-
tuation unlike other pneumatic types. PneuStep is the first pneu-
matic stepper and the first fully MRI-compatible motor.
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