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applying a fluid pressure driven force to specified points on
the hoop gear so as to cause its movement.
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FIG. 6
Material Component No.

Polyetherimide (Ultem 1000) 34, 40
Nylon 6/6 36

Garolite G-11 20,42
Polyimide 10

Glass 48 (bearings with Delrin rings)
White Silicone Rubber (50 Shore A) 36 (on nylon fabric)
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FIG. 10
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PNEUMATIC STEPPER MOTOR

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application No. 60/706,789, filed Aug. 9, 2005 by Dan
Stoianovici, Alexandru Patriciu, Dumitru Mazilu, Doru Pet-
risor, and Louis Kavoussi.

STATEMENT AS TO FEDERALLY SPONSORED
RESEARCH

This invention was made with Government support under
Grant No. NCI CA88232 and entitled “Multi-Imager Com-
patible Robot For Prostrate Access,” which was awarded by
the National Institute of Health. The Government may have-
certain rights in this invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to stepper motors that can provide
directional translational or rotary motion in discrete displace-
ments. More particularly, one embodiment of the present
invention relates to a pneumatic stepper motor which is con-
structed from materials that can be used in all classes of
medical imaging equipment.

2. Description of Prior Art

Noninvasive, diagnostic imaging techniques, such as ultra-
sound, x-ray and magnetic resonance imaging (MRI) are
widely used in medicine. They are used to produce cross-
sectional images of a patient’s organs and other internal body
structures.

MRI typically involves the patient lying inside a large,
hollow cylinder containing a strong electromagnet, which
generates a strong and uniform magnetic field that causes the
electrons in a patient’s body to spin in a uniform and predict-
able manner. The MRI equipment can then manipulate the
spinning electrons and use the resulting information to gen-
erate an image of the inside of a patient’s body.

However, difficulties are encountered in obtaining accurate
images when disruptions and deflections in the magnetic field
are experienced due to the presence in the field of materials
that produce a magnetic field and/or are susceptible to pro-
ducing their own magnetic fields when placed within an
external magnetic field.

One source of magnetic field distortion can be equipment
such as motors that are in the vicinity of the MRI machine.
Motors are generally formed with materials that produce a
magnetic field. Examples of such materials that are com-
monly used in motors include iron and brass. Thus, when
placed in the field generated by the MRI machine, the typical
electric actuated motor can cause artifacts in the image of the
patient’s body. Other forms of medical imaging (e.g., x-ray
and ultrasound imagers) are also seen to have similar prob-
lems of distortions in their output images due to the presence
of motors in the vicinity of the imaging equipment.

This situation has been a considerable implement to the
development of medical robots that can operate within a
medical imaging environment. This is significant because a
robot that could precisely operate within the closed bore of
high intensity magnetic resonance imaging (MRI) equipment
could offer a means to yield significant improvements in
various types of medical procedures. For example, such a
robot would make possible the performance of remote pro-
cedures within the scanner under MRI guidance. This could
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allow one to insert a needle precisely at the center of a small
tumor visualized in the image for performing a tumor-cen-
tered biopsy. Such biopsy procedures are typically performed
with randomized sampling techniques. The use of a robot
could reduce the incidence of false-negative sampling.

It is possible to build pneumatic, or non-electric, actuated
motors from materials that do not produce a magnetic field.
However, pneumatic actuation has previously been used pri-
marily in industrial and commercial applications for its low
cost, compact size, high power to weight ratio, reliability, and
low maintenance. In many cases these characteristics make it
preferable over electric actuation, especially when a supply of
air is readily available.

The major limitation of pneumatic actuators, rotary or lin-
ear, has been their reduced precision in controlled motion.
This is mainly caused by air compressibility and friction in
the valve and actuator which make the pump-line-actuator
dynamic system highly nonlinear.

Novel hardware and pneumatic-servo control solutions
have been proposed to deal with these problems and impres-
sive results have been achieved in force control and rotary
speed regulation. Nevertheless, these complex solutions
require special care so that most of their practical applications
are still limited to unregulated pneumatic motion. A new
approach to a pneumatic actuator is needed to circumvent
these pneumatic-servo problems and to make possible the
development of a medical robot for use in medical imaging
environments.

3. Objects and Advantages

There has been summarized above, rather broadly, the prior
art that is related to the present invention in order that the
context of the present invention may be better understood and
appreciated. In this regard, it is instructive to also consider the
objects and advantages of the present invention.

It is an object of the present invention to provide a stepper
motor that can be used for medical applications which require
the motor to be located in or in close proximity to medical
imaging equipment.

It is another object of the present invention to provide a
stepper motor that can be used in a surgical environment.

Itis yet another object of the present invention to provide a
motor that can provide precise, backlash-free motion.

It is still another object of the present invention to provide
a motor that does not utilize electrical power or electrical
components for its operation.

It is a further object of the present invention to provide a
precise motor that can be powered by fluid power means.

These and other objects and advantages of the present
invention will become readily apparent as the invention is
better understood by reference to the accompanying sum-
mary, drawings and the detailed description that follows.

SUMMARY OF THE INVENTION

Recognizing the medical needs for the development of a
precise rotary motor that can be used in medical imaging
environments, the present invention is generally directed to
satisfying the needs set forth above. In accordance with the
present invention, the foregoing need can be satisfied by
providing an especially designed stepper motor that is suit-
able for use in a medical imaging room.

In a first preferred embodiment, such a motor has: (a) a
cylindrical central gear having two ends with a center line
extending between these ends, and an external surface with
circumferentially distributed and radially directed teeth, (b) a
means for mounting the central gear such that it is constrained
to move in rotational motion about its centerline, (c) a cylin-
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drical hoop gear having a bore with an internal surface having
circumferentially distributed and radially directed teeth, (d) a
means for mounting the hoop gear such that it is constrained
to move in translational-circular motion about the central
gear’s centerline, wherein this central gear is further config-
ured to fit within the hoop gear’s bore in such a manner that a
plurality of the central gear and hoop gear teeth intermesh,
and wherein these hoop gear teeth are further configured so as
to cooperate with the central gear teeth so that the planetary
movement of the hoop gear teeth causes the central gear to
rotate, and (e) a means for applying a fluid pressure driven
force to specified points on the hoop gear so as to cause its
movement.

In a second preferred embodiment, the stepper motor
described above has as its hoop gear mounting means a plu-
rality of equal-lever arm cranks mechanisms, with each of
these mechanisms having a centerline, and each of these
being located such that they are equally spaced from the
centerline of the central gear.

In a third preferred embodiment, the initially described
stepper motor has as its means for applying a fluid pressure
driven force to the hoop gear a plurality of diaphragm mecha-
nisms, with each of these diaphragm mechanisms having a
centerline, and each of these being located such that they are
equally spaced from the central gear centerline.

In a fourth preferred embodiment, the initially described
stepper motor further includes a means for controlling the
distribution of fluid pressure to the means which applies force
to the hoop gear.

In a further preferred embodiment, the present invention
takes the form of a method for forming a stepper motor. The
steps in this method consist of bringing together and appro-
priately utilizing the components described above for build-
ing a stepper motor.

Thus, there has been summarized above, rather broadly, the
present invention in order that the detailed description that
follows may be better understood and appreciated. There are,
of course, additional features of the invention that will be
described hereinafter and which will form the subject matter
of the claims to this invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross sectional view of a pneumatic, harmonic
motor.

FIG. 2 is a cross sectional view of a pneumatic, planetary
motor.

FIG. 3 presents an illustrative diagram of a conceptualized,
preferred embodiment of the present invention and is used to
show the relative motion between the various components of
this embodiment.

FIG. 4 illustrates the translational-circular nature of the
motion experienced by of the hoop gear component of the
preferred embodiment shown in FIG. 3

FIG. 5A is an isometric view of a preferred embodiment of
the pneumatic stepper motor of the present invention.

FIG. 5B is sectional view A-A of the pneumatic stepper
motor shown in FIG. 5A.

FIG. 5C is sectional view B-B of the pneumatic stepper
motor shown in FIG. 5A.

FIG. 6 lists the MRI compatible materials that were used to
construct a prototype of the embodiment shown in FIG. 5

FIG. 7A is an isometric view of a preferred embodiment of
a pneumatic rotary distributor that is suitable for supplying
the pressure waves necessary to successively drive the dia-
phragms of the stepper motor shown in FIG. 5.
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FIG. 7B is sectional view C-C of the pneumatic rotary
distributor shown in FIG. 7A.

FIG. 7C is sectional view D-D of the pneumatic rotary
distributor shown in FIG. 7A.

FIG. 8A shows a close up view of FIG. 5C so as to illustrate
the elements of an optical encoding system that can be used to
monitor or control the motion of the pneumatic stepper motor
shown in FIG. 5.

FIG. 8B shows a six count encoding wheel that could be
used as part of an optical encoding system.

FIG. 9 shows an electrical circuit that is suitable for driving
a pneumatic electronic distributor that is suitable for supply-
ing the pressure waves necessary to successively drive the
diaphragms of the stepper motor shown in FIG. 5.

FIG. 10 shows motion test results for a prototype version of
the pneumatic stepper motor shown in FIG. 5 and illustrates
the impact of speed and operating pressures on the torque
output of the motor.

FIG. 11 A shows motion test results for a prototype version
of'the pneumatic stepper motor shown in FIG. 5 and illustrate
the fact that for a various operating pressures and a specific
hose length that there is a characteristic speed above which
this motor stalls.

FIG. 11B shows motion test results for a prototype version
of'the pneumatic stepper motor shown in FIG. 5 and illustrate
the dependency of the motor’s stall speed on its hose length.

FIG. 12 shows motion test results for a prototype version of
the pneumatic stepper motor shown in FIG. 5 and illustrates
the speed-torque behavior (position of the shaft vs. time in
five experiments) of this prototype.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

Before explaining at least one embodiment of the present
invention in detail, it is to be understood that the invention is
not limited in its application to the details of construction and
to the arrangements of the components set forth in the fol-
lowing description or illustrated in the drawings. The inven-
tion is capable of other embodiments and of being practiced
and carried out in various ways. Also, it is to be understood
that the phraseology and terminology employed herein are for
the purpose of description and should not be regarded as
limiting.

Because the research associated with the development of
the present invention has occurred over a period of four years,
it proves useful to organize this disclosure so that it introduces
the various embodiments of the present invention according
to the chronological order in which they were developed by
our research group.

The first of these, which is only briefly described herein
and more completely described in U.S. Patent Publication
No. US2005/0124452, the “Pneumatic Harmonic Motor,”
uses a fluid powered wave generator 1, in place of the com-
mon mechanical wave generator, to deform a flexspline 2,
having circumferentially distributed teeth, that is situated
within and concentric with a rigid circular spline 3 which also
has circumferentially distributed teeth, their number being
different than the number of teeth in the flexspline, which are
configured to cooperate with the teeth of the flexspline. The
wave generator 1 forces the flexspline to take the shape of an
ellipse SO that its teeth engage the circular spline’s teeth at
two opposite points on the circumference of the circular
spline. Rotation of the major axis of the ellipse causes suc-
cessive teeth engagement and generates the rotation of the
circular spline. See FIG. 1.
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A second of these, which is also only briefly described
herein and more completely described in U.S. Patent Publi-
cation No. US2005/0124452, the “Pneumatic Planetary
Motor,” also has a rigid circular spline 3 which has circum-
ferentially distributed teeth. However, in place of a flexspline,
the “Pneumatic Planetary Motor” has a rigid, circular plan-
etary gear 4 with circumferentially distributed teeth which are
configured to cooperate with the teeth of the spline 3. This
motor also has a means 5 for applying a planetary motion to
the planetary gear 4. See FIG. 2.

The more recent versions of the present invention are best
understood by initially presenting only a three-dimensional,
illustrative diagram of their key components. Such a diagram
betters allows the relative motion between these components
to be understood. See FIG. 3 which attempts to schematically
show a three dimensional (with X-Y-Z axes) isometric view
of this embodiment’s components whose motion is the X-Y
plane is denoted.

The basic components of this pneumatic stepper motor
embodiment are: (a) a cylindrical central gear 10 having two
ends 11a, 115 with a centerline 12 extending between these
ends, and an external surface 13 with circumferentially dis-
tributed and radially directed teeth 14, with this central gear
configured to be mounted for the rotational movement of the
gear about what FIG. 13 implies is its stationary centerline,
(b) a cylindrical hoop gear 20 having a bore 22 with an
internal surface 24 having circumferentially distributed and
radially directed teeth 26, with this hoop gear configured to be
mounted in such a manner that allows it to move in planetary
motion about the centerline of the central gear. This central
gear is further configured to fit within the hoop gear’s bore 22
in such a manner that a plurality of the central gear and hoop
gear teeth intermesh and cooperate so that the planetary
movement of the hoop gear causes the central gear to rotate.

This embodiment also includes: (¢) a fluid pressure apply-
ing means 30 for applying a planetary motion to the hoop gear
s0 as to cause the central gear’s desired rotation, and (d) a
means for mounting 40 the hoop gear 20 so that it is con-
strained to move in planetary motion.

The fluid pressure applying means 30 is seen to consist of
three diaphragm cylinders 32a, 325, 32¢, alternatively, they
could be pistons, which are grounded on a motor’s body or
base 50. These are circumferentially equally spaced about an
axis which is the center line of the central gear 10. Each
cylinder has a base 34 and a diaphragm 36 which is pressur-
ized through a port 38. These diaphragms are connected at
points on the perimeter 28 of the hoop gear and these connec-
tion points are initially radially equally spaced about the
central gear’s center line. As seen in FIG. 5C, these cylinders
are configured to apply radially directed forces to the hoop
gear.

The means for mounting 40 the hoop gear 20 gear includes
three equal-crank parallelogram mechanisms 42a, 4256, 42¢
which are grounded on the motor’s housing 50 and each have
a lever arm of length “e”. These are connected to the hoop
gear with connections means 44, which, for the purpose of
this illustration, take the form of connecting rods 44a, 445,
44c. The crank mechanisms or cranks 42a, b, ¢ are also
radially placed about the same central axis, and equally
spaced between the diaphragm cylinders 32a, b, ¢. The hoop
gear is connected to the cranks 42a, b, ¢ and form a triple-
parallelogram (3P) mechanism. This support mechanism
constrains the hoop gear 20 to a translational-circular (TC) or
planetary trajectory. The hoop gear 20 does not spin, but it
moves in planetary motions so that it translates on a circular
path, any of its points describing a circle.
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The hoop gear 20 is set in motion by the diaphragms 36aq,
b, ¢ which under pressure successively force the hoop gear 20
away from the respective diaphragm cylinder 32. Directional
rotation of the cranks is collected by successively pressuriz-
ing the diaphragms (c..). Because the hoop gear translates on
acircle, its teeth come in and out of engagement with those of
the central gear 10, causing it to spin in the opposite direction
(o) giving a rotary output to this motor. Thus, utilizing what
I identify as a “new kinematic principle,” the end-to-end
motions of a piston within its cylinder are seen to generate a
rotary, stepping motion by the present invention’s utilization
of an appropriately mounted, hoop gear that successively
collects (while also demultiplying or gearing down) the small
end-to-end motion of the piston strokes. Alternatively, by
providing the central gear with a threaded bore, the rotation of
this gear can be used to impart translational motion to a
member having a threaded outer surface that is screwed into
the central gear’s threaded bore.

Functionally, this pneumatic stepper motor can be consid-
ered to consist of two components: a drive device motor and
a gearhead. The drive device is represented by the diaphragm
cylinders 32a, b, ¢, the cranks 42a, b, ¢, and the hoop gear 20.
Rotary motion of the cranks 42a, b, ¢ is generated by the
diaphragms even in the absence of the central gear, so the
hypothetical output of the motor itself is the motion of the
cranks.

Atthe same time, the cranks 424, b, ¢, the hoop gear 20, and
the central gear 10 may separately act as a transmission. If
rotary motion is applied to a crank, demultiplied rotation is
collected on the central gear. With the motor, these compo-
nents act as a gearhead.

This classification of components shows that the cranks
42a, b, ¢ and the hoop gear 20 play a dual role in the design,
both in the motor as well as the gearhead. For this, the mecha-
nism functions as an assembly and its gearhead is not detach-
able, as for classic gearhead designs.

The dual role components are part of the triple-parallelo-
gram (3P) mechanism. A single parallelogram mechanism
(1P) also presents translational-circular (TC) motion, how-
ever, the 3P mechanism is used not only for symmetry, but to
also eliminate singular positions typical with a 1P mecha-
nism. These occur when the cranks 42 and connecting rod 44
are aligned. For a 3P mechanism, simultaneous alignment
may never occur, making it singularity free. The payoffis that
the 3P mechanism must be precisely constructed because it is
overconstrained.

Step motion is achieved by sequentially pressurizing the
diaphragms. Direction is given by the order of the sequence
(i.e., —zrotation for the 32a-325-32¢ sequence and +z rotation
for 32a-32¢-324). The motor step size is 120° of crank rota-
tion. The common half-step operation gives a twofold step
size reduction and also improves motion performance. As for
electric steppers, this measure significantly reduces the inci-
dence of resonance problems that stepper motor-load
dynamic systems are known to experience at some speeds.

Half-step is achieved by alternating single and dual phase
operation in a  32a-32a325-325-32532¢-32¢-32¢32a
sequence. The motor crank output has six steps/turn.

The radius of the translational-circular (TC) motion is
given by the eccentricity (e) of the equal cranks. See FIG. 4.
In this motion the radius of the hoop gear’s circular motion is:

PD,~PD~2¢

where, PD,, and PD, are the pitch diameters of the hoop and
central gear respectively.

The number of hoop (Z,,) and central gear (Z,) teeth relate
to the same gear module M:
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PD,

PD
M=
Zg

= _Zh

The transmission ratio of the gearhead may be expressed
as:

@ Z, .
T=—=- with Z, > Z,
Qg Zh —Zg

This shows that the transmission ratio may equal Z,. The
gearhead reduces the size of the motor step T times.

A prototype of this embodiment is shown in FIGS. 5A-5C
which display, respectively, isometric and cross-sectional
views of this pneumatic stepper motor. This motor presents a
cylindrically shaped motor housing 52 that is closed by a
housing cap 54. The diaphragm cylinders 32a, b, ¢ are built
within the body. Each diaphragm 36 is fixed with a ring and
cylinder cap threaded in the body 52.

The active side of the diaphragm 36 is attached to the hoop
gear 20 with a screw between two washers. Note that washers
are used to reduce the size of the hoop gear 20 allowing its
assembly in the body 52.

The hoop gear 20 is supported by the three cranks 424, 425,
42¢ constructed in the form of three identical eccentric axels.
Each axel includes a crank part 45 (cylindrical with eccentric
hole), a shaft 46, bushing 47 and four bearings 48aq, b, ¢, d.

The central gear 10 has a central bore 15 and the means for
mounting this gear is seen to be bearings 16 which are
mounted on both of'its sides so as to hold the gear’s centerline
in a stationary position, as seen in FIG. 5B, and constrain it to
move in pure rotation, which is essential if the central gear’s
motion is to be, like that of the hoop gear 20, singularity-free.
For compactness, the rings of these bearings are built in the
body and cap parts and use intercalated sapphire and PTFE
balls (rolling cage design).

The bore of central gear presents an internal thread 17 to
engage a screw part (not represented) if translational output of
the motor is desired. Bushings, rollers, and pins are included
for the same reason, to support and orient the screw shaft
(presenting opposite flat faces for orientation, four faces pref-
erable if possible). With rotary output, the central bore 15 is
convenient for driving pass-through load shafts.

An important observation in the kinematics of the motor is
that the motion of the diaphragms 36 is not linear. Dia-
phragms are attached to the hoop gear 20, which exhibits
translational-circular (TC) motion. As such, the central part
of the diaphragm describes circular motion. This unusual
trajectory requires special design and manufacturing consid-
erations in order to prevent premature wear and tear of the
diaphragms and allow for sustained duty cycles.

The lateral displacement of the diaphragms 36 is directly
related to the eccentricity of the cranks e=M(Z,~Z.)/2, which
should be carefully coordinated with other design param-
eters. Secondly, the design should also allow for sufficient
lateral clearance of the diaphragm 36 under its seat, so that it
may freely act without stretching and wedging.

In the actual construction of this prototype, we used a
custom made diaphragm 36 made of thin nylon fabric coated
with silicone rubber vulcanized on its cylinder face. Keeping
the outer side uncoated reduces friction with the lateral walls
underneath. We also observed that the weaving direction of
the diaphragm fabric has significant influence on its lateral
flexibility and ultimately its lifespan. Fabric may easier be
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stretched in the diagonal direction of the weaving. For this
reason, the fabric should be selected with higher diagonal
flexibility and the diaphragm assembled so that its flexible
direction is aligned in the direction of lateral displacement
(B-B plane in FIG. 5). Diaphragm stiffness creates detent
torque (torque required to spin the un-pressurized motor)
which is undesirable. For MRI compatibility this prototype
motor was constructed of the materials listed in FIG. 6.

A challenging problem of the motor design is to minimize
the size of the step while eliminating interference between the
teeth of the gears. Small steps require nearly equal (small
7,~7,) gears with many teeth. This creates interference at the
top of the teeth in the region where the teeth are coming out of
engagement. This must be eliminated while maintaining
smooth gear engagement.

An interesting observation is that in these conditions the
gears are “sticky”, meaning that they may not be pulled out of
engagement in the radial direction. Section B-B of FIG. 5
shows that teeth detachment is restricted by the teeth on the
sides of the engagement region. This fact has two implica-
tions. First, assembly should be performed axially. More
interestingly, this shows that the motor could potentially be
designed without the 3P crank mechanism, but the output will
become compliant through the flexibility of the diaphragms.
This was used in our earlier “Pneumatic Planetary Motor,” see
FIG. 2, which has no 3P and reversed in-out construction
compared to the present stepper motor.

Control of the fluid power that is used to drive this stepper
motor is provided by a pneumatic distributor 60 that generates
the required pressure waves. Two types of such distributors
have been used: mechanical and electrical.

The design of the mechanical distributor is shown in FIGS.
7TA-7C. A stator 62 presents three equally spaced radial open-
ings communicating to the output ports 64a, 645, 64c. The
pressure P and return R are coupled through the stator cap 66.
The rotor 68 is mounted on bearings 70a, 706 and connected
to an electrical motor (not represented).

The rotor is constructed to generate six pressure cycles/
turn. The design raises air leakage problems between the rotor
68 and stator 62. This may be addressed by using a seal or by
precisely making the components so that the air gap is mini-
mal. We constructed the later because it is frictionless, but
manufacturing was difficult and small amounts of air were
still lost. For this reason the electronic method presented next
is preferable.

However, the rotary distributor is very intuitive to use and
may be implemented for simple remote actuation in special
cases. Remote actuation is achieved by simply connecting the
ports of the motor and a distally located distributor 60 and
supplying air pressure. This may even be used with manual
input. An electricity free mechanism with 1:1 motion transfer
ratio and torque amplification is implemented between the
pump rotor and motor cranks.

An electronic pneumatic distributor was constructed using
three electric valves mounted on a manifold. The valves are
normally-closed, 3-Way, 2-Position direct-acting solenoid
valves. These pressurize when activated and exhaust other-
wise. A special electronic driver was designed to control the
new motor with standard electric stepper-motor indexers and
motion-control cards.

The driver directionally cycles the activation of the valves
in the desired 6-step sequence, as controlled by the step and
direction signals of the indexer. The circuit in FIG. 9 imple-
ments a 6-bit rotating register U2-U3 (universal shift regis-
ters) clocked by the step signal in the direction of the input.
Logic gates U1 are then used to transform this state to the
desired 32a-32a32b-325-32632¢-32¢-32¢32a  sequence,
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which commands the solid-state relays U9-U11 of the valves.
The preset and direction logic are implemented by the
monostable U6, and the gates U4, USA, U7. Trigger-Schmitt
circuits (U8, U6 included) reduce noise sensitivity on the
input signals.

Among three valves tested, we found the fast-acting valve
NVKF334V-5D by SMC Corp. (Indianapolis, Ind.) to be best
performing for our application, in terms of a well balanced
response time/air flow capacity. Thisis a 24VDC, 4.3 W valve
with 0.2Cv. The max cycling frequency is not rated, but the
valve experimentally outperformed valves rated 50 cycles/
sec, and is very reliable.

The max cycling frequency of the valves (f,,,.[Hz|) gives
the first limitation of the motor speed. Independent of the
commutation sequencing used (full or half-step), a valve is
cycled once per crank turn. As such, the max stepping fre-
quency (V,,,,) and max speed of the output gear (w,) are:

V=0 max [ Steps/s] or [Hz] (for 6-steps/turn)

©,=60f,, ../ Tfrpm]

In our prototypes, these max values are 300 [steps/sec],
166.6 [rpm] rotary output, and 16.6 [mm/s] linearly.

Nevertheless, the electronic distributor is preferable in
most applications because it uses oft-the-shelf components, is
simpler, uses fewer moving components, does not leak, and
outperforms the mechanical, rotary distributor. Electronic
implementations also allows for dynamically changing the
phase overlap of the commutation waves.

To monitor and control the motion of the motor, optical
encoding was use. For compatibility with the MRI environ-
ment, we used fiber optic encoding so that all electric com-
ponents are remotely located, keeping the motor electricity
free. For simplicity, the existing hoop gear part of the motor is
also used for encoding in place of a traditional encoder wheel.
Two fiber optic circuits are set so that in its motion the hoop
gear cyclically interrupts their beams generating quadrature
encoded signals.

FIG. 8 shows a close up view of Section B-B in FIG. 5. In
this view the cranks have been rotated (., =45°) so that the
fiber ends 80a, 805 become visible. These ends are matched
with coaxially aligned fiber ends on the opposite side of the
hoop gear (fixed in the cap part 54). The fibers on the side of
the cap are coiled back (through holes 824, 825) so that the
fiber optic connections 84a, 845 (see FIG. 5A) are located on
the same side of the motor.

To obtain quadrature signals the fibers have been placed
90° apart at radius R, from the axis of the crank:

R;‘/Rﬁ-ez

where, R, is the radius of the hoop gear part over the crank
bearing.

A drawback of this constructive simplification is that the
number of four encoder counts per revolution is lower than
the number of crank half-steps (6), which reduces the effec-
tive step size of the motor in close-loop control. Alternatively,
a six count encoding wheel 86, see FIG. 8B, could be
mounted on a crank and used with similarly mounted fiber
optics.

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

Testing of this prototype was conducted to measure its
stepping accuracy and its load-handling characteristics. For
these tests, the output shaft of the motor was connected to a
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dynamic torque measurement stand. The motor was con-
nected to the distributor with % inch (3.175 mm) ID hoses.
Experiments were performed with both distributors at various
pressures and hose lengths.

The diagram in FIG. 10 depicts the output torque vs. speed
graphs with the mechanical 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 phenomenon is explained by the dynamics and com-
pressibility of the air being pulsed faster and faster through
the lines, the hoses damping the pressure waves. This behav-
ior is significantly influenced by the length of the hoses. Each
pressure:hose-length:pump combination presents a charac-
teristic speed above which the motor stalls, when the effective
pressures acting on the diaphragms 36 fall below internal
friction levels of the motor.

FIG. 11 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 the
motor’s stepping accuracy. These show no drift and non-
cumulative positioning errors, as for any stepper motors. The
99% confidence interval of the step error was +0.84% of the
angular step (3.333°).

Experiments performed with the electronically controlled
valve distributor show increased speed-torque performance.
FIG. 11B 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.

The speed-torque behavior of the stepper motor presented
above requires particular care in implementing the control of
the motor when closed-loop operation is desired. In this case,
attention should be paid to limiting the speed command so
that the motor torque can handle the payload. As with any
stepper motor, when overloaded this motor stalls and skips
steps. Even though motion is resumed when the torque drops,
the lost steps may not be accounted 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 this stepper motor
increased torque is achieved by lowering speed. This behav-
ior 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. These command higher stepping frequencies for
the motor to catch-up with the desired motion. For this step-
per motor 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:

_ {max (s = knminVs Smin) | V > Vinax

min (s + Kmax, Smax) | V < Vinin

where, the saturation s is limited to the [s,,,,,
set below the motor stall speed, coefficients k
experimentally set, [v v
for which:

S 10tErval

( ain e.lnd .k,m,C are
] 18 an error transition interval,

V=Iv v,

where, v, v, and v are the desired, actual, and respectively
error velocities in encoder space. A 1.5 (6/4) conversion fac-



US 8,001,262 B2

11

tor is used between the encoder and motor steps (6/6 if code-
wheel is used). Normally, the saturation function keeps the
command frequency below s, ..

When significant speed errors are detected (v>v,,,.), the
saturation is progressively reduced to gain torque. When the
situation has been overcome (v<v,, ) the saturation is incre-
mentally restored. The algorithm should be tuned to activate
only when incidental torque overloading occurs. This satura-
tion function is applicable to any chosen type of primary
control to adapt its behavior to the particularity of the motor.

Tests were performed connecting an eccentric weight to
the motor shaft and measuring the rotation of the shaft (o)
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°/s%) from the lowest
position of the eccentric (a=0°). The graph in FIG. 12 plots
the position of the shaft vs. time in five experiments. For low
torque values the open-loop, regular, and modified PID con-
trols have identical performance (Graphs a). At higher
torques the PID controller fails to complete the full rotation
cycle (Graph b), but the modified PID control (Graph c)
recovers from the impediment and completes the cycle by
lowering 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-
loop experiments. The 99% confidence interval of the step
was 5°£0.028° with non-cumulative errors.

The compatibility of this prototype motor for use in an MRI
robot was evaluated by utilizing six of such motors in a robot
that was designed for performing transperineal percutaneous
needle access of the prostate gland under direct MRI guid-
ance. [ts immediate application is for prostate brachytherapy.

This motor’s performance matches the requirements of this
clinical application for low speed (<20 mm/sec), high accu-
racy (<0.5 mm), and most importantly safety. The stepper
motor of this invention is safer than servo-pneumatic actua-
tion because in case of malfunction it may only stall (e.g.,
disconnecting a hose from this motor will not cause motion
and potentially harm the patient).

Imager compatibility tests performed showed that this
robot which used the six stepper motors of the present inven-
tion was unperceivable in MRI and that it did not interfere
with the functionality of the imager, in motion or at rest.
Motion tests showed the mean value of the robot’s position-
ing error to be 0.076 mm with a standard deviation of 0.035
mm, which is highly adequate.

The stepper motor of the present invention was also tested
in a 7 Tesla MRI scanner and no problems were encountered
in its operation.

The mechanical performance of this stepper motor allows
demonstrates that it may be used in actuating image-guided
intervention robots and in other non-medical low-speed high-
precision applications. Like any stepper motor, the drawback
of the stepper motor of the present invention is its discrete
positioning, but when operated with an integrated gearhead,
the opportunity exists for trading speed in lieu of the step size.
Switching to micro-step control (proportional pressurizing
the diaphragms) could be employed for finer fixed point regu-
lation, like with electrics. Within its limitations, the fully MRI
compatible, stepper motor of the present invention can easily
perform accurate and safe actuation, unlike other pneumatic
motors.

Although the foregoing disclosure relates to preferred
embodiments of the invention, it is understood that these
details have been given for the purposes of clarification only.
Various changes and modifications of the invention will be
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apparent, to one having ordinary skill in the art, without
departing from the spirit and scope of the invention.

We claim:

1. A stepper motor comprising:

a cylindrical central gear having two ends with a centerline
extending between said ends, and an external surface
with circumferentially distributed and radially directed
teeth,

a means for mounting said central gear such that said
central gear is constrained to move in pure rotational
motion about the centerline of said central gear,

a cylindrical hoop gear having a centerline and a bore with
a circular internal surface having circumferentially dis-
tributed and radially directed teeth,

three equal-lever arm cranks mechanisms, each of said
mechanisms having a centerline, and each of said crank
mechanisms being connected at a point to said hoop gear
such that said connection points are equally spaced from
said hoop gear centerline and equally spaced around the
perimeter of a circle about said hoop gear centerline, and
each of said crank mechanisms being adapted for
mounting said hoop gear such that said hoop gear is
constrained to move in translational-circular, and singu-
larity-free motion about the centerline of said central
gear,

wherein said central gear is configured to fit within the bore
of said hoop gear in such a manner that a plurality of said
central gear teeth and said hoop gear teeth directly inter-
mesh at a contact point between said gears whose loca-
tion travels around the entire circumference of said cen-
tral gear when said hoop gear makes a full translational-
circular revolution about said central gear centerline,
and

three fluid-pressure-driven drive members chosen from the
group consisting of piston or diaphragm mechanisms,
each of said members having a centerline and a direct
contact point with said hoop gear and configured such
that said drive member-hoop gear connection points are
equally spaced from said central gear centerline and
equally spaced around the perimeter of a circle centered
on said central gear centerline and equally spaced and
interspersed between the locations of said crank mecha-
nisms centerlines and further configured so that each
said drive member applies a radially directed force to
said hoop gear so as to cause said translational-circular
and singularity-free motion of said hoop gear.

2. The stepper motor as recited in claim 1, further including
a means for controlling the distribution of fluid pressure to
said three drive members.

3. A method for providing a stepper motor, said method
comprising the steps of:

utilizing a cylindrical central gear having two ends with a
centerline extending between said ends, and an external
surface with circumferentially distributed and radially
directed teeth,

utilizing a means for mounting said central gear such that
said central gear is constrained to move in pure rota-
tional motion about the centerline of said central gear,

utilizing a cylindrical hoop gear having a centerline and a
bore with a circular internal surface having circumfer-
entially distributed and radially directed teeth,

utilizing three equal-lever arm cranks mechanisms, each of
said mechanisms having a centerline, and each of said
crank mechanisms being connected at a point to said
hoop gear such that said connection points are equally
spaced from said hoop gear centerline and equally
spaced around the perimeter of a circle about said hoop
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gear centerline, and each of said crank mechanisms
being adapted for mounting said hoop gear such that said
hoop gear is constrained to move in translational-circu-
lar, and singularity-free motion about the centerline of
said central gear,

wherein said central gear is configured to fit within the bore
of'said hoop gear in such a manner that a plurality of said
central gear teeth and said hoop gear teeth directly inter-
mesh at a contact point between said gears whose loca-
tion travels around the entire circumference of said cen-
tral gear when said hoop gear makes a full translational-
circular revolution about said central gear centerline,
and

utilizing three fluid-pressure-driven drive members chosen
from the group consisting of piston or diaphragm
mechanisms, each of said members having a centerline
and a direct contact point with said hoop gear and con-
figured such that said drive member-hoop gear connec-
tion points are equally spaced from said central gear
centerline and equally spaced around the perimeter of a
circle centered on said central gear centerline and
equally spaced and interspersed between the locations of
said crank mechanisms centerlines and further config-
ured so that each said drive member applies a radially
directed force to said hoop gear so as to cause said
translational-circular and singularity-free motion of said
hoop gear.

4. The method as recited in claim 3, further including the

step of utilizing a means for controlling the distribution of
fluid pressure to said three drive members.
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5. The stepper motor as recited in claim 1, further including
a pneumatic commutation distributor for sequentially pres-
surizing said drive members to cause said translational-circu-
lar motion of said hoop gear.

6. The method as recited in claim 3, further including the
step of utilizing a pneumatic commutation distributor for
sequentially pressurizing said drive members to cause said
translational-circular motion of said hoop gear.

7. The stepper motor as recited in claim 1, wherein when
said fluid-pressure-driven drive members are diaphragm
mechanisms, each of said mechanisms including a diaphragm
having a center part that is connected to said hoop gear and
configured to move in translational-circular motion while
resisting the wearing and tearing of said diaphragm that is
imposed by said translational-circular motion.

8. The method as recited in claim 3, wherein when said
fluid-pressure-driven drive members are diaphragm mecha-
nisms, each of said mechanisms including a diaphragm hav-
ing a center part that is connected to said hoop gear and
configured to move in translational-circular motion while
resisting the wearing and tearing of said diaphragm that is
imposed by said translational-circular motion.

9. The stepper motor as recited in claim 1, wherein said
central and hoop gears, means for mounting said central gear,
cranks mechanisms, and drive members are constructed from
MRI compatible materials.

10. The method as recited in claim 3, wherein said central
and hoop gears, means for mounting said central gear, cranks
mechanisms, and drive members are constructed from MRI
compatible materials.

#* #* #* #* #*



	Tiffs to PDF

