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(57) ABSTRACT

A stepper motor suitable for use in a medical imaging
environment 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 radi-
ally directed teeth, (b) a means for mounting the central gear
such that it is constrained to move in rotational motion about
its centerline, (¢) a cylindrical 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 configured 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.
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FIG. 1
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FIG. 2
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FIG. 4
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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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FIG. 11A FIG. 11B
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FIG. 12
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PNEUMATIC STEPPER MOTOR

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application No. 60/706,789, filed Aug. 9, 2005
by Dan Stoianovici, Alexandru Patriciu, Dumitru Mazilu,
Doru Petrisor, and Louis Kavoussi.

STATEMENT AS TO FEDERALLY SPONSORED
RESEARCH

[0002] This invention was made with Government support
under Grant No. NCI CA88232 and entitled “Multi-Imager
Compatible Robot For Prostrate Access,” which was
awarded by the National Institute of Health. The Govern-
ment may have-certain rights in this invention.

BACKGROUND OF THE INVENTION
[0003] 1. Field of the Invention

[0004] This invention relates to stepper motors that can
provide directional translational or rotary motion in discrete
displacements. More particularly, one embodiment of the
present invention relates to a pneumatic stepper motor which
is constructed from materials that can be used in all classes
of medical imaging equipment.

[0005] 2. Description of Prior Art

[0006] Noninvasive, diagnostic imaging techniques, such
as ultrasound, 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 inter-
nal body structures.

[0007] 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 predictable manner. The MRI equipment can then
manipulate the spinning electrons and use the resulting
information to generate an image of the inside of a patient’s
body.

[0008] 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 producing their own magnetic fields when
placed within an external magnetic field.

[0009] 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 commonly 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 problems of distortions in their output images due to
the presence of motors in the vicinity of the imaging
equipment.

[0010] This situation has been a considerable implement
to the development of medical robots that can operate within
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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) equip-
ment 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
procedures within the scanner under MRI guidance. This
could allow one to insert a needle precisely at the center of
a small tumor visualized in the image for performing a
tumor-centered biopsy. Such biopsy procedures are typically
performed with randomized sampling techniques. The use of
a robot could reduce the incidence of false-negative sam-

pling.

[0011] It is possible to build pneumatic, or non-electric,
actuated motors from materials that do not produce a mag-
netic field. However, pneumatic actuation has previously
been used primarily in industrial and commercial applica-
tions 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.

[0012] The major limitation of pneumatic actuators, rotary
or linear, 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.

[0013] Novel hardware and pneumatic-servo control solu-
tions have been proposed to deal with these problems and
impressive results have been achieved in force control and
rotary speed regulation. Nevertheless, these complex solu-
tions 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.

[0014] 3. Objects and Advantages

[0015] 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.

[0016] 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 prox-
imity to medical imaging equipment.

[0017] Tt is another object of the present invention to
provide a stepper motor that can be used in a surgical
environment.

[0018] It is yet another object of the present invention to
provide a motor that can provide precise, backlash-free
motion.

[0019] Tt is still another object of the present invention to
provide a motor that does not utilize electrical power or
electrical components for its operation.

[0020] Tt is a further object of the present invention to
provide a precise motor that can be powered by fluid power
means.
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[0021] These and other objects and advantages of the
present invention will become readily apparent as the inven-
tion is better understood by reference to the accompanying
summary, drawings and the detailed description that follows.

SUMMARY OF THE INVENTION

[0022] Recognizing the medical needs for the develop-
ment 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 accor-
dance with the present invention, the foregoing need can be
satisfied by providing an especially designed stepper motor
that is suitable for use in a medical imaging room.

[0023] 1In 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 cen-
terline, (¢) a cylindrical 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 configured 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.

[0024] In a second preferred embodiment, the stepper
motor described above has as its hoop gear mounting means
a plurality 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.

[0025] 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 dia-
phragm mechanisms, with each of these diaphragm mecha-
nisms having a centerline, and each of these being located
such that they are equally spaced from the central gear
centerline.

[0026] In a fourth preferred embodiment, the initially
described stepper motor further includes a means for con-
trolling the distribution of fluid pressure to the means which
applies force to the hoop gear.

[0027] 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 appropriately utilizing the components described above
for building a stepper motor.

[0028] Thus, there has been summarized above, rather
broadly, the present invention in order that the detailed
description that follows may be better understood and appre-
ciated. 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.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0029] FIG. 1 is a cross sectional view of a pneumatic,
harmonic motor.

[0030] FIG. 2 is a cross sectional view of a pneumatic,
planetary motor.

[0031] FIG. 3 presents an illustrative diagram of a con-
ceptualized, preferred embodiment of the present invention
and is used to show the relative motion between the various
components of this embodiment.

[0032] 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

[0033] FIG. 5A is an isometric view of a preferred
embodiment of the pneumatic stepper motor of the present
invention.

[0034] FIG. 5B is sectional view A-A of the pneumatic
stepper motor shown in FIG. 5A.

[0035] FIG. 5C is sectional view B-B of the pneumatic
stepper motor shown in FIG. 5A.

[0036] FIG. 6 lists the MRI compatible materials that were
used to construct a prototype of the embodiment shown in
FIG. 5

[0037] 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 diaphragms of the stepper motor shown in FIG. 5.

[0038] FIG. 7B is sectional view C-C of the pneumatic
rotary distributor shown in FIG. 7A.

[0039] FIG. 7C is sectional view D-D of the pneumatic
rotary distributor shown in FIG. 7A.

[0040] FIG. 8 shows an electrical circuit that is suitable for
driving a pneumatic electronic distributor that is suitable for
supplying the pressure waves necessary to successively
drive the diaphragms of the stepper motor shown in FIG. 5.

[0041] FIG. 9 shows a close up view of FIG. 5C so as to
illustrate the elements of an optical encoding system that can
be sued to monitor or control the motion of the pneumatic
stepper motor shown in FIG. 5.

[0042] 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.

[0043] FIG. 11A 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.

[0044] 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.

[0045] 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.
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