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MAGNETICALLY COUPLEABLE ROBOTIC
SURGICAL DEVICES AND RELATED
METHODS

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application also claims priority to U.S. Provisional
Patent Application Ser. No. 60/815,741, filed Jun. 22, 2006,
U.S. Provisional Patent Application Ser. No. 60/845,608,
filed Sep. 19, 2006, U.S. Provisional Patent Application Ser.
No. 60/868,030, filed Nov. 30, 2006, U.S. Provisional Patent
Application Ser. No. 60/884,792, filed Jan. 12, 2007, and U.S.
Provisional Patent Application Ser. No. 60/888,182, filed
Feb. 5, 2007, all of which are hereby incorporated herein by
reference in their entirety.

FIELD OF THE INVENTION

The present invention relates to various embodiments of
robotic devices for use in laparoscopic surgery. Specifically,
these robotic devices can be inserted into a surgical subject for
use in various surgical procedures, providing for performance
of various procedures and/or viewing of the area in which a
procedure is being performed.

BACKGROUND OF THE INVENTION

Laparoscopy is minimally invasive surgery (MIS) per-
formed in the abdominal cavity. It has become the treatment
of choice for several routinely performed interventions.

However, known laparoscopy technologies are limited in
scope and complexity due in part to 1) mobility restrictions
resulting from using rigid tools inserted through access ports,
and 2) limited visual feedback. That is, long rigid laparo-
scopic tools inserted through small incisions in the abdomen
wall limit the surgeon’s range of motion and therefore the
complexity of the surgical procedures being performed. Simi-
larly, using a 2-D image from a typically rigid laparoscope
inserted through a small incision limits the overall under-
standing of the surgical environment. Further, current tech-
nology requires a third port to accommodate a laparoscope
(camera), and each new viewpoint requires an additional
incision.

Robotic systems such as the da Vinci® Surgical System
(available from Intuitive Surgical, Inc., located in Sunnyvale,
Calif.) have been developed to address some of these limita-
tions using stereoscopic vision and more maneuverable end
effectors. However, da Vinci® is still restricted by the access
ports. Further disadvantages include the size and high cost of
the da Vinci® system, the fact that the system is not available
in most hospitals and the system’s limited sensory and mobil-
ity capabilities. In addition, most studies suggest that current
robotic systems such as the da Vinci® system offer little or no
improvement over standard laparoscopic instruments in the
performance of basic skills. See Dakin, G. F. and Gagner, M.
(2003) “Comparison of Laparoscopic Skills Performance
Between Standard Instruments and Two Surgical Robotic
Systems,” Surgical Endoscopy 17: 574-579; Nio, D., Bemel-
man, W. A., den Boer, K. T., Dunker, M. S., Gouma, D. I., and
van Gulik, T. M. (2002) “Efficiency of Manual vs. Robotical
(Zeus) Assisted Laparoscopic Surgery in the Performance of
Standardized Tasks,” Surgical Erndoscopy 16: 412-415; and
Melvin, W.S., Needleman, B. J., Krause, K. R., Schneider, C.,
and Ellison, E. C. (2002) “Computer-Enhanced vs. Standard
Laparascopic Antireflux Surgery,” J. Gastrointest Surg 6:
11-16. Further, the da Vinci® system and similar systems are
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implemented from outside the body and will therefore always
be constrained to some degree by the limitations of working
through small incisions. For example, these small incisions
do not allow the surgeon to view or touch the surgical envi-
ronment directly, and they constrain the motion of the end-
point of the tools and cameras to arcs of a sphere whose center
is the insertion point.

There is a need in the art for improved surgical methods,
systems, and devices.

BRIEF SUMMARY

One embodiment disclosed herein is a robotic device hav-
ing a cylindrical body, a sensor, a power source, a connection
component, and an attachment component. The cylindrical
body is configured to be disposed within a patient and has a
transparent component. In addition, the sensor is fixedly dis-
posed within the cylindrical body.

In accordance with one implementation, the robotic device
also has a light component. In a further embodiment, the body
is fluidically sealed such that no exterior fluids can enter any
interior portion of the body. According to one embodiment,
the attachment component is a magnetic component. In a
further implementation, the device can also have a detached
handle having at least a second magnetic component config-
ured to be operably coupleable with the first magnetic com-
ponent.

Another embodiment disclosed herein is a robotic device
having a body, a sensor, a power source, a connection com-
ponent, and an attachment component. The body is config-
ured to be disposed within a patient and has an inner cylin-
drical component and an outer cylindrical compornent. In one
embodiment, the inner cylindrical component is rotatable
relative to the outer cylindrical component. The body is flu-
idically sealed and the inner cylindrical component has a
transparent component adjacent to the sensor.

In one alternative, the sensor 1s fixedly disposed within the
interior portion of the inner cylindrical component.

Yet another embodiment is a method of surgery. The
method includes inserting a robotic device through a natural
orifice of a patient and into a passage connected to the natural
orifice. Further the method includes creating an incision in a
wall of the passage, inserting the robotic device into a cavity
of the patient, and performing a procedure in the cavity of the
patient. In one embodiment, the device has a first magnetic
component, and the method includes placing a detached
handle comprising a second magnetic component on an outer
surface of the patient, whereby the robotic device is drawn to
the detached handle. In another embodiment, the method also
includes positioning the robotic device using the detached
handle. In one implementation, the natural orifice is the
mouth and the wall is the stomach. In another implementa-
tion, the natural orifice is the anus and the wall is the intestinal
wall.

While multiple embodiments are disclosed, still other
embodiments will become apparent to those skilled in the art
from the following detailed description, which shows and
describes illustrative embodiments of the invention. As will
be realized, the embodiments disclosed herein are capable of
modifications in various obvious aspects, all without depart-
ing from the spirit and scope of the various inventions.
Accordingly, the drawings and detailed description are to be
regarded as illustrative in nature and not restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view of a mobile robotic device,
according to one embodiment.
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FIG. 2 is a perspective view of a mobile robotic device,
according to another embodiment.

FIG. 3A is an exploded view of a mobile robotic device,
according to one embodiment.

FIG. 3B is a side view of awheel of a mobile robotic device,
according to one embodiment.

FIG. 3C is a plan view of a wheel of a mobile robotic
device, according to one embodiment.

FIG. 4 depicts the adjustable-focus component imple-
mented in a camera robot, according to one embodiment.

FIG. 5 is a perspective view of a manipulator arm accord-
ing to one embodiment.

FIG. 6 is an exploded view of a manipulator arm according
to one embodiment.

FIG. 7A is a model of one embodiment of a manipulator
arm labeled with the parameters used to determine propetties
of the links.

FIG. 7B is a schematic of the manipulator arm used to
determine the Jacobian.

FIG. 7Cis a top view of one embodiment of a manipulator
arm.

FIG. 7D is a schematic of the link shape assumed to cal-
culate moment.

FIG. 8 is a block diagram of the electronics and control
system used in one embodiment of a manipulator arm.

FIG. 9A is a perspective view of a mobile robotic device,
according to another embodiment.

FIG. 9B is a perspective view of a mobile robotic device,
according to yet another embodiment.

FIG. 10 is a plan view of a mobile robotic device having a
drug delivery component, according to another embodiment.

FIGS.11A and B are schematic depictions of a drug deliv-
ery component that can be integrated into a mobile robotic
device, according to one embodiment.

FIG. 12 is a schematic depiction of a test jig for measuring
the applied force required to move a plunger in a drug delivery
component, according to one embodiment.

FIGS. 13 A and B are schematic depictions of the profile of
a drug delivery component, according to one embodiment.

FIG. 14 is a side view of a stationary or fixed base robotic
device in the deployed configuration, according to one
embodiment.

FIG. 15 is a side view of a fixed base robotic device in the
deployed configuration, according to one embodiment.

FIG. 16 is a side view of a fixed base robotic device in the
collapsed configuration, according to one embodiment.

FIGS. 17A and 17B are a schematic depiction of a mag-
netically coupleable robotic system, according to one
embodiment.

FIG. 18 is an exploded view of a magnetically coupleable
robotic system, according to another embodiment.

FIGS. 19A and B are perspective views of an inner body
360 of a magnetically coupleable robotic device, according to
one embodiment, with FIG. 19A being an exploded view.

FIG. 20 is a side view of a magnetically coupleable robotic
device with stereoscopic imaging, according to an alternative
embodiment.

FIG. 21 is a side view of a magnetically coupleable robotic
device, according to another alternative embodiment.

FIGS. 22A and B are perspective views of a magnetically
coupleable robotic device, according to a further alternative
embodiment.

FIGS. 23 A and B are perspective views of a magnetically
coupleable robotic device, according to yet another alterna-
tive embodiment.

FIG. 24 is a perspective view of a magnetically coupleable
robotic device, according to another alternative.
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FIG. 25 is a schematic depiction ofa biopsy tool, according
to one embodiment.

FIG. 26A is a perspective view of a joint that can be
implemented into a robotic device, according to one embodi-
ment.

FIG. 268 is a perspective view of a joint that can be imple-
mented into a robotic device, according to another embodi-
ment.

FIG. 271s aschematic depiction ofa natural orifice surgical
procedure using a magnetically coupleable robotic device,
according to one embodiment.

FIG. 28 is a visual image taken of a mobile robotic device
according to one embodiment and a magnetically coupleable
robotic camera device according to another embodiment
being used in cooperation with the da Vinci™ system.

FIG. 29 is a free body diagram of a mobile robotic device
sitting motionless on a slope.

FIG. 30 s an elastic body model used in friction analysis of
one embodiment of a mobile robotic device.

FIG. 31A is an inverting amplifier circuit used in one
embodiment of a manipulator arm.

FIG. 31B is a summer amplifier circuit used in one embodi-
ment of a manipulator arm.

FIG. 32 is a flowchart for an interrupt service routine used
in one embodiment of a manipulator arm.

FIG. 33 is a block diagram of a controller and plant for a
modern control system for control design of a three-link
manipulator arm according to one embodiment.

FIG. 34 is a block diagram of a controller and plant for a
modern control system, with a disturbance included, for a
three-link manipulator arm according to one embodiment.

FIGS. 35A-C are plots of motor position, based on encoder
counts versus time in seconds, for the three motor sused inthe
linkages of a three-link manipulator arm according to one
embodiment. FIG. 35A shows the results for the motor for
link 1, FIG. 35B shows the results for the motor for link 2, and
FIG. 35C shows the results for the motor for link 3.

FIGS. 36 A-C are plots of motor position, based on encoder
counts versus time in seconds, for the three motors used in the
linkages of a three-link manipulator arm, according to one
embodiment. FIG. 36 A shows the results for the motor for
link 1, FIG. 36B shows the results for the motor for link 2, and
FIG. 36C shows the results for the motor for link 3.

FIG. 37 is a system block diagram for a controller based on
Ziegler-Nichols tuning, according to one embodiment.

FIGS. 38A and B show plots of the root locus for links 1
and 3, according to one embodiment. FIG. 38A shows the
results for link 1, while FIG. 38B shows the results for link 3.

FIGS. 39A-C show plots of time response to unit input ofa
three-link manipulator arm according to one embodiment.
FIG. 39A shows the results for link 1, while FIG. 39B shows
the results for link 2, and FIG. 39C shows the results for link
3.

FIG. 40 is a system block diagram for a controller with lead
and lag compensators integrated into the design, according to
one embodiment.

FIGS. 41A and B show the response of the systems for
links 1 and 3 with compensators, according to one embodi-
ment. FIG. 41A shows the results for link 1 and FIG. 41B
shows the results for link 3.

FIG. 42 is a system block diagram for a final design of a
controller of a three-link manipulator arm according to one
embodiment.

FIG. 43 is the actual movement in the x-z plane of the tip of
athree-link manipulator arm according to one embodiment of
the present invention.
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FIG. 44 is a plot of encoder counts versus time showing that
movement of a manipulator, according to one embodiment, is
linear with time and that the velocity of the tip is constant.

FIG. 45 is a perspective view of a mobile robotic device,
according to one embodiment.

FIG. 46 depicts a mobile robotic device being used in a
natural orifice surgical procedure, according to one embodi-
ment.

FIG. 47 depicts a mobile robotic device being used in one
step of a natural orifice surgical procedure, according to one
embodiment.

FIG. 48 depicts another step of a natural orifice surgical
procedure, according to one embodiment.

FIG. 49 depicts another step of a natural orifice surgical
procedure, according to one embodiment.

FIG. 50 depicts another step of a natural orifice surgical
procedure, according to one embodiment.

FIG. 51 depicts another step of a natural orifice surgical
procedure, according to one embodiment.

FIG. 52 depicts an image from a mobile robotic device
depicting other surgical tools during a surgical procedure,
according to one embodiment.

FIG. 53 depicts a mobile robotic device being used during
a surgical procedure, according to one embodiment.

FIG. 54 depicts an image from a mobile robotic device
depicting other surgical tools during a cholecystectomy,
according to one embodiment.

FIG. 55A is a schematic depiction of a forceps tool, accord-
ing to one embodiment.

FIG. 5B is a schematic depiction of a biopsy tool modified
to contain a load cell, according to one embodiment.

FIG. 56A shows measured cable force to biopsy in vivo
porcine hepatic tissue, according to one embodiment.

FIG. 56B shows measured extraction force to biopsy ex
vivo bovine liver, according to one embodiment.

FIG. 56C shows measured extraction force to biopsy por-
cine liver, according to one embodiment.

FIG. 57 shows drawbar force production from a robotic
biopsy device where maximum drawbar force is produced at
11 seconds, as shown, before slowing down, according to one
embodiment.

FIG. 58 shows drawbar force production from a robotic
biopsy device in which the device speed was first slowly
increased and then decreased, according to one embodiment.

FIG. 59 depicts an actuation mechanism implemented on a
biopsy robot for force production measurements, according
to one embodiment.

FIG. 60 shows force production measured from the robot
biopsy mechanism depicted in FIG. 59, according to one
embodiment.

FIG. 61 depicts the path traversed by a mobile robot during
an in vivo test, according to one embodiment.

FIG. 62 depicts a laboratory two-component drug delivery
system, according to one embodiment.

FIG. 63 depict representative results of mixing two drug
components, one solid and one liquid, according to one
embodiment.

FIG. 64A depicts a robotic camera device, according to one
embodiment.

FIG. 64B is a graph depicting the spatial resolution of two
imaging systems, according to one embodiment.

FIGS. 64C and D are graphs depicting the color differences
between two imaging systems, according to one embodiment.

FIG. 64E is a graph depicting the color error for each of two
imaging systems, according to one embodiment.

FIGS. 64F and G are graphs depicting lens distortion for
each of two imaging systems, according to one embodiment.
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FIG. 64H depicts the experimental setup for benchtop tests
to test resolution, color accuracy, and distortion of camera
systems, according to one embodiment.

FIG. 641 is a graph depicting the geometry of two stereo-
scopic cameras, according to one embodiment.

FIG. 65 depicts the light sources used in the experimental
setup of FIG. 64H, according to one embodiment.

FIGS. 66A and B depict an image of the vision target of
FIG. 64H, according to one embodiment. FIG. 66A depicts
the target from the viewpoint from one of the two stereo
cameras on the robotic device and FIG. 66B depicts the target
from the viewpoint of the other stereo camera.

FIG. 67A depicts a depth map of the target area of FIG.
64H, according to one embodiment.

FIG. 67B is a graph depicting the center of the cylinders
identified from the point cloud in the map of FIG. 67A,
according to one embodiment.

FIG. 67C is a graph depicting the x and y error for all five
cylinder objects shown in FIG. 64H.

FIGS. 68A-B depict a porcine cholecystectomy in which a
magnetically coupleable robotic device is used in cooperation
with da Vinei™ tools, according to one embodiment. FIGS.
68A and B depict images from the magnetically coupleable
device during the procedure.

FIG. 68C is adepth map of the images shown in FIGS. 68A
and B.

FIG. 68D depicts the magnetically coupleable robotic
device positioned against the abdominal wall.

FIG. 69 is a graph depicting the stall torque created with a
robotic device disclosed herein, according to one embodi-
ment.

FIGS. 70A and B depict two kinematic configurations of
robotic device designs, according to one embodiment. FIG.
70A depicts aconfiguration having three revolute joints, simi-
lar to the human arm (two large rotations of the shoulder and
one rotation at the elbow). FIG. 70B depicts a configuration
having two revolute joints (shoulder) follow by a prismatic
(linear) distal joint.

FIG. 71 is a schematic depiction of a kinematic model ofa
manipulator of a magnetically coupleable device having three
revolute joints based on the size of the dexterous workspace,
according to one embodiment.

DETAILED DESCRIPTION

The present invention relates to various embodiments of
robotic devices for use in surgical methods and systems.
Generally, the robotic devices are configured to be inserted
into or positioned in a patient’s body, such as a body cavity,
for example.

The robotic devices fall into three general categories:
mobile devices, stationary or “fixed base” devices, and mag-
netically coupled devices. A “mobile device” includes any
robotic device configured to move from one point to another
within a patient’s body via motive force created by a motor in
the device. For example, certain embodiments of mobile
devices are capable of traversing abdominal organs in the
abdominal cavity. A “fixed base device” is any robotic device
that is positioned by a user, such as a surgeon. A “magneti-
cally coupleable device” is any robotic device that can be
positioned, operated, or controlled at least in part via a magnet
positioned outside the patient’s body.

Mobile Robotic Devices

FIG. 1 depicts a mobile robotic device 10, according to one
embodiment. The device 10 includes a body 12, two wheels
14, a camera 16, and a wired connection component 18 (also
referred to herein as a “tether”). Images collected by the
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camera 16 can be transmitted to a viewing device or other
external component via the connection component 18. The
device 10 further includes a motor (not shown) configured to
provide motive force to rotate the wheels 14, a power supply
(not shown) configured to supply power to the motor, and a
controller (not shown) operably coupled to the device 10 via
the connection component 18. The controller is configured to
provide for controlling or operating the device 10 via manipu-
lation of the controller by a user. In one embodiment, the
power supply is positioned outside the body and the power is
transmitted to the motor via the connection component 18.
Alternatively, the power supply is disposed within or on the
device 10.

In one alternative embodiment, the device 10 also has a
rotation translation component 20 or “tail.” The tail 20 can
limit counter-rotation and assist the device 10 in translating
the rotation of the wheels 14 into movement from one point to
another. The “rotation translation component” is any compo-
nent or element that assists with the translation or conversion
of the wheel rotation into movement of the device. In one
embodiment, the tail is spring loaded to retract and thus,
according to one embodiment, provide for easy insertion of
the robotic device 10 through the entry port of a laparoscopic
surgical tool.

In another implementation, the device 10 has no tail 20 and
the wired connection component 18 or some other component
serves to limit counter-rotation.

Alternatively, a mobile robotic device according to another
embodiment can also have one or more operational compo-
nents (also referred to herein as “manipulators™) and/or one or
more sensor components. In these embodiments, the device
may or may not have an imaging component. That is, the
device can have any combination of one or more imaging
components, one or more operational components, and one or
more sensor components.

The operational component might be, for example, biopsy
graspers. Further, the one or more sensor components could
be chosen from, for example, sensors to measure temperature,
blood or other tissue or body fluids, humidity, pressure, and/
or pH.

In a further alternative, the connection component is a
wireless connection component. That is, the controller is
wirelessly coupled to, and wirelessly in connection with, the
device 10. In such embodiments, the wireless connection
component of the device 10 is a transceiver or a transmitter
and a receiver to communicate wirelessly with an external
component such as a controller. For example, FIG. 2 depicts
a wireless mobile robotic device 26, according to one
embodiment.

In accordance with one implementation, a mobile robotic
device could be used inside the body of a patient to assist with
or perform a surgical procedure. In one aspect, the device is
sized to fit through standard laparoscopic tools for use during
laparoscopic surgery. In another alternative, the device is
sized to be inserted through a natural orifice of the patient,
such as the esophagus, as will be described in further detail
below. In yet another alternative, the device can be sized and
configured in any fashion to be used in surgical procedures.

Any of the several embodiments of mobile robotic devices
described herein can be used in any number of ways. For
example, one implementation of a mobile robotic device
could provide visual feedback with a camera system and
tissue dissection or biopsy component with a grasper attached
to it. Further, such a robot could also be equipped with a
sensor suite that could measure pressure, temperature, pH,
humidity, etc.
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Tt is understood that a robotic device as described generally
above can take on any known configuration and be equipped
with any number of sensors, manipulators, imaging devices,
or other known components. That is, a robotic device con-
forming to certain aspects described herein can, in various
embodiments, take on many different configurations, such as
cylindrical or spherical shapes, or, alternatively, a shape such
as that of a small vehicle, and is not limited to the cylindrical
robotic devices depicted in FIG. 1, 2, or 3. Further, there are
hundreds of different components known in the art of robotics
that can be used in the construction of the robotic devices
described herein. For example, there are hundreds control-
lers, motors, power supplies, wheels, bodies, receivers, trans-
mitters, cameras, manipulators, and sensing devices that can
be used in various combinations to construct robotic devices
as described herein.

FIG. 3A depicts an exploded view of a mobile robotic
device 30, according to one embodiment. The device 30 hasa
body or core component 32 that includes a first portion 34 and
a second portion 36. Alternatively, the core component 32
could be a single component. A camera 38 is disposed in the
first portion 34, and a tail 40 is attached to the second portion
36. Alternatively, the camera 38 and/or the tail 40 can be
attached to either portion 34, 36 or be associated with the
device 30 in any other fashion that allows for use of the
camera 38 and the tail 40. Further, a motor 42 is disposed in
each slot 46 at each end of the body 32 and each motor 42 is
operably coupled to one of the wheels 48.

In addition, as shown in FIG. 3A, the device 30 has two
wheels 48, each one being rotationally disposed over at least
some portion of the body 32. According to one embodiment,
two bushings 50 are provided, each disposed between the
body 32 and one of the two wheels 48. In one aspect of the
invention, the bushing 50 supports the wheel 48 and prevents
the wheel 48 from wobbling during rotation. Alternatively, no
bushings are provided, or some other type of known support
component is provided. In accordance with one implementa-
tion, the wheels 48 are coupled to the device 30 via wheel set
screws 52.

In one aspect of the invention, the body 32 has a center
portion 54 having a radius that is larger than the rest of the
body 32. Alternatively, the center portion 54 has the same
radius as the rest of the body 32. According to one embodi-
ment, the body 32 can be constructed in any known fashion.
For example, according to one embodiment, the body 32 is
fabricated via machining or stereolithography.

The device 30 as shown in FIG. 3A also has four batteries
44. According to one embodiment, the batteries 44 are dis-
posed within a cavity of the core component 32. For example,
in one embodiment, the batteries 44 are disposed within the
center portion 54 of the body 32. Alternatively, the device 30
can have one, two, three, or more than four batteries 44. Inone
embodiment, each battery 44 is an Energizer™ 309 miniature
silver oxide battery. Alternatively, each battery 44 can be any
known small battery that can be used within a robotic device.
In a further alternative, the power source can be any known
power source.

In one implementation, the device 30 also has a wireless
connection component (not shown) in the form of transmitter
and a receiver (not shown) or a transceiver (not shown) foruse
in a wireless configuration of the device 30 such that any
images collected by the camera 38 can be transmitted to an
external component for viewing and/or storage of the image
and further such that any control signals can be transmitted
from an external controller or other external component to the
motor 42 and/or other components of the device 30. Alterna-
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tively, the device 30 has a wired connection component (not
shown) that is attached to the device 30.

In another implementation, the device 30 can also have a
light component (not shown) to illuminate the area to be
captured by the imaging component. Alternatively, the device
30 has no light component.

According to one embodiment, a robotic device similar to
the device 30 depicted in FIG. 3A can be constructed in the
following manner. Any components to be associated with the
body 32, such as a camera 38 and a tail 40, are coupled with
the body 32. In addition, any components to be disposed
within the body 32, such as batteries 44, motors 42, and other
electronic components (not shown), are positioned within the
body 32. In an embodiment in which the body 32 consists of
two portions 34, 36, these components to be associated with
or disposed within the body 32 are positioned in or attached to
the body 32 prior to the coupling of the two portions 34, 36.
According to one embodiment, a bushing 50 is disposed over
each end of the body 32. Alternatively, no bushings 50 are
provided. Subsequently, the wheels 48 are positioned on the
device 30. For example, according to one embodiment, the
wheels 48 are positioned on the motor shafts 52.

The device 30 depicted in FIG. 3A, according to one
embodiment, is configured to fit through a port in a known
laparoscopic surgical tool. For example, in accordance with
oneimplementation, the device 30 is configured to be inserted
through a standard 15 mm medical port.

According to another embodiment, the robotic device 30
can be constructed without any sharp edges, thereby reducing
damage to the patient during use of the device 30. In a further
embodiment, the device 30 is comprised of biocompatible
materials and/or materials that are easy to sterilize.

A mobile robotic device conforming to certain character-
istics of various embodiments discussed herein has a trans-
port component, which is also referred to herein as a “mobil-
ity component.” “Transport component” is any component
that provides for moving or transporting the device between
two points. In one example, the transport component is one or
more wheels. For example, the transport components of the
mobile robotic devices depicted in FIGS. 1, 2, and 3 are
wheels.

Alternatively, arobotic device as described herein can have
any known transport component. That is, the transport com-
ponent is any known component that allows the device to
move from one place to another. The present application
contemplates use of alternative methods of mobility such as
walking components, treads or tracks (such as used in tanks),
hybrid components that include combinations of both wheels
and legs, inchworm or snake configurations that move by
contorting the body of the device, and the like.

According to one embodiment as depicted in FIG. 3A, the
robotic device 30 has two wheels 48 independently driven
with separate motors 42. According to one embodiment, the
motors 42 are direct current motors. In another embodiment,
each wheel 48 is attached to the motors 42 through a set of
bearings and spur gears. In one implementation, the two
separate motors 42 provide forward, reverse and turning
capabilities. That is, the two wheels 48 with two separate
motors 42 are configured to allow the device 30 to move
forward or backward, or to turn. According to one embodi-
ment, the two wheels 48 move the device 30 forward or
backward by each wheel 48 rotating at the same speed. In this
embodiment, the wheels 48 provide for turning the device 30
by each wheel 48 turning at a different speed or in different
directions. That is, the left wheel turns faster than the right
wheel when the device 30 turns right, and the right wheel
turns faster than the left when the device turns left. In accor-
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dance with one implementation, the wheels 48 can also pro-
vide for a zero turning radius. That is, one wheel 48 can rotate
in one direction while the other wheel 48 rotates in the other
direction, thereby allowing the device 30 to turn 180° or 360°
while the center portion of device 30 stays in substantially the
same location.

Each wheel 48, according to one implementation, has a
surface texture on its exterior surface as shown in FIGS. 3A,
3B, and 3C. According to one embodiment, the surface tex-
ture creates traction for the wheel 48 as it moves across a
tissue, organ, or other body surface.

FIGS. 3B and 3C depict one embodiment in which the
wheels 48 have a surface texture consisting of raised portions
58 (also referred to herein as “grousers”) disposed in a par-
ticular configuration on the wheels 48. The raised portions 58
are those portions of the wheel 48 that contact the surface that
the wheels 48 are traversing.

The raised portion 58, according to one embodiment,
defines an outer diameter 58 (d_,), while the wheel 48 defines
an inner diameter 56 (d,). According to another embodiment,
the inner and outer diameters of the wheels in one implemen-
tation are 17 mm and 20 mm, respectively. Alternatively, the
grouser depth is 1.5 mm, where grouser depth is equal to
(d,,—d,)/2. In a further alternative, the diameters and/or the
grouser depth are any that would be useful for wheels on the
mobile devices disclosed herein.

In another embodiment, the helical profile 59 of the wheels
has a pitch of 30° as depicted in FIG. 3C. Alternatively, the
helical profile can have a pitch ranging from about 0 degrees
to about 90 degrees.

In another aspect, the wheels 48 have treads. Alternatively,
the surface texture is any surface characteristic that creates
traction for the wheel 48.

Inaccordance with one implementation, the transport com-
ponent constitutes at least about 80% of the external surface
area of the robotic device. Alternatively, the transport com-
ponent constitutes at least about 90% of the external surface
area of the robotic device. In a further alternative, the trans-
port component constitutes from about 80% to about 98% of
the external surface area of the robotic device. In yet another
alternative, the transport component constitutes any percent-
age of the external surface area of the robotic device.

The wheels depicted in FIGS. 1, 2, and 3 have a round,
tubular-type treaded configuration. Alternatively, virtually
any configuration could be employed, such as a round,
square, spherical, or triangular configuration.

In addition, the wheels depicted in FIGS. 1, 2, and 3 are
comprised of aluminum. Alternatively, the wheels are con-
structed of rubber or a combination of aluminum and rubber.
In a further alternative, virtually any material that allows for
traction or mobility can be used to construct the wheel or
other transport component. In one embodiment, the material
is any material that provides for traction on unusual, slick,
hilly, deformable, or irregular surfaces such as any internal
tissues, organs such as the liver, stomach, and/or intestines, or
other internal surfaces, crevices, and contours of a patient, all
of which has different surface properties.

In certain alternative embodiments, the robotic device has
one or more sensor components. In various embodiments,
such sensor components include, but are not limited to, sen-
sors to measure or monitor temperature, blood, any other
bodily fluids, fluid composition, presence of various gases,
such as CO,, for example, or other parameters thereof,
humidity, electrical potential, heart rate, respiration rate,
humidity, pressure, and/or pH. Further, the one or more sen-
sor components can include one or more imaging compo-
nents, which shall be considered to be a type of sensor com-
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ponent for purposes of this application. The sensors,
including imaging devices, can be any such components or
devices known in the art that are compatible with the various
designs and configurations of the robotic devices disclosed
herein.

According to one embodiment, a robotic device having one
or more of the sensors described herein assists the user in the
performance of a surgical procedure. In accordance with one
implementation, the one or more sensors restore some of the
natural monitoring or sensing capabilities that are inherently
lost when using standard laparoscopic tools. Thus, the one or
more sensor components allow the user to perform more
complex procedures and/or more accurately monitor the pro-
cedure or the patient.

According to one embodiment, the imaging component
can be a camera or any other imaging device. The imaging
component can help to increase or improve the view of the
area of interest (such as, for example, the area where a pro-
cedure will be performed) for the user. According to one
embodiment, the imaging component provides real-time
video to the user.

Current standard laparoscopes use rigid, single view cam-
eras inserted through a small incision. The camera has a
limited field of view and its motion is highly constrained. To
obtain a new perspective using this prior art technique often
requires the removal and reinsertion of the camera through
another incision, increasing patient risk. In contrast to such
limited imaging, a robotic device having one or more imaging
components according to various embodiments described
herein eliminates many of the limitations and disadvantages
of standard laparoscopy, providing for an expanded and
adjustable field of view with almost unlimited motion,
thereby improving the user’s visual understanding of the
procedural area.

Asused herein, the terms “imaging component,” “camera,”
and “imaging device” are interchangeable and shall mean the
imaging elements and processing circuitry which are used to
produce the image signal that travels from the image sensor or
collector to a viewing component. According to one embodi-
ment, the image is a moving video image and the viewing
component is a standard video viewing component such as a
television or video monitor. Alternatively, the image is a still
image. In a further alternative, the images are a combination
of still and moving video images. The term “image sensor” as
used herein means any component that captures images and
stores them. In one embodiment, the image sensor is a sensor
that stores such images within the structure of each of the
pixels in an array of pixels. The terms “signal” or “image
signal” as used herein, and unless otherwise more specifically
defined, means an image which is found in the form of elec-
trons which have been placed in a specific format or domain.
The term “processing circuitry” as used herein refers to the
electronic components within the imaging device which
receive theimage signal from the image sensor and ultimately
place the image signal in a usable format. The terms “timing
and control circuits” or “circuitry” as used herein refer to the
electronic components which control the release of the image
signal from the pixel array.

In accordance with one implementation, the imaging com-
ponent is a small camera. In one exemplary embodiment, the
imaging component is a complementary metal oxide semi-
conductor (“CMOS”) digital image sensor such as Model No.
MT9V125 from Micron Technology, Inc., located in Boise,
1d. Alternatively, the imaging component is a square 7 mm
camera. In an alternative example, the camera can be any
small camera similar to those currently used in cellular or
mobile phones. In another example, the imaging device can
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be any imaging device currently used in or with endoscopic
devices. In one embodiment, the imaging device is any device
that provides a sufficient depth of field to observe the entire
abdominal cavity.

According to another embodiment, the imaging device can
employ any common solid state image sensor including a
charged coupled device (CCD), charge injection device
(CID), photo diode array (PDA), or any other CMOS, which
offers functionality with simplified system interfacing. For
example, asuitable CMOS imager including active pixel-type
arraysisdisclosed in U.S. Pat. No. 5,471,515, which is hereby
incorporated herein by reference in its entirety. This CMOS
imager can incorporate a number of other different electronic
controls that are usually found on multiple circuit boards of
much larger size. For example, timing circuits, and special
functions such as zoom and anti-jitter controls can be placed
on the same circuit board containing the CMOS pixel array
without significantly increasing the overall size of the host
circuit board. Alternatively, the imaging device is a CCD/
CMOS hybrid available from Suni Microsystems, Inc. in
Mountain View, Calif.

In accordance with one implementation, the imaging
device provides video output in NTSC format. For example,
any commercially-available small NTSC video format trans-
mission chips suitable for the devices described herein can be
used. Alternatively, any known video output in any known
format can be incorporated into any device described herein.

The imaging component, according to one embodiment,
has a manual focus adjustment component. Alternatively, the
imaging component has a mechanically-actuated adjustable-
focus component. A variety of adjustable-focus mechanisms
are known in the art and suitable for actuating focusing of
many types of known imaging components.

In one embodiment, the imaging component is capable of
focusing in range from about 2 mm to infinity. Alternatively,
the imaging component can have a focusing range similar to
that of any known adjustable focus camera.

Alternatively, the imaging component has an adjustable-
focus mechanism 60 as depicted in FIG. 4 that employs a
motor 62 that is directly connected to a lead screw 64 which
is rotated by motor 62. In this embodiment, as the lead screw
64 rotates, it drives a lead nut 66 up and down. This up-and-
down motion is translated by a linkage 68 to a slider 70 that
moves left to right. Slider 70 is held in place by a mechanism
housing or guide 72. A lens or image sensor mounted to slider
70 can be translated back and forth from left to right to allow
adjustable focusing. According to some embodiments, the
motor 62 used to power the adjustable-focus mechanism of
the imaging component can also be used to power other
components of the robotic device, such as, for example, a
biopsy component as described in greater detail below.

Inaccordance with another embodiment, the imaging com-
ponent can be controlled externally to adjust various charac-
teristics relating to image quality. For example, according to
one embodiment, one or more of the following can be
adjusted by a user: color, white balance, saturation, and/or
any other known adjustable characteristic. According to one
embodiment, this adjustment capability can provide quality
feedback in poor viewing conditions such as, for example,
low lighting.

According to one implementation, any mobile imaging
device disclosed herein can have any known lens that can be
used with such devices. In one particular embodiment, the
lens is model no. DSL756A, a plastic lens available from
Sunex, located in Carlsbad, Calif. This embodiment provides
only a short depth of field, which requires adjustable-focus
capability. To attain this, the lens of this implementation is
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attached to an actuation mechanism to provide adjustable
focus capability. The lens is moved by the actuation mecha-
nism to provide a range of focus from 2 mm to infinity.
Alternatively, the lens can be any lens that can be incorpo-
rated into any of the imaging devices described herein.

In afurther alternative, the imaging component can include
an image stabilization component. For example, according to
one embodiment, the device could include on-board accelet-
ometer measurements with image motion estimates derived
from optical flow to yield base motion estimates, such as are
known in the art. Alternatively, the image stabilization com-
ponent can be any such commercially-available component.
Optical flow has been shown to yield reliable estimates of
displacements computed across successive image frames.
Using these robot base motion estimates, image stabilization
algorithm can be used to provide image stabilization. Alter-
natively, any known image stabilization technology can be
incorporated for use with the imaging component.

In certain embodiments, the camera is fixed with respect to
the body of the robotic device, such that the position of the
robot must be changed in order to change the area to be
viewed. Alternatively, the camera position can be changed
with respect to the device such that the user can move the
camera with respect to the robotic device. According to one
embodiment, the user controls the position of the camera
using a controller that is operably coupled to the device as
described in further detail herein.

The robotic device can also, according to one embodiment,
have a lighting component to light the area to be viewed. In
one example, the lighting component is an LED light. Alter-
natively, the lighting component can be any illumination
source.

According to one implementation, the camera is disposed
on the center portion of the body of the device, as shown in
FIG. 3A. Alternatively, the camera can be disposed on any
portion of the body. In a further alternative, the camera can be
disposed anywhere on the robotic device.

According to one embodiment, the robotic device has one
or more operational components. The “operational compo-
nent,” as used herein, is intended to mean any component that
performs some action or procedure related to a surgical or
exploratory procedure. According to one embodiment, the
operational component is also referred to as a “manipulator”
and can be a clamp, scalpel, any type of biopsy tool, a grasper,
forceps, stapler, cutting device, cauterizing device, ultrasonic
burning device, or other similar component, as set forth in
further detail herein. In yet another embodiment, the opera-
tional component is any device that can perform, or assist in
the performance of, any known surgical or exploratory lap-
aroscopic procedure. In one aspect, the one or more opera-
tional components assist with procedures requiring high dex-
terity. In currently known techniques, movement is restricted,
as passing the rigid laparoscopic tool through a small incision
restricts movement and positioning of the tool tip. In contrast,
a robotic device having an operational component inside a
cavity is not subject to the same constraints.

In one implementation, the operational component can
also include an arm or other positioning component. For
example, the operational component can include an arm and
a biopsy tool. Alternatively, the operational component can
include a positioning component and any operational com-
ponent as described above.

According to one embodiment, any operational component
described or contemplated herein can be an off-the-shelf sur-
gical tool or modified version thereof. Alternatively, any such
operational component can be constructed de novo.
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The operational component depicted in FIGS. 5 and 6 is a
manipulator arm 80 having three arms or “links” 82, accord-
ing to one implementation. The arm 80 has two joints 84, each
coupled to a motor 86. According to one embodiment, as best
depicted in FIG. 6, the links 82 are composed of two halves
that attach in only one configuration.

The joints 84 are configured in any known fashion. In one
example as depicted in FIGS. 5 and 6, each joint 84 has a gear
88 coupled to the motor, and another gear 90 coupled to a pin
92. In one aspect, the gears are bevel gears. According to one
embodiment, the gears are standard miter gears available
from Stock Drive Products/Sterling Instruments, located in
New Hyde Park, N.Y.

In one implementation, the arm was constructed using
stereolithography. According to one embodiment, stere-
olithography can be used to construct the linkages and the
base section out of a cured resin material similar to plastic.

The motor, according to one embodiment, that can be used
in the linkages is a DC micromotor with encoders manufac-
tured by MicroMo Electronics, located in Clearwater, Fla.
The motor is a 6 V motor having a 15,800 rpm no-load speed,
0.057 oz-in stall torque, and weighed 0.12 oz. The motor has
an 8§ mm diameter and is 16 mm long. Due to its high no-load
speed, a precision planetary gearhead is used. Further
description of the motor, gearhead, and an encoder that can be
used with the motor are described in Example 2. Alterna-
tively, the arm can use a low voltage motor, such as a3 V
motor.

In one implementation, the arm has an encoder used for the
indication and control of both shaft velocity and the direction
of rotation, as well as for positioning. In one embodiment, the
encoder is a 10 mm magnetic encoder. Itis 16.5 mm long, but
only adds 11.5 mm to the total length of the assembly.

FIG. 7A shows a schematic of one manipulator embodi-
ment with L;, L, M, M,, m, g, m,g and W, labeled. With-
out being limiting, the schematic was used for calculating
various characteristics relating to one manipulator embodi-
ment and is explained in further detail in Example 2 below.
Based on the testing, it was determined that for this particular
embodiment, a reduction ratio off 64:1 provides sufficient
torque while optimizing the design. Alternatively, precision
gears with other reduction ratios may be used.

In one embodiment as depicted in FIG. 8, the electronics
and control for the arm consists of four major sections: PC
with a MEI DSP motor driver PCI card, an analog circuit to
shift and scale the output voltage from the MEI card, a micro-
controller to convert each axis’ analog voltage to a PWM
signal, and an H-Bridge ICS to drive the motors. This embodi-
ment is described in further detail in Example 2 below.

In one embodiment, the manipulator is a biopsy forceps or
grasper. According to one aspect, the manipulator includes a
biopsy forceps or graspers at one end of an arm.

In another embodiment, the manipulator of the present
invention includes an actuation mechanism that generates
forces required for operating the manipulator. For example,
according to one embodiment in which the manipulator is a
biopsy forceps or graspers, the manipulator also has an actua-
tion mechanism that generates sufficient force to allow the
forceps or graspers to cut/obtain a biopsy sample. According
to one embodiment, the actuation mechanism generates a
drawbar force of magnitude greater than 0.6 N. Alternatively,
the actuation mechanism generates any amount of force suf-
ficient to obtain a biopsy sample. In a further alternative, the
actuation mechanism generates a sufficient force to operate
any type of manipulator, such as a clamp, stapler, cutter,
cauterizer, burner, etc.
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FIG. 9A depicts a robotic device 100 having a biopsy tool
102. The cylindrical robotic device 100 has a cylindrical body
104 having an appendage or arm 106 with a biopsy forceps
102 at one end of the arm that is used for sampling tissue.
According to one embodiment, the robot’s grasper 102 can
open to 120 degrees. In a further alternative, the forceps 102
can have any known configuration.

In one embodiment, the body 104 also contains an imaging
component (not shown), camera lens 108, motor and video
control boards (not shown), and actuation motor (not shown)
and a mechanism for camera adjustable-focus (not shown). In
this embodiment, the imaging component and lens 108 are
offset to the side to allow space for the biopsy grasper 102.
The wheel 110 on the camera side has slots 112 machined in
it to allow for space for the camera lens 108 to see the abdomi-
nal environment and the biopsy grasper 102. Alternatively,
the camera and lens 108 are disposed anywhere on the robotic
device 100 such that the camera can be used to view the
surgical area and/or the biopsy grasper 102 during use. The
device 100 a wired connection component 114 that is con-
nected to an external component (not shown).

FIG. 9B depicts a mobile robotic device 120, according to
an alternative embodiment. In this embodiment, the device
120 is wireless. That is, the device 120 has no wired connec-
tion component physically connecting the device 120 to an
external component positioned outside the patient’s body. In
the configuration of FIG. 9B, the device 120 has a configu-
ration similar to the wired device in FIG. 9A. That is, the
device 120 has a cylindrical body 122 and an arm 124 having
abiopsy tool 126. Further, the device 120 can also have other
components similar to those described above with respect to
the embodiment in FIG. 9A. In one alternative implementa-
tion, the device 120 also has a “tail” 128, described in further
detail above, connected to the body 122.

In use, a robotic device with a camera and a biopsy tool
such as the devices depicted in FIGS. 9A and 9B can be used
to obtain a biopsy sample. The device can be inserted into the
body, such as through a standard trocar or using any of the
natural orifice procedures described herein. The user can
control the device using visual feedback from the on-board
camera. This mobility allows the robot to move to the area of
interest to sample specific tissues. The biopsy tool can then be
actuated to obtain a tissue sample. In a further embodiment,
the biopsy forceps provide a clamp capable of clamping shut
a severed artery.

In an alternative embodiment, the manipulator is a drug
delivery component. That is, according to one implementa-
tion, robotic devices disclosed herein can have a drug delivery
component or system that delivers an agent to an animal,
including a human. In one embodiment, the agent is a hemo-
static agent. Alternatively, the agent can be any deliverable
composition for delivery to an animal, including a human.

FIG. 10 depicts a robotic device 140 having an agent deliv-
ery system 142, according to one embodiment. In this
embodiment, the delivery system 142 is disposed within the
cylindrical body 144 and two wheels 146 are rotatably dis-
posed over the cylindrical body 144. The device 140 can also
have an imaging component (not shown). Alternatively, the
device need not have an imaging component.

FIG. 11A depicts an agent delivery component 160,
according to one embodiment. The delivery component 160
in this embodiment is an agent storage and dispensing system.
In one embodiment, the agent is a hemostatic agent. The
system has dual reservoirs 162 that can contain the agent, a
mixing and discharge component 164, and an actuation com-
ponent 166. According to one embodiment, the mixing and
discharge component 164 has two delivery tubes 168, a mani-
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fold 170 and a cannula 172. Alternatively, the mixing and
discharge component 164 is actually two separate compo-
nents: a mixing component and a discharge component. In
one implementation, the actuation component 166 has acrank
wheel 174, a catch lever 176, and a ratcheting linkage 178
coupling the crank wheel 174 to plungers 180 disposed within
the reservoirs 162.

In one embodiment, the dual reservoirs 162 of FIG. 11A
are configured to store and isolate two agents or agent com-
ponents. In one implementation, the reservoirs 162 are simi-
lar to those used in standard dual syringe injection systems.
According to one embodiment, the two components are two
separate components of the hemostatic agent. That is, as is
understood in the art, many hemostatic agents are comprised
of two components that must be preserved separately to pre-
vent premature coagulation prior to application. In this
embodiment, the storage and dispensing system has dual
reservoirs system configured to store and isolate the two
components until they are dispensed. Alternatively, the agent
is a single component hemostat that does not need to be
combined with another component, and the same agent is
placed in both reservoirs. In a further alternative, the system
has a single reservoir or container for any agent that need not
be combined with another. In yet another alternative, the
system can have more than two reservoirs.

FIG. 11B, along with FIG. 114, provides an additional
perspective relating to the actuation component 166. The
actuation component 166 has pre-loaded torsional springs
182 that are pre-wound and rigidly attached to the crank
wheel 174. In addition, the lever 176, according to one
embodiment, is also attached to torsion springs 184. When the
lever 176 is released, the stored mechanical energy in the
springs 182 causes the crank wheel 174 to rotate. The off-
center attachment point of the ratcheting linkage 178 to the
crank wheel 174 converts rotational displacement of the
wheel 174 into linear displacement of the plungers 180.

According to one embodiment, the spring-loaded catch
lever 176 is a shape memory alloy and is actuated witha SMA
wire trigger. SMA wires are made of a nickel-titanium alloy
that is easily stretched at room temperature. However, as the
wires are heated by passing an electric current through them,
they shorten in length and exert a force that is greater than the
force required to stretch them. In one embodiment, the wires
shorten in length by up to approximately 8% and exert
approximately 5 times the force required to stretch them.

A further alternative embodiment of the actuator mecha-
nism is depicted in FIG. 12 and is described in further detail
below in Example 6. That mechanism uses a permanent mag-
net direct current motor as the force actuator.

Alternatively, the actuator mechanism can be any known
device for providing for linear displacement of the reservoir
plungers 180 that dispense the agent. According to one imple-
mentation, the actuator ensures uniform delivery of the agent
from the storage reservoir(s).

FIG. 13A depicts a mixing component 200, according to
one embodiment. The system 200 includes a manifold 202
and two delivery components or tubes 204, 205. Projecting
from the end of the manifold 202 is a length of tubing 206 that
contains one of the fluid flows and fits inside a larger diameter
cannula 208. The system 200 has a mixing site 210 and a
discharge site 212. The mixing component is a device for
mixing and delivering at least two fluid components simulta-
neously through a single cannula. In implementations in
which the agent is a hemostatic agent requiring two com-
pounds, the mixing component thoroughly mixes the two
components as necessary to promote optimal coagulation. In
one embodiment, a mixing system ensures that the two com-
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ponents come into contact near the exit port in such a way as
to promote efficient mixing and that all reactive material is
ejected to prevent clogging of the cannula.

FIG. 13B depicts the flow of agents in the mixing compo-
nent 200 of FIG. 13A. In this embodiment, the fluids con-
tained in the two storage reservoirs (not shown) are delivered
simultaneously to the manifold 202 through the delivery
tubes 204, 205. The fluid flow in delivery tube 205 exits the
manifold 202 and is forced around the tubing 206 through the
length of the cannula 208. The fluids mix in the mixing site
210 near the discharge site 212, and any reactive material is
ejected from the larger diameter cannula 208 at the discharge
site 212. According to one embodiment, the point at which
mixing commences and, hence, the time available prior to
delivery, can be adjusted by changing the diameters and
lengths of the tubing and cannula. Further, spirals or other
features can be incorporated along the inside surface of the
cannula 208 to enhance the mixing efficiency of this system.

Alternatively, the mixing component is any known com-
ponent for mixing two agents, including, but not limited to,
hemostatic agents, that can implemented with one or more of
the robotic devices described herein.

In accordance with one aspect, the reservoir or reservoirs
have at least one externally accessible loading port configured
to allow for loading, injecting, or otherwise placing the agent
or components into the reservoir. The loading port is a stan-
dard rubber stopper and seal commonly used for vaccine
vials. Such a rubber stopper and seal facilitates transfer of any
agent using a standard syringe. Alternatively, the loading port
is any known type of loading port of any known configuration.
According to one embodiment, such a loading port is useful
for known agents that must be reconstituted shortly before
use, such as on-site reconstitution. As such, the loading port
or ports accommodate the need for on-site loading of the
compounds.

According to one aspect, any robotic device embodiment
described herein is connected to an external controller via a
connection component. According to one embodiment, the
connection component is a wire, cord, or other physical flex-
ible coupling. For purposes of this application, the physical or
“wired” connection component is also referred to as “teth-
ered” or “atether.” The flexible connection component can be
any component that is coupled at one end to the robotic device
and is flexible, pliable, or otherwise capable of being easily
formed or manipulated into different shapes or configura-
tions. According to one embodiment, the connection compo-
nent includes one or more wires or cords or any other type of
component operably coupled at the second end to an external
unit or device. The component in this embodiment is config-
ured to transmit or convey power and/or data, or anything else
necessary or useful for operation of the device between the
robotic unit and the external unit or device. In a further alter-
native, the connection component comprises at least two
wires or cords or other such components, each of which are
connected to a separate external unit (which, in one example,
are a power source and a data transmission and receiver unit
as described below).

Alternatively, the connection component is a wireless con-
nection component. That is, the robotic device communicates
wirelessly with a controller or any other external component.
The wireless coupling is also referred to herein as “unteth-
ered” An “untethered device” or “wireless device” is
intended for purposes of this application to mean any device
that is fully enclosed within the body such that no portion of
the device is external to the body for at least a portion of the
surgical procedure or, alternatively, any device that operates
within the body while the device is not physically connected
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to any external object for at least a portion of the surgical
procedure. In one embodiment, an untethered robotic device
transmits and receives data wirelessly, including data
required for controlling the device. In this embodiment, the
robotic device has an internal power supply, along with a
receiver and transmitter for wireless connection.

The receiver and transmitter used with a wireless robotic
device as described herein can be any known receiver and
transmitter. For example, any known receiver and/or trans-
mitter used in remote vehicle locking devices, remote con-
trols, mobile phones.

In one embodiment, the data or information transmitted to
the robotic device could include user command signals for
controlling the device, such as signals to move or otherwise
operate various components. According to one implementa-
tion, the data or information transmitted from the robotic
device to an external component/unit could include data from
the imaging component or any sensors. Alternatively. the data
or information transmitted between the device and any extet-
nal component/unit can be any data or information that may
be useful in the operation of the device.

According to another implementation, any robotic device
embodiment described herein is connected via a connection
component not only to the external controller, but also to one
or more other robotic devices, such devices being either as
described herein or otherwise known in the art. That is,
according to one embodiment, two or more robotic devices
can be operably coupled to each other as well as an external
unit or device. According to one embodiment in which there
are two robotic devices, the two devices are operably coupled
to each other and an external unit or device by a flexible
connection component. That is, the two devices are operably
coupled to each other by a flexible connection component that
is coupled to each device and each device is also operably
coupled to an external unit or device by a flexible connection
component. In one embodiment, there are three separate flex-
ible connection components: (1) a connection component
connecting the two robotic devices, (2) a connection compo-
nent connecting one of the robotic devices to the external unit,
and (3) a connection component connecting the other of the
robotic devices to the external unit. Alternatively, one con-
nection component is operably coupled to both devices and
the external unit. In a further alternative, any number of
connection components can be used in any configuration to
provide for connection of two robotic devices to each other
and an external unit.

Alternatively, the two or more robotic devices are operably
coupled to each other as well as an external unit or device in
an untethered fashion. That is, the robotic devices are opet-
ably coupled to each other and an external unit or device ina
fashion such that they are not physically connected. In one
embodiment, the devices and the external unit are operably
coupled wirelessly.

In one aspect, any robotic device described herein has a
drive component. The “drive component,” as defined herein,
is any component configured to provide motive force such
that the robotic device can move from one place to another or
some component or piece of the robotic device can move,
including any such component as described herein. The drive
component is also referred to herein as an “actuator”” In one
implementation, the drive component is a motor.

The actuator can be chosen from any number of different
actuators. For example, one actuator that can be incorporated
into many, if not all, of the robotic devices described herein,
is a brushless direct current motor, such as, for example,
model no. SBLO4-0829 with gearhead PG04-337 (available
from Namiki Precision of California, which is located in
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Belmont, Calif.). According to one embodiment, this motor
requires external cornection, which is generally provided by
a circuit supplied by the manufacturer. In another implemen-
tation, the motor is model no, SBL0O2-06H1 with gearhead
PG2-337, also available from Namiki.

Alternatively, any brushless direct current motor can be
used. In a further alternative, another motor that can be used
to operate various components of a robotic device, such as a
manipulator, is a permanent magnet DC motor made by
MicroMo™ Electronics, Inc. (located in Clearwater, Fla.). In
vet another alternative, any known permanent magnet DC
motors can be used with the robotic devices described herein.

The motor runs on a nominal 3 V and can provide 10.6
[mNm] stall torque at 80 rpm. This motor provides a design
factor of 4 for the robot on a 75-degree slope (if frictional
force is sufficient to prevent sliding).

In addition, other actuators that can be used with the
robotic devices described herein include shape memory
alloys, piezoelectric-based actuators, pneumatic motors,
hydraulic motors, or the like. Alternatively, the robotic
devices described herein can use any type of compatible
actuator.

According to one embodiment, the actuator can have a
control component, also referred to as a “control board.” The
control board can have a potentiometer that controls the speed
of the motor. relationship between the terminals that created
the voltage divider. According to one embodiment, the con-
trol board can also control the direction of the motor’s rota-
tion.

Inaccordance with one implementation, any robotic device
as described herein can have an external control component,
also referred to herein as a “controller.” That is, at least some
of the devices herein are operated by a controller that is
positioned at a location external to the animal or human.

In one embodiment, the external control component trans-
mits and/or receives data. In one example, the unit is a con-
troller unit configured to control the operation of the robotic
device by transmitting data such as electronic operational
instructions via the connection component, wherein the con-
nection comporent can be a wired or physical component or
a wireless component. The data transmitted or conveyed by
the connection component can also include, butis not limited
to, electronic data collected by the device such as electronic
photographs or biopsy data or any other type of data collected
by the device. Alternatively, the external unit is any compo-
nent, device, or unit that can be used to transmit or receive
data.

According to one embodiment, the external componentis a
joystick controller. In another example, the external compo-
nent is any component, device, or unit that can be used to
control or operate the robotic device, such as a touch screen,
akeyboard, a steering wheel, a button or set of buttons, or any
other known control device. Further, the external component
can also be a controller that is actuated by voice, such as a
voice activation component. Further, a controller may be
purchased from commercial sources, constructed de novo, or
commercially available controllers may be customized to
control any robotic device or any robotic device components
disclosed herein.

In one example, the controller includes the “thumb sticks”
from a Playstation™ Dual-Shock controller. In this example,
the Playstation™ controller had two analog thumb sticks,
each with two degrees of freedom. This allows the operator to
move the thumbsticks a finite amount in an XY coordinate
plane such that pushing the stick forward a little yields a
different output than pushing the stick forward a great deal.
That is, the thumb sticks provide speed control such that
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movement can be sped up or slowed down based on the
amount that the stick is pushed in the corresponding direction.

According to one embodiment, the connections between
the controller and the robotic device are configured such that
each wheel is controlled by a separate joystick.

In another example, the controller is a directional pad simi-
lar to the directional pad on an original Nintendo™ game
system. The pad resembles a+ sign and has four discrete
directions.

In use, the controller can be used to control the movement
of the robotic device and further to control the operation of
any components of the device such as a sensor component, a
manipulator component, or any other such component. For
example, one embodiment of the controller controls the
wheels, the focus adjustment of the camera, and further con-
trols the biopsy tool.

In accordance with one embodiment, the control compo-
nent also serves as a power source for the robotic device.

In accordance with one embodiment, a mobile robotic
device is coupled to an image display component. Signal
from the camera is transmitted in any format (e.g., NTSC,
digital, PAL, etc.) to the image display component. According
to one embodiment, the signal is a video signal or astill image
signal. In one embodiment, the image display componentis a
video display that can be viewed by the operator. Alterna-
tively, the image display component is a still image display. In
a further alternative, the image display component displays
video and still images. In one embodiment, the image display
component is a standard video monitor. Those of ordinary
skill in the art recognize that a signal from a camera can be
processed to produce a display signal for many different types
of display devices, including televisions configured to display
an NTSC signal, televisions configured to display a PAL
signal, cathode ray tube based computer monitors, LCD
monitors, and plasma displays. In a further embodiment, the
image display component is any known image display com-
ponent capable of displaying the images collected by a cam-
era that can be used with any of the robotic devices described
herein.

In one embodiment, the image display component is a
component of the controller.

A robotic device as described herein, according to one
implementation, has a power source or power supply. Accord-
ing to one embodiment, the power source is integrated into the
body of robotic device. In this embodiment, the power source
can be one or more batteries. The battery can be an alkaline,
lithium, nickel-cadmium, or any other type of battery known
in the art.

Alternatively, the power source is positioned in a location
external to the body of the patient. In this embodiment, the
connection component operably coupled to the power source
and the robotic device transmits or conveys power between
the power source and the robotic device. For example, the
external power source according to one embodiment is an
electrical power source such as a battery or any other source
of electricity. Inthis example, theelectricity is conveyed from
the battery to the robotic device via the connection compo-
nent, which is any known wire or cord configured to convey
electricity, and thereby supplies power to the robotic device,
including the motor of the robotic device. In one example, the
power source is integrated into the control component or is
operably coupled to the control component.

According to one embodiment, the power source can be
any battery as described above. Alternatively, the power
source can be magnetic induction, piezoelectrics, nuclear,



US 8,834,488 B2

21

fluid dynamic, solar or any other known power source that can
be used to supply power to any robotic device described
herein.

Fixed Base Devices

Certain robotic devices disclosed herein relate to fixed base
robots. As discussed above, a “fixed base robotic device” is
any robotic device that has no propelled transport component
or is positioned manually by a user. Such a device is also
referred to herein as a “stationary” robotic device. In one
embodiment, a fixed base robot has a camera and is posi-
tioned manually by the user to provide visual feedback or a
visual overview of the target area. A fixed base robotic camera
device according to one implementation facilitates the appli-
cation of laparoscopy and other surgical techniques by pro-
viding a remote-control camera robot to provide visual feed-
back during a surgical procedure, thereby minimizing
incisions and patient risk.

FIG. 14 depicts a robotic imaging device 220, according to
oneembodiment. The device 220 has a main body 222 with an
imaging component 224 disposed therein, an adjustable-fo-
cus component 228, and a support component 234 for sup-
porting the body 222 inside an open space (e.g., a body
cavity). In one embodiment, the device 220 further contains a
light component 226 for illumination, a handle 232, and a
controller 230 for controlling various components of the
device 220 such as the panning or tilting components (dis-
cussed below) or the adjustable-focus component 228.
According to one embodiment, the device 220 is sized for use
with standard laparoscopic tools.

In one embodiment, the device 220 is made of a biocom-
patible material capable of being easily sterilized. According
to one embodiment, the materials can include, but are not
limited to, sterilizable plastics and/or metals. Alternatively,
the device 220 can be made of any material that can be used
in surgical procedures.

The body 222 can take on many different configurations,
such as cylindrical or spherical shapes so as to be compatible
with laparoscopic tools known currently in the art. However,
as with the other components, the body 222 configuration is
not limited to that exemplified herein. In general, the only
constraints on the shape of the body are that the body be able
to incorporate at least one of the components described
herein.

The handle 232, according to one embodiment as depicted
in FIG. 14, is a retractable or otherwise movable handle 232
formed into the shape of a ring or loop. Alternatively, the
handle can be rigid or unmovable. In a further alternative, the
handle 232 is any component in any configuration that allows
for easy repositioning or manipulation of the device 220. In
one aspect, the handle 232 is provided to allow for a grasping
tool or other type of tool to attach to the device 220 via the
handle 232 and thereby reposition or otherwise manipulate
the device 220 in the patient. That is, the device 220 can be
repositioned using the handle 232 to provide a different field
of view for the imaging component 224, thereby providing a
new viewpoint for the user. Thus, the movement of the device
220 enables the imaging component 224 to obtain an image of
at least a portion of the surgical area from a plurality of
different angles without constraint by the entry incision.

The light component 226, according to one embodiment, is
configured to light the area to be viewed, also referred to as
the “field of view.” In one implementation, the light compo-
nent 226 is proximate to the imaging component to provide
constant or variable illumination for the camera. Alterna-
tively, the light component 226 is associated with the handle
232 as depicted in F1G. 14. In such an embodiment, the light
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source 226 illuminates the field of view as well as the handle
232, thereby facilitating easy capture or grasping of the
handle 232 by a tool.

In one example, the lighting component 226 is an LED
light. Alternatively, an exemplary light source is two 5 mm
LED:s. In a further alternative, the lighting component 226
can be any suitable illumination source.

In one implementation, the imaging component 224
depicted in FIG. 14 can be a camera or any other imaging
device. In certain embodiments, the imaging component can
be any imaging component as described above with respect to
mobile robotic devices. Regardless, the camera can be any
known imaging component that can be used with any of the
fixed base robotic devices contemplated herein. In one
embodiment, the imaging component is a stereo camera that
creates a three-dimensional image.

The imaging component can help to increase or improve
the view of the area of interest (such as, for example, the area
where a procedure will be performed) for the user. According
to one embodiment, the imaging component provides real-
time video to the user. Alternatively, the imaging component
can be any imaging component as described above with
respect to the mobile robotic devices.

FIG. 15 depicts another embodiment of a fixed base robotic
camera device 240. The device 240 has a tilting component
242 and a panning component 244, 246. The panning com-
ponent 244, 246 has a small ball bearing structure 244 that is
attached to a base 246, thereby allowing freedom of rotation.
That is, the structure 244 is rotatable with respect to the base
246. In certain embodiments, the panning and tilting compo-
nents provide rotation about two independent axes, thereby
allowing the surgeon more in-depth visualization of the
abdominal cavity for surgical planning and procedures.

In accordance with one implementation, the tilting com-
ponent 242 is pivotally coupled to the body 248 via a pin (not
shown). Alternatively, the tilting component can be a standard
ratchet mechanism or any other type of suitable component
known in the art. According to one embodiment, the tilting
component 242 can tilt up to about 45 degrees from vertical
(i.e., a range of about 90 degrees). Alternatively, the tilting
component 242 can tilt any amount ranging from about 0
degrees to about 360 degrees from vertical, or the tilting
component 242 can configured to rotate beyond 360 degrees
or can rotate multiple times. In certain embodiments such as
the embodiment depicted in FIG. 2, the tilting component 242
is a separate component associated with, but independent of,
the body 248. Alternatively, the tilting component is incorpo-
rated into the body 248 or into the camera component 250.

The panning component 244, 246, according to one
embodiment, has the two components 244, 246 that rotate
with respect to each other as described above with respect to
FIG. 2. Alternatively, the panning component can be any
suitable component known in the art. According ton one
implementation, the panning component 244, 246 provides
for panning the device up to and including or beyond 360
degrees. Alternatively, the panning component 244, 246 pro-
vides for panning any amount ranging from about 180
degrees to about 360 degrees. In a further alternative, the
panning component 244, 246 provides for panning any
amount ranging from about 0 degrees to about 360 degrees. In
certain embodiments such as the embodiment depicted in
FIG. 2, the panning component 244, 246 is a separate com-
ponent associated with, but independent of, the body 248.
Alternatively, the panning component is incorporated into the
body 248 or into the camera component 250.

In one aspect, any fixed base robotic device described
herein has a drive component (not shown). In accordance with
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certain embodiments, the fixed base robotic device can have
more than one drive component. For example, in one embodi-
ment, a fixed base robotic device has a motor for actuating the
panning component and another motor for actuating the tilt-
ing component. Such motors can be housed in the body com-
ponent and/or the support component. In one example, the
actuator or actuators are independent permanent magnet DC
motors available from MicroMo™ Electronics, Inc. in Cleat-
water, Fla. Other suitable actuators include shape memory
alloys, piezoelectric-based actuators, pneumatic motors,
hydraulic motors, or the like. Alternatively, the drive compo-
nent can be any drive component as described in detail above
with respect to mobile robotic devices. In a further alternative
embodiment, the panning and tilting components can be actu-
ated manually.

In one embodiment, the actuator is coupled to a standard
rotary-to-translatory coupling such as a lead screw, a gear, or
a pulley. In this fashion, the force created by the actuator is
translated with the rotary-to translatory coupling.

Moreover, it is also contemplated that the body or camera
in certain embodiments could be capable of a side-to-side
motion (e.g., yaw).

Various embodiments of fixed base robotic devices have an
adjustable-focus component. For example, one embodiment
of an adjustable-focus component 60 that can incorporated
into various embodiments of the fixed base robotic devices
described herein is depicted in FIG. 4 and described in detail
above. Alternatively, a variety of adjustable-focus means or
mechanisms are known in the art and suitable for active or
passive actuation of focusing an imaging component. For
example, one design employs the use of a motor and a lead
screw. The motor turns a turn-table that is attached to a lead
screw. A mating nut is attached to the imager. As the lead
screw turns the imager translates toward and away from the
lens that is mounted to the body of the robot.

According to one embodiment, the imaging component
can have a lens cleaning component. For example, the lens
cleaning component can be a wiper blade or sacrificial film
compose of multiple layers for maintaining a clear view of the
target environment. In a further embodiment, the lens clean-
ing component can be any known mechanism or component
for cleaning a camera lens.

Certain embodiments of the fixed base robotic devices,
such as the embodiment depicted in FIG. 16, are designed to
collapse or otherwise be reconfigurable into a smaller profile.
For example, according to one embodiment, the device 260 is
configurable to fit inside a trocar for insertion into and retrac-
tion from an animal’s body. In the collapsed position as
depicted, handle 262 is coaxial with robot body 264 of device
260. Upon introduction into an open space, handle 262 can be
deployed manually, mechanically actuated, or spring loaded
as exemplified herein to rotate down 90 degrees to a position
similar to that shown in FIGS. 1 and 2. In one embodiment,
such passive actuation is achieved with torsion springs (not
shown) mounted to the handle at the axis of rotation.

The support component 266, as depicted in FIG. 16, is a set
of one or more legs 266 that are moveable between a col-
lapsed and a operational or deployed position. For example,
in FIG. 16, the legs in the collapsed position are coaxial with
body 264 of the device 260. The support component 266 can
be deployed manually, or by mechanical actuation, or as by
spring loading as exemplified herein (e.g., with torsion
springs) to rotate up 90 degrees to a configuration similar to
that shown in the FIGS. 1 and 2. According to one implemen-
tation, the support component can be, but is not limited to,
legs, feet, skis or wheels, or any other component that can
facilitate positioning, weight distribution, and/or stability of a
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fixed base robotic device of any configuration described
herein within a patient’s body. Alternatively, the support com-
ponent can be equipped with magnets such that the device
could be suspended within the open space by positioning a
magnet external of the open space.

According to one aspect, any fixed base robotic device
embodiment described herein is connected to an external
controller via a connection component. According to one
embodiment, the connection component is any wired or flex-
ible connection component embodiment or configuration as
described above with respect to mobile robotic devices. Alter-
natively, the connection component is a wireless connection
component according to any embodiment or configuration as
described above with respect to mobile robotic devices. The
receiver and transmitter used with a wireless robotic device as
described herein can be any known receiver and transmitter,
as also described above. According to another implementa-
tion described in additional detail above with respect to the
mobile devices, any fixed base robotic device embodiment
described herein can be connected via a (wired or wireless)
connection component not only to the external controller, but
also to one or more other robotic devices of any type or
configuration, such devices being either as described herein
or otherwise known in the art.

In one embodiment, the data or information transmitted to
the robotic device could include user command signals for
controlling the device, such as signals to move or otherwise
operate various components. According to one implementa-
tion, the data or information transmitted from the robotic
device to an external component/unit could include data from
the imaging component or any sensors. Alternatively, the data
or information transmitted between the device and any exter-
nal component/unit can be any data or information that may
be useful in the operation of the device.

In accordance with one implementation, any fixed base
robotic device as described herein can have an external con-
trol component according to any embodiment as described
above with respect to the mobile robotic devices. That is, at
least some of the fixed base devices herein are operated by a
controller that is positioned at a location external to the ani-
mal or human. In one embodiment, the external control com-
ponent transmits and/or receives data. In one example, the
unit is a controller unit configured to control the operation of
the robotic device by transmitting data such as electronic
operational instructions via the connection component,
wherein the connection component can be a wired or physical
component or a wireless component. Alternatively, the exter-
nal unit is any component, device, or unit that can be used to
transmit or receive data.

In use, the controller can be used to control the movement
or operation of any components of the device such as the
camera component, a sensor component, or any other com-
ponent. For example, one embodiment of the controller con-
trols the focus adjustment of the camera, and further controls
the panning and/or tilting functions of the device.

According to one embodiment, the control component is
configured to control the operation of the image sensor, the
panning component, and the tilting component. In one
embodiment, the control component transmits signals con-
taining operational instructions relating to controlling each of
those components, such as, for example, signals containing
operational instructions to the image sensor relating to image
quality adjustment, etc.

In accordance with one embodiment, the control compo-
nent also serves as a power source for the robotic device.

According to one implementation, the fixed base robotic
device is coupled to an image display component. The image
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display component can be any image display component as
described above with respect to the mobile robotic devices.

A fixed base robotic device as described herein, according
to one implementation, has a power source or power supply.
According to one embodiment, the power source is any power
source having any configuration as described above with
respect to the mobile robotic devices. According to various
embodiments, power can be provided by an external tether or
an internal power source. When the device is wireless (that is,
the connection component is wireless), an internal power
supply can be used. Various implementations of the fixed base
robotic devices can use alkaline, lithium, nickel-cadmium, or
any other type of battery known in the art. Alternatively, the
power source can be magnetic induction, piezoelectrics, fluid
dynamics, solar power, or any other known power source. In
a further alternative, the power source is a power unit posi-
tioned within the patient’s body. In this embodiment, the
power unit can be used to supply power not only to one or
more robotic camera devices, but can also to any other surgi-
cal robotic devices.

In one embodiment, the fixed base robotic device has one
or more sensor components. In various embodiments, such
sensor components include any of the sensor components as
described above with respect to the mobile robotic devices.

According to one embodiment, any of the components on
any fixed base robotic device as described herein can be
known, commercially available components.

In use, any of the fixed base robotic devices can be used in
various surgical procedures. For example, a fixed base device
can be used in combination with a laparoscopic surgical tool,
wherein the device is adapted to fit through a port of the
laparoscopic surgical tool and used for obtaining an internal
image of an animal. In still other embodiments, the whole of
the device is introduced into an open space to obtain internal
images.

Alternatively, the fixed base robotic devices can be used in
oral surgery and general dental procedures to provide an
image of particularly difficult-to-access locations. Addition-
ally, it will also be appreciated by those skilled in the art that
the devices set forth herein can be applied to other functional
disciplines wherein the device can be used to view difficult-
to-access locations for industrial equipment and the like. For
example, the device could be used to replace many industrial
boroscopes.

Magnetically Coupleable Robotic Devices and Systems

Certain robotic devices disclosed herein relate to magneti-
cally coupleable robotic devices and related systems. As dis-
cussed above, a “magnetically coupleable device” is any
robotic device that can be positioned, operated, or controlled
at least in part via a magnet positioned outside the patient’s
body.

FIGS. 17A and 17B depict a magnetically coupleable
robotic system 300, according to one embodiment. The sys-
tem 300 includes a robotic device 302 and a magnetic handle
304. In one embodiment as best depicted in FIG. 17B, the
robotic device 302 is disposed within the abdominal cavity of
a patient, and the magnetic handle 304 is disposed at a loca-
tion external to the patient. The handle 304 operates to hold
the device 302 inside the abdominal cavity against the peri-
toneum (abdominal wall) 320 via magnetic forces.

In one implementation, the robotic device 302 is a cylin-
drical robotic device 302 having an imaging component 306
and a lighting component 308, along with two magnets 310,
312, each positioned at an end of the device 302. In accor-
dance with one embodiment, the device magnets 310, 312 are
magnetically coupled with magnets 314, 316 on the handle
304 such that the device 302 is urged toward and held against
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the body cavity wall 320. In one embodiment, the magnets
310, 312 are configured to ensure that the imaging component
306 is positioned to provide a view of the body cavity or the
target area of interest. Alternatively, the robotic device can be
any known robotic device as disclosed herein or otherwise
known in the art that can be positioned, operated, or con-
trolled at least in part by an external magnet.

The imaging component 306, according to one embodi-
ment is a single camera. Alternatively, the imaging compo-
nent 306 can be multiple cameras used to create stereoscopic
vision.

It is understood that the magnets 310, 312 can be posi-
tioned anywhere in or on the device 302. It is also understood
that the device 302 can have two magnets 310, 312, one
disposed at each end of the device 302 as shown in FIG. 17B.
The two magnets 310, 312 provide two attachment points,
thereby providing a considerable contact area with the
abdominal wall and hence, stable attachment to the external
magnet 304. Alternatively, the robotic device can have one or
more magnets.

Similarly, it is understood that the magnets 314, 316 in the
handle 304 can be positioned anywhere in or on the handle
304 so long as the magnets can be magnetically coupleable
with the magpets in the device. It is also understood that the
handle 304 can have two magnets 314, 316 as shown in FIG.
17B, or the handle 304 can have one magnet or more than two
magnets.

In accordance with one aspect, the magnetic handle 304,
also referred to herein as an “external magnet”) is in the shape
ofahandle. Itis understood, however, that “magnetic handle”
and/or “external magnet” as used herein is intended to encom-
pass any magnetic component that is magnetically coupleable
with any robotic device as described herein such that the
magnetic component can be used to position, operate, or
control the device.

In one embodiment, the handle 304 can be rotated as shown
by arrow 318 to allow a tilting functionality for the imaging
component 306. That is, the imaging component 306 can
“tilt,” which shall mean, for purposes of the present applica-
tion, moving perpendicular to the axis of the cylinder of the
device 302. Further, the device 302 can also provide for a
panning functionality via rotation of the imaging component
306 as shown by arrow 322, as described in further detail
below. That is, the imaging component 306 can also “pan,”
which shall mean, for purposes of the present application,
rotating about the axis of the cylinder.

In use, the handle 304 can be moved across the entire
abdomen to a desired position by moving the handle 304
outside the body. Alternatively, the device 302 can be posi-
tioned anywhere within an animal body and positioned, oper-
ated, or controlled at least in part by the magnetic handle 304
positioned outside the body. According to one implementa-
tion, the device 302 can also reattach itself if one end is
knocked free. In one embodiment, the magnets 310, 312
provide sufficient magnetic attraction with the external mag-
net to resist vibration. Use of magnets allows for easy adjust-
ment via the handle 304 outside the abdomen and easy attach-
ment to the wall after insertion. In another embodiment,
attachment is achieved by placing the handle 304 against the
abdomen near the entry incision and pressing the handle 304
inward. The opposing poles of the magnets cause the device
302 to be lifted to the abdominal wall.

In one embodiment, the device 302 is sized to be inserted
into the abdominal cavity and can be positioned on the
abdominal wall such that it does not obstruct any surgical
operation or procedure being performed. In such an embodi-
ment, the imaging component 306 provides a view of the
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surgical procedure for the user. In one variation of this
embodiment, the device 302 is sized to fit through standard
laparoscopic tools.

FIG. 18 depicts an exploded view of a magnetically cou-
pleable robotic system 340, according to one embodiment.
The system 340 has a robotic device 342a, 3426 and an
external magnet 344. The robotic device 342a, 3425 as shown
in FIG. 18 has two portions: an inner portion 342a and an
outer portion 3425. The inner portion 342a, according to one
embodiment, is a cylindrically shaped inner body 3424, and
the outer portion 3425 is an outer sleeve 3425 configured to be
rotatably disposed over the inner body 342q. The device
342a, 3425 also has two magnets 346. In this embodiment,
the magnets 346 are disposed in the end portions 348 at each
end ofthe device 342a, 3425. The magnets 346 are configured
to be magnetically coupleable with the magnets 350 disposed
in each end of the magnetic handle 344, such that the handle
344 can be used from a position external to the patient’s body
to position, operate, and/or control the device 342a, 3425
positioned within the body.

FIGS. 19A and 19B depict one embodiment of an inner
body 360 of a magnetically coupleable robotic device. FIG.
19A is a schematic depicting various components of the body
360, including a first portion 362 and a second portion 364, an
adjustable focusing component 366, a lens 368, a lighting
component 370, an actuation component 372, an imaging
component 374, and a bushing 376. In one embodiment, the
two portions 362, 364 are connectable halves that are com-
bined during assembly to form the tubular inner body 360.

In accordance with one implementation, an inner body
similar to the body 360 depicted in FIG. 19B has an outer
sleeve similar to the sleeve 3425 depicted in FIG. 18 rotatably
disposed over the body 360. In such an embodiment, the
imaging component 374 and lens 368 can be panned by
rotating the inner body 360 with respect to the sleeve 3426,
causing the lens 368 to rotate in a fashion similar to that
depicted by the arrow 322 in FIG. 17B. Slots in the sleeve
342b allow the sleeve 3425 to be positioned on the body 360
without blocking the lens 368 or the lighting component 370.
According to one embodiment, the actuation component 372
is a motor 372 that provides force for rotating the inner body
360 with respect to the outer sleeve 3425. In one embodiment,
the motor 372 is a 6 mm brushed motor that turns a planetary
gear (not shown), which revolves around a stationary sun gear
(not shown), thereby causing the inner body 360 to rotate
inside the outer sleeve 3425.

According to one embodiment, the adjustable focusing
mechanism 366 includes two coils of wire (not shown) and a
magnetic field produced by two additional magnets (not
shown) near the lens 368. Current through the coiled wire that
is placed in magnetic field creates a force that is used to drive
the position of the lens 368. In one embodiment, a restoring
force is provided that urges the lens back to its resting position
when the force from the coiled wire is removed. According to
oneimplementation, the restoring force is provided by a foam
component. Alternatively, any known component for provid-
ing a restoring force can be used.

FIG. 20 depicts an alternative embodiment of a magneti-
cally coupleable robotic device 363 with stereoscopic imag-
ing. The device 363 has two imaging components 365, two
magnets 367 disposed at each end of the device 363, and two
lighting components 369, each disposed between one of the
imaging component 365 and an end of the device 363.

FIG. 21 depicts an alternative embodiment of a magneti-
cally coupleable robotic device 380. According to one
embodiment, an outer sleeve can be disposed around the
device 380. Alternatively, no sleeve is used. In one embodi-
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ment, the device 380 has a top portion 400 and a bottom
portion 402. The top portion 400 has an imaging component
382, a lens 384, and a mirror 386 positioned in an aperture
388. In one embodiment, the aperture 388 is covered by an
transparent cover (not shown). Alternatively, there is no
cover. The bottom portion 402, according to one embodi-
ment, contains at least one actuation component 394 operably
coupled to a gear 396 and bearing 398 used to rotate the
device 380.

The lens 384 is operably coupled to a lens adjustment
component 390 and the mirror 386 is operably coupled to a
mirror adjustment component 392. Light is allowed through
the aperture 388 and reflected off the mirror 386 up to the
imaging component 382 through the lens 384. In this embodi-
ment, adjusting the angle of the mirror 386 makes it possible
to capture an image from a wide variety of different angles
without otherwise tilting the device 380. In this embodiment,
the mirror adjustment component 392 includes a 6 mm motor
that operates to turn a threaded rod to move a nut up and down
in a guide slot. The nut is attached to the mirror causing it to
change its tilt angle. Alternatively, any known mechanism for
providing adjustment of the disposition of the mirror 386 can
be used. In one embodiment, adjustable mirror 386 allows for
the capture of images from a wide area around the device 380.
That is, the device 380 can remain relatively stationary.

According to one embodiment, the image is focused by
moving the lens 384. In this embodiment, lens 384 adjustment
is accomplished with the lens adjustment component 390.
The component 390 has an actuation component operably
coupled to a threaded rod that drives a nut in a guide slot,
where the lens is rigidly fixed to the nut. According to an
alternative embodiment, focusing is accomplished by any
known focusing component.

According to one embodiment, the bottom portion 402 is a
solid portion with cavities for the actuation component 394
and, according to another embodiment, the lens adjustment
motor and the mirror adjustment motor.

In this embodiment, the device 380 provides for panning
the imaging component 382 by rotating the device 380 using
the actuation component 394 and further provides for tilting
functionality via tilting the mirror 386 as described above.

Alternatively, the magnetically coupleable robotic device
can have any known component that provides for panning
capabilities and/or any known component that provides for
tilting capabilities. In another embodiment, the device has no
panning capabilities and/or no tilting capabilities. In a further
embodiment, the device has both pan and tilt components.

FIGS. 22A and 22B depict another embodiment of a mag-
netically coupleable robotic device 420. The device 420 has a
cylindrical housing 422 that is coupled to arms 424 via joints
426. The device 420 has four arms 424 and four joints 426.
Alternatively, the device 420 has one or more arms 424
coupled to the cylindrical housing 422 via one or more joints
426.

In one implementation, the cylindrical housing 422 has an
imaging component (not shown). According to one imple-
mentation, the imaging component is a camera. Alternatively,
the imaging component is a pair of stereoscopic cameras.

The device 420, according to one implementation, has an
actuator (not shown) for actuating each of the joints 426. In
one embodiment, the device 420 has a separate actuator for
each joint 426. Alternatively, the device 420 has one or more
actuators. In one embodiment, each actuator is disposed
within an arm 424. Alternatively, each actuator is disposed in
any portion of the device 420.

FIG. 22B depicts the device 380 in a linear configuration.
That is, the components of the device 380 are configured via
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the joints 426 such that the device 380 is generally in a linear
tubular shape that allows for easy insertion into and removal
from a patient’s body. In one embodiment, the device 420 has
a diameter that allows for insertion through a standard lap-
aroscopic surgical port and for use with all standard laparo-
scopic tools.

The device 420, according to one aspect, has an external
controller (not shown) coupled to the device 420. The con-
troller can be coupled to the device 420 via a wired connec-
tion component or it can be coupled wirelessly. In certain
embodiments, the controller can be any controller as
described above with respect to other embodiments of robotic
devices. In another embodiment, the controller is a controller
similar to those used in industrial robots in which each joint is
controlled or activated separately using a switch or button or
other type of input component (certain versions of such a
controller also being referred to in the art as a “teach pen-
dant”). Alternatively, the controller is a joystick controller
similar to those described above.

In a further alternative, the controller is a “closed loop”
controller system commonly used in robotic technologies. As
is understood, a “closed loop” controller system is a system
that provides for a controller that allows the user to provide
specific instructions regarding a specific movement or action
and further provides for a feedback sensor that ensures the
device completes the specific movement or action. This sys-
tem allows for very specific instructions or commands and
very precise actions. For example, in the embodiment in FIG.
22A, the user may input instructions into the controller that
the device 420 should position the right arm 424 at a 30° angle
with respect to the body 422, and the right arm 424 then
moves until the sensor senses that the arm 424 is positioned at
the desired angle. The feedback sensor can be a joint sensor,
a visual sensor, or any other known feedback sensor. A con-
troller system thus allows for utilizing very specific and pre-
cise control of a device, including very precise device posi-
tioning, trajectory control, and force control. In one
embodiment, the device could then be precisely operated in
joint space or Cartesian space. Further, it is understood that
any known robotic controller technologies can be incorpo-
rated into any of the robotic devices disclosed herein.

In yet another alternative, the controller is a component
having a configuration similar to the device component itself.
For example, in the embodiment depicted in FIG. 234, the
controller could have a kinematic configuration similar to that
ofthe arms 444, such that the controller would have arms with
“shoulder joints” and “elbow joints” that could be moved to
activate the arms 444 of the device 420 in a similar fashion.

The controller is used to activate the components of the
device 420. That is, the controller can be operated by a user to
operate the device 420. The controller is coupled to the actua-
tors (not shown) of the device 420 to operate the arms 424 and
joints 426, any imaging component, and any operational com-
ponents operably coupled to the device 420. Alternatively,
two or more controllers (not shown) can be coupled to the
device 420 to operate different components of the device 420.

In use, the robotic device 420 is a retractor device 420,
according to one embodiment. The device 420 can be inserted
into a patient’s body while in the linear configuration of FIG.
22B and positioned entirely inside the body. In one embodi-
ment, the device 420 is inserted into the body through a
standard laparoscopic port. Alternatively, the device 420 can
be inserted through a natural orifice as described in further
detail elsewhere herein.

In one embodiment, the device is controlled by an operator
to provide gross tissue manipulation, stereoscopic vision and
visual feedback via the imaging component, and/or task assis-
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tance capabilities for any type of procedure within a patient’s
body. That is, once the device 420 has been positioned inside
the body, the user can operate an external controller to activate
the actuators to configure the arms 424 into an appropriate
configuration. In one embodiment, the device 420 is used for
gross manipulation of tissue and organs, retracting those that
physically or visually obstruct the surgeon. In this embodi-
ment, the arms 424 of the device 420 can be used to hold back
tissue and organs to allow the surgeon physical and visual
access to the necessary surgical field.

According to one embodiment, the positioning or configu-
ration of the arms 424 can be maintained following initial
positioning by the user such that the user does not need to rely
on clamping or manual holding. In addition, the configuration
of the arms 424 can be remotely adjusted throughout the
procedure by the user.

In an alternative embodiment, a magnetically coupleable
device can have additional components and be used for addi-
tional procedures. That is, the device can have at least one
operational component attached to an arm or the cylindrical
housing. FIGS. 23A and 23B depict an alternative embodi-
ment of a magnetically coupleable robotic device 440 having
two operational components 450, 452. The device 440 has a
cylindrical housing 442 that is coupled to four arms 444 via
four joints 446, 448. In addition, the cylindrical housing 442
has an imaging component 454, which, in this example, is a
pair of stereoscopic cameras 454. The device 440 also has two
operational components 450, 452 coupled to the outer two
arms 444 of the device 440. In this embodiment, the opera-
tional components are a forceps 450 and a cautery 452.

In one embodiment, the forceps 450 are similar to standard
hand-held laparoscopic forceps, similar to the forceps tool
480 depicted in FIG. 25. The tool 480 generally operates
using a simple lever in which an inner shaft 482 (or cable) is
pulled within an outer sheath. The inner shaft 482 then actu-
ates both of the opposing “jaws” 484, which pivot about a
common pin 486. In one embodiment, the tool 480 can have
a permanent magnet direct current motor with a lead screw
488 mounted on the motor shaft. The lead screw 488 would
move a lead nut 490 in and out to move the inner shaft and
actuate the opposing jaws 484. Alternatively, the motor can be
any actuation component. Further, in another embodiment,
the forceps can be any known forceps tool that can be incor-
porated into a magnetically coupleable robotic device accord-
ing to any embodiment described herein.

In one implementation, the cautery 452 can be a commer-
cially-available handheld single use cautery tools such as
those made by ACMI Corporation, Medtronic, or several
other manufacturers. Such devices consist of a specialized tip
and often use two standard AA batteries as a power source.
The devices generally operate at 3 volts and pass approxi-
mately 2 amps through the tip to reach temperatures around
1200° C. (2200° F.). The tips of these devices can be removed
and installed as detachable operational components. In one
embodiment, the cautery tool also has a Darlington transistor
pair thatis controlled by a microprocessor, and through which
electrical current can be passed. Alternatively, the cautery
component 452 can be any known component that can be
used with a magnetically coupleable robotic device of any
embodiment described herein.

Alternatively, the operational component according can be
a grasper or a scalpel. In a further embodiment, the opera-
tional component can be any operational component as
described above with respect to the mobile robotic device
embodiments that could be used with the present magneti-
cally coupleable robotic device. For example, the operational
component can be a dissector, a clippers, a stapler, an ultra-
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sound probe, a suction component, an irrigation component,
or any component that may be useful in a medical procedure
of any kind. As such, a magnetically coupleable device as
described herein with the operational component could be
used in such procedures as tissue dissection, suturing, or any
other medical procedure that could be performed with an
operational component coupled to a magnetically coupleable
device as described herein.

In one embodiment, the joints depicted in FIG. 23A posi-
tioned on each end of the cylindrical body 442 can be referred
to as “shoulder” joints 446 and the joints 448 between the
arms attached to the shoulder joints 446 and the end arms 44
are “elbow” joints 448. According to one embodiment, the
shoulder joints 446 and the elbow joints 448 have different
degrees of freedom. For example, according to one embodi-
ment, the shoulder joints 446 have two degrees of freedom
and the elbow joints 448 have one degree of freedom. Alter-
natively, each of the shoulder joints 446 and the elbow joints
448 can have the same degrees of freedom. The degrees of
freedom for each joint 446, 448 can vary from about 0 degrees
of freedom to about 360 degrees of freedom, or, alternatively,
the joint can be configured to rotate beyond 360 degrees or
can rotate multiple times.

As shown in FIG. 23B, an exterior magnetic handle 456 is
positioned outside the patient’s body in such a fashion that the
magnets 458 in the handle interact with the magnets (not
shown) in the device 440, thereby causing the device 440 to be
urged toward the handle 456 and thus urged against a portion
of the abdominal wall between the device 440 and the handle
456. In one embodiment, the magnet or magnets in the device
440 are disposed in the cylindrical body 442. Alternatively,
the magnets are disposed anywhere in or on the device 440
such that the magnets can interact with the handle magnets
458. The handle 456 can be moved across the exterior of the
body to position the robot. This will allow for gross position-
ing of the robot, while, according to one embodiment, more
precise movements can be accomplished using the device’s
arms 444. In one implementation, the force of the magnetic
attachment is sufficient to support reaction forces created by
interaction between any operational components of the
device 440 and the surgical target.

In one embodiment, the imaging component 454 includes
a CMOS sensor available from by Micron Technology, Inc.,
located in Boise, 1d. The sensor consists of an array of 640x
480 pixels with an active image area of 3.63 mmx2.78 mm,
and has on-board signal processing circuitry that outputs an
analog color NTSC composite video signal. The sensor also
has several settings that can be used to optimize image qual-
ity. These are programmable via a standard serial connection,
and include color saturation, brightness, hue, white balance,
exposure, and gain. The entire sensor is 9 mmx9 mmx1.3 mm
in size, requires only a single-ended 2.5 Volt power supply,
and draws approximately 40 mA (100 mW). Alternatively,
any known imaging component can be used. According to
another embodiment, any one of a number of compound
lenses matched to these types of sensors are widely available.
In addition, the device 440 can also have a variable focus
mechanism based on a voice coil design. Alternatively, any
known variable focus component can be used.

In accordance with one implementation, the imaging com-
ponent can provide visual feedback relating to the operation
of the device 420. For example, the imaging component can
be used to determine the location of the arms 424 and/or
provide visual feedback to the user with respect to any surgi-
cal procedure being performed. That is, the user could utilize
the visual feedback from the imaging component to aid in
positioning of tissues for inspection or in the performance of
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any procedure that might be accomplished with an opera-
tional component, such as dissection or suturing. All of this
type of information can be utilized for the adjustment of the
arms 424 to attain any desired configuration for providing
tissue retraction or procedural assistance.

In one aspect, the device 440 as configured in FIGS. 23A
and 23B approximates the “look and feel” of a laparoscopic
procedure using standard, known laparoscopic tools. During
astandard procedure using known tools, the surgeon typically
creates an incision for a camera device, wherein the camera
device incision is positioned between the incisions through
which the standard tools are inserted for performing the pro-
cedure. This positioning provides the camera with best field
of view for allowing the user or surgeon to easily view the
image(s) captured by the camera. Similarly, the device 440
provides for an imaging component 454 (which can be two
stereoscopic cameras as depicted in FIG. 23A) that is posi-
tioned between the arms 444, thereby providing a field of
view similar to that provided during standard laparoscopic
procedures and thus approximating the configuration and
“look and feel” of the standard procedures using the standard
tools in which the imaging laparoscope is placed between two
standard tools.

In one embodiment, each actuator has two 6 mm brushed
motors and two springs disposed ina cylindrical arm 424. The
actuator articulates ajoint 426 primarily in two planes. [n this
embodiment, the rotational motion of the motor is trans-
formed to linear motion using a lead screw and nut in a guide.
Each nut is attached via a swing or cable to one side of the
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causing the joint 426 to rotate. A spring attached to the other
side of the joint 426 provides the restoring force for articula-
tion of the joint 426 in one plane. Alternatively, the actuator
can be any known actuation component that can be used with
this device 420.

FIG. 24 depicts another embodiment of a magnetically
coupleable robotic device 466 having two operational com-
ponents 468, 469. The device 466 has a housing 467 that is
coupled to two arms 470 via two joints 471. In addition, the
housing 467 has an imaging component 472, which, in this
example, is a pair of stereoscopic cameras 472, and further
has atleast one magnetic component 473 embedded or incor-
porated into the housing 467.

The arms 470 are movably coupled to the housing 467 to
allow for movement of the arms 470. More specifically, in the
embodiment depicted in FIG. 24, the arms 470 are coupled to
the housing 467 via hinges 471 that allow for pivoting around
an axis as depicted by arrow 476. In addition, the device also
allows for pivoting or rotating the arms around the axis that
runs along the length of the housing 467 as depicted by arrow
471. Further, it is understood that any known hinge, joint,
rotatable component, or any other coupling component can be
used to couple the arms 470 to the housing 467 such that the
arms 470 can move in relation to the housing 467.

The two operational components 468, 469 are each
coupled to an arm 470 such that each operational component
468, 469 can move in relation to the respective arm 470. More
specifically, in this embodiment, both operational compo-
nents 468, 469 are movably coupled to the arms 470 such that
each of the components 468, 469 can extend and retract
laterally along the axis of the arms 470 as depicted by the
arrow 474. Further, the component 468, 469 can also rotate
around that axis as indicated by the arrow 475. It is under-
stood that any known joint, rotatable component, or any other
coupling component can be used to couple the components
468, 469 to the arms 470 such that the arms components 468,
469 can move in relation to the arms 470. In addition, accord-
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ing to an alternative embodiment, the components 468, 469
are coupled to a second set of arms (not shown) that are
movably coupled to the arms 470 such that the second set of
arms can be moved laterally (arrow 474) and/or rotationally
(arrow 475). In further embodiments, the second set of arms
can each have a single motion or multi-motion joint on its
distal end that is operably coupled to the operational compo-
nent whereby the operational component can be move in
relation to the second set of arms.

The device 466, according to one aspect, has a flat surface
(not shown) along the side of the housing 467 opposite the
imaging component 472. When the device 466 is magneti-
cally coupled via the magnet component 473 to an exterior
magnet and thus positioned against an interior surface of the
cavity as described in previous embodiments, the flat surface
inhibits rotation of the housing 467 along the y axis as shown
in FIG. 24.

In accordance with one implementation, the device 466 as
configured in FIG. 24 approximates both the “look and feel”
ofknown laparoscopic tools and the movement of those tools.
As discussed above with respect to FIGS. 23A and 23B, the
device 466 approximates the “look and feel” of the known
tools by the configuration of the imaging component 472
between the two arms 470. Further, the device 466 approxi-
mates the movement of the known tools via the movement
capabilities of the operational components 468, 469 in rela-
tion to the arms 470. That is, the extension and retraction of
the components 468, 469 as depicted by arrow 474 and the
rotation of the components 468, 469 as depicted by arrow 475
approximate the movement of the known tools, thereby pro-
viding familiar movement capabilities for a user.

An alternative arm or link 500, according to another
embodiment, is depicted in FIGS. 26A & B. As best depicted
in FIG. 26A, the link 500 has a lead screw 502 operably
coupled to the motor 506 and also to a nut 504. As best
depicted in FIG. 26B in combination with FIG. 26A, a string
or cable 508 is provided that is attached to the nut 504 through
hole 505, passes around a pulley 510 at one end, and is
attached at one end of the string 508 to hole 511 in one end of
the rotatable joint component 512 and is further attached at
the other end of the string 508 to hole 513 in the other end of
the rotatable joint component 512.

The lead screw 502 and nut 504 in this embodiment pro-
vide linear translation. More specifically, the motor 506 oper-
ates to turn the lead screw 502, which causes the nut 504 to
move in a linear fashion. The string 508 attached to the nut
504 moves as a result, and this causes the joint component 512
to rotate, resulting in movement of the link 500 with respect to
the link (not shown) connected at the joint component 512
(thereby changing the elbow angle at the joint).

The link 500 also has a compression or tension spring 514
positioned between the two cover components 516, 518 posi-
tioned to at least partially cover the motor 506. The spring 514
operates to maintain string 508 tension by urging the two
components 516,518 outward away from each other. Further,
during the use, the spring 514 provides some passive compli-
ance by allowing for relaxing the tension on the string 508 as
the link 500 and other links of the operational component of
the device are bent or twisted, such as during insertion into the
patient’s body. The relaxing of the tension allows for the links
to move with respect to each other, thereby allowing for some
bending and twisting of the device and thus making insertion
somewhat easier.

In accordance with one embodiment, a magnetically cou-
pleable robotic device system can include an insertion com-
ponent that is used to insert the robotic device into the
patient’s stomach during a natural orifice procedure as
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described in further detail below. In one aspect, the insertion
component is a sterile tubular component (also referred to
herein as an “insertion overtube”). In one embodiment, in
which the device is inserted into the body using a standard
upper endoscope, the overtube is sized for both the robotic
device and the endoscope.

Any of the magnetically coupleable robotic device
embodiments described above can have a light component.
For example, the light component in one embodiment is a
light component 370 similar to that depicted in FIGS. 19A
and 19B. In another embodiment, the lighting component is
an array of high intensity, low power light emitting diodes
(LED:s). For example, in one embodiment, the lighting com-
ponent is a pair of 10,000 milli-candle LED’s. The light
component, according to one embodiment, is configured to
light the field of view. In one implementation, the light com-
ponent is proximate to the imaging component to provide
constant or variable illumination for the camera. Alterna-
tively, the light component can be positioned anywhere on the
robotic device to provide appropriate illumination. In one
example, the lighting component is an LED light. Alterna-
tively, an exemplary light source is two 5 mm LEDs. In a
further alternative, the lighting component can be any suitable
illumination source.

The imaging component used with any magnetically cou-
pleable robotic device can be a camera or any other imaging
device. In certain embodiments, the imaging component can
be any imaging component as described above with respect to
mobile robotic devices or the fixed base robotic devices.
Regardless, the camera can be any known imaging compo-
nent that can be used with any of the magnetically coupleable
robotic devices contemplated herein. In one embodiment, the
imaging component is a stereo camera that creates a three-
dimensional image.

The imaging component can help to increase or improve
the view of the area of interest (such as, for example, the area
where a procedure will be performed) for the user. According
to one embodiment, the imaging component provides real-
time video to the user. Alternatively, the imaging component
can be any imaging component as described above with
respect to the mobile robotic devices or the fixed base robotic
devices.

In one aspect, the at least one actuation component
described herein with respect to the magnetically coupleable
robotic devices can be permanent magnet DC motors, shape
memory alloys, piezoelectric-based actuators, pneumatic
motors, hydraulic motors, or the like. Alternatively, the drive
component can be any drive component as described in detail
above with respect to mobile robotic devices or fixed base
robotic devices.

Various embodiments of the magnetically coupleable
robotic devices have an adjustable-focus component, some of
which are described above. A variety of adjustable-focus
components or mechanisms are known in the art and suitable
for active or passive actuation of focusing an imaging com-
ponent. Alternatively, the adjustable focus component can be
any such focus component as described in detail above with
respect to mobile robotic devices or fixed base robotic
devices.

According to one aspect, any magnetically coupleable
robotic device embodiment described herein is connected to
an external controller via a connection component. In one
embodiment, the connection component is a wired connec-
tion component that is a seven conductor cable that is config-
ured to carry two video signals, electrical power, and opera-
tional signals from the controller. In this embodiment, the
device can also have a microprocessor to decode any incom-
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ing operational signals and provide commands the device
components. For example, the microprocessor canbe an 8-bit
embedded microprocessor (such as, for example, an 80C5X2
Core, available from Atmel Corporation located in San Jose,
Calif) with a full speed on-board USB interface. The inter-
face receives input commands from the controller and the
processor has 34 digital I/O pins to interact with component
circuitry, such as motor drivers, focus mechanism, camera
settings, etc. Alternatively, the microprocessor can be any
known microprocessor that can be used for any robotic device
as described herein.

Alternatively, the connection component is any wired or
flexible connection component embodiment or configuration
as described above with respect to mobile or fixed base
robotic devices. In a further alternative, the connection com-
ponent is a wireless connection component according to any
embodiment or configuration as described above with respect
to mobile or fixed base robotic devices. The receiver and
transmitter used with a wireless robotic device as described
herein can be any known receiver and transmitter, as also
described above. According to another implementation
described in additional detail above with respect to the mobile
and fixed base devices, any magnetically coupleable robotic
device embodiment described herein can be connected via a
(wired or wireless) connection component not only to the
external controller, but also to one or more other robotic
devices of any type or configuration, such devices being
either as described herein or otherwise known in the art.

In one embodiment, the data or information transmitted to
the magnetically coupleable robotic device could include
user command signals for controlling the device, such as
signals to move or otherwise operate various components.
According to one implementation, the data or information
transmitted from the robotic device to an external component/
unit could include data from the imaging component or any
sensors. Alternatively, the data or information transmitted
between the device and any external component/unit can be
any data or information that may be useful in the operation of
the device.

In accordance with one implementation, any magnetically
coupleable robotic device as described herein can have an
external control component according to any embodiment as
described above with respect to the mobile or fixed base
robotic devices. That is, at least some of the magnetically
coupleable devices herein are operated not only by an exter-
nal magnet, but also by a controller that is positioned at a
location external to the animal or human. In one embodiment,
the external control component transmits and/or receives
data. In one example, the unit is a controller unit configured to
control the operation of the robotic device by transmitting
data such as electronic operational instructions via the con-
nection component, wherein the connection component can
be a wired or physical component or a wireless component.
Alternatively, the external unit is any component, device, or
unit that can be used to transmit or receive data.

In one embodiment, in which the magnetically coupleable
robotic device has arms and joints similar to those embodi-
ments depicted in FIGS. 22A, 23A, 25, and 26, the controller
is a master controller that has the same or similar kinematic
configuration as the robotic device such that the user will
move the arms and joints on the master and signals will be
transmitted to the robotic device such that the device mirrors
the new configuration of the master controller. The controller
also has a visual display such that the user can view the
configuration of the device and utilize that information to
determine the proper configuration and operation of the
device.
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In use, the controller can be used to control the movement
or operation of any components of the device such as the
camera component, a sensor component, or any other com-
ponent. For example, one embodiment of the controller con-
trols the focus adjustment of the camera, and further controls
the panning and/or tilting functions of the device.

According to one embodiment, the control component is
configured to control the operation of the imaging compo-
nent, the panning component, and the tilting component of a
robotic device such as the device 380 depicted in FIG. 19. In
one embodiment, the control component transmits signals
containing operational instructions relating to controlling
each of those components, such as, for example, signals con-
taining operational instructions to the imaging component
relating to image quality adjustment, etc.

In accordance with one embodiment, the control compo-
nent also serves as a power source for the robotic device.

According to one implementation, the magnetically cou-
pleable robotic device is coupled to an image display com-
ponent. In one embodiment, the image display component is
a component of the controller. In one embodiment, the image
display component is a commercially-available stereoscopic
3-D image display system. Such systems use images from
two video sensors and display the images in such a way as to
create a 3-D effect. For example, the image display compo-
nent can be a Sharp LL-151-3D computer monitor. Alterna-
tively, the image display component is special wireless eye-
wear that rapidly switches between images from the two
sensors, such as, for example, the CrystalEyes 3™, which is
available from Real D, located in Beverly Hills, Calif. Alter-
natively, the image display component can be any image
display component as described above with respect to the
mobile or fixed base robotic devices.

A magnetically coupleable robotic device as described
herein, according to one implementation, has a power source
or power supply. According to one embodiment, the power
source is any power source having any configuration as
described above with respect to the mobile or fixed base
robotic devices. According to various embodiments, power
can be provided by an external tether or an internal power
source. When the device is wireless (that is, the connection
component is wireless), an internal power supply can be used.
Various implementations of the magnetically coupleable
robotic devices can use alkaline, lithium, nickel-cadmium, or
any other type of battery known in the art. Alternatively, the
power source can be magnetic induction, piezoelectrics, fluid
dynamics, solar power, or any other known power source. In
a further alternative, the power source is a power unit posi-
tioned within the patient’s body. In this embodiment, the
power unit can be used to supply power not only to one or
more robotic camera devices, but can also to any other surgi-
cal robotic devices.

In one embodiment, the magnetically coupleable robotic
device has one or more sensor components. In various
embodiments, such sensor components include any of the
sensor components as described above with respect to the
mobile or fixed base robotic devices.

According to one embodiment, any of the components on
any magnetically coupleable robotic device as described
herein can be known, commercially available components.

Although the above embodiments have included magnetic
coupling components, it is understood that other attachment
components or devices can be used to removably attach any of
the device embodiments disclosed above or throughout the
specification to an interior portion of a patient. For example,
the attachment component could be a clip, a pin, a clamp, or
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any other component that provides for attachment or posi-
tioning along an interior surface of a patient.

Further, It is understood that any of the components dis-
closed herein with respect to any particular embodiment of a
robotic device are also intended to be capable of being incor-
porated into any other robotic device embodiment disclosed
herein. Forexample, any component disclosed with respect to
a magnetically coupleable robotic device embodiment can
also be incorporated into any embodiment of a mobile or fixed
base robotic device as described herein.

Methods of Using Robotic Devices

Any of the robotic devices described herein can be used in
various different surgical methods or procedures in which the
device is used inside the patient’s body. That is, the robotic
devices can be used inside the patient’s body to perform a
surgical task or procedure and/or provide visual feedback to
the user.

According to one embodiment, any of the mobile devices
described above can be inserted entirely into the patient,
wherein the patient can be any animal, including a human. In
known laparoscopic procedures, the use of small incisions
reduces patient trauma, but also limits the surgeon’s ability to
view and touch directly the surgical environment, resulting in
poor sensory feedback, limited imaging, and limited mobility
and dexterity. In contrast, the methods described herein using
the various robotic devices inside the body can provide vision
and surgical assistance and/or perform surgical procedures
while the robotic device is not constrained by the entry inci-
sion.

In one embodiment, any of the above devices can be used
inside an abdominal cavity in minimally invasive surgery,
such as laparoscopy. Certain of the devices are sized and
configured to fit through standard laparoscopic tools. Accord-
ing to one embodiment, the use of a robotic device inserted
through one standard laparoscopy port eliminates the need for
the second port required in standard laparoscopic procedures.

According to one embodiment, robotic devices as
described herein having a camera can allow for planning of
trocar insertion and tool placement, as well as for providing
additional visual cues that will help the operator to explore
and understand the surgical environment more easily and
completely. Known laparoscopes use rigid, single view cam-
eras with limited fields of view inserted through a small
incision. To obtain a new perspective using this prior art
device often requires the removal and reinsertion of the cam-
era through another incision, thereby increasing patient risk.
In contrast, the robotic devices with cameras as described
herein provide one or more robots inside an abdominal cavity
to deliver additional cavity images and easy adjustment of the
field of view that improve the surgeon’s geometric under-
standing of the surgical area. The ability to reposition a cam-
era rapidly to arbitrary locations will help the surgeon main-
tain optimal orientation with respect to other tools.

In accordance with one implementation, any of the mobile
robotic devices described herein can be used not only in
traditional surgical environments such as hospitals, but also in
forward environments such as battlefield situations.

According to another embodiment, any of the robotic
devices described herein can be used in a natural orifice
procedure. “Natural orifice surgery,” as used herein, is any
procedure in which the target portion of the body is accessed
through a natural orifice such as the mouth, anus, vagina,
urethra, ear, or nostril, or any other natural orifice, for surgical
or exploratory purposes.

For purposes of this application, theumbilicus is deemed to
be a natural orifice. More specifically, the umbilicus is a
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natural orifice that can be reopened for use in a surgical or
exploratory procedure and then subsequently allowed to heal
closed again.

Natural orifice surgery, according to one embodiment, can
be performed by inserting an appropriate medical device into
the body through the mouth and penetrating into the abdomi-
nal cavity via an incision in the stomach wall, which is also
referred to as “transgastric” surgery. In one embodiment, the
gastrotomy (a hole in the stomach wall) is formed using a
standard endoscopic tool. Alternatively, the gastrotomy is
formed using one of the robotic devices.

One advantage of such surgery is the elimination of skin
incisions and a reduction in post-operative pain and/or dis-
comfort. Another advantage of natural orifice surgery through
the gastric cavity is the substantially antiseptic state of the
stomach, thereby reducing the risk of infection. Another
advantage is the rapid healing characteristics of the stomach.
That is, gastric incisions heal more quickly than incisions
made in the abdominal wall. Natural orifice surgery elimi-
nates skin incisions and reduces post-operative pain and dis-
comfort. Such an approach provides a distinct benefit com-
pared to conventional laparoscopy where multiple entry
incisions are required for tools and a camera. Thus, access
through a natural orifice eliminates the need for external
incisions, thereby avoiding possible wound infections while
reducing pain, improving cosmetics, speeding recovery, and
reducing adhesions and ileus. Further, natural orifice proce-
dures can also for the first time allow minimally invasive
techniques to be used on obese patients for whom the thick-
ness of the abdominal wall makes laparoscopy impossible.

FIG. 27. according to one embodiment, depicts a natural
orifice surgical method 540. The robotic device is inserted
through the mouth of the human patient and through an inci-
sion in the stomach wall and into the insufflated abdominal
cavity. In this embodiment, a wired connection component is
coupled to the device. Alternatively, the device is wireless.

In accordance with one aspect, the method of performing
natural orifice surgery includes performing the procedure
with an untethered robotic device. Alternatively, the method
relates to a method of performing natural orifice surgery with
a robotic device that is tethered with a flexible connection
component. The device can be any of the robotic devices
disclosed herein. Alternatively, the device can be any robotic
device that can be inserted into a natural orifice of the body for
surgical or exploratory purposes. In a further alternative, the
device can have any known form or structure so long as the
device is a robotic device that can be inserted into a natural
orifice for surgical or exploratory purposes.

According to another embodiment, any one of the robotic
devices disclosed herein can be used with one or more other
robotic devices, including any of the devices disclosed herein.
That 1s, the robotic devices disclosed herein constitute a fam-
ily of robotic devices that can be utilized together and/or in
combination with other known robotic devices to perform
surgical procedures. That is, any combination of the robotic
devices can be positioned inside the patient’s body to coop-
eratively perform a surgical procedure.

In one implementation, the two or more robotic devices,
whether coupled in an untethered fashion or via a wired
connection component, can be operated in cooperative or
sequential fashion or any other fashion during a procedure in
which more than one robotic device provides an advantage. In
another embodiment, multiple mobile, fixed-base, and/or
magnetically coupleable devices with a variety of sensors and
manipulators are used cooperatively as a low-cost robotic
surgical “team” that are inserted into the patient’s body
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through a single incision. This family can perform an entire
procedure while being remotely controlled by the user.

One example of more than one robotic device being used
cooperatively, according to one embodiment, is depicted in
FIG. 28, which shows amobile robotic device similar to those
described above and a magnetically coupleable robotic cam-
era device similar to those described above being used in
cooperation with the da Vinci™ system. The robotic camera
device positioned against the upper peritoneal wall can be
used to capture images of the procedures being performed by
the mobile robotic device and the da Vinci™ tools.

Further, it is contemplated that multiple robotic camera
devices can be used simultaneously to provide the operator
with improved visual feedback from more than one viewing
angle. Likewise, the one or more robotic camera devices can
be used in conjunction with one or more surgical robots.

In a further embodiment, a process can be implemented
during surgical procedures so that the number and location of
all wireless robots can be documented throughout a proce-
dure.

In accordance with one implementation, the cooperative
method can be combined with the natural orifice method.
That is, multiple robots, each with various different functions,
could be inserted into the patient’s body through a natural
orifice. This method allows multiple robots to be indepen-
dently inserted through the orifice, thereby providing a sur-
gical “team” inside the patient’s body during a surgical pro-
cedure. In one embodiment, the current method allows
sufficient room in the esophagus to remove discarded tissue
(such as a gall bladder) and for insertion of specialized tools
(cauterizing, etc).

Another embodiment relates to methods, systems and
devices for cooperative use of a robotic device with (1) stan-
dard laparoscopic tools, (2) the da Vinci® system, and/or (2)
at least one other robotic device, including any of the devices
discussed or referenced above, or any combination thereof.

In one embodiment, a robotic camera device can be used in
conjunction with a standard laparoscope to give the surgeon
an auxiliary viewpoint, such as, for example, a rear viewpoint
of an abdominal feature. In another embodiment, the robotic
camera device can be used by itself to reduce patient trauma
by inserting it through a tool port. In another embodiment, the
robotic camera device is used as the camera or cameras for a
minimally invasive abdominal surgery where the camera or
cameras can be moved to any position inside the cavity, elimi-
nating the need for the laparoscope. This requires only two
incisions in the abdominal wall instead of three, reducing
patient trauma and risk of complications.

According to one embodiment, robotic devices disclosed
herein cooperate with da Vinci® tools, thereby compliment-
ing the da Vinci® system with auxiliary viewpoints and thus
improving visual feedback to the surgeon. One or more of the
robotic devices are placed entirely within the abdominal cav-
ity and are therefore not constrained by the entry incisions.

In one example, two robotic devices can be used in coop-
eration with the da Vinci® system during a surgical proce-
dure. The first device is a magnetically coupleable pan-and-
tilt robotic camera device that is attached to the abdominal
wall using magnets. The second is a wheeled mobile robotic
device with acamera. The pan-and-tilt device provides a view
from above the surgical target while the mobile device pro-
vides a view from a low perspective. The point-of-view of
both these devices is easily changeable throughout the pro-
cedure. In one embodiment, the video from these devices is
sent directly to the da Vinci® console and can, by the sur-
geon’s choice, be displayed as one image in the stereo-vision
system. In another embodiment, both devices are reposi-
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tioned throughout the surgery to give perspectives that would
otherwise require a new incision and a time consuming repo-
sitioning of da Vinci® tools. In one embodiment, the robotic
devices are controlled by the surgeon via a separate joystick.

In one embodiment, the da Vinci® system is positioned as
per normal procedure. Three small incisions are made in the
abdominal wall for the two tool ports and the laparoscope. A
special, slightly larger, trocar is used for insertion of the
robotic devices that allows for the devices® electrical wire
tethers. Alternatively, the robotic devices are wireless. The
remaining trocars are then placed and the abdomen is insuf-
flated. The da Vinci® tools and laparoscope are then inserted
and readied for the surgery. The robotic devices are then
powered and the pan/tilt device is lifted from the organs to the
upper surface of the abdominal wall using a magnet holder
outside the abdomen. The robotic devices can be positioned
using their cameras, the da Vinci® tools, or the laparoscope.
Once the robotic devices are properly positioned, the da
Vinci® video input is switched from the standard laparoscope
to the hanging device. The robotic devices’ functions are then
checked to establish proper operation and lighting. The oper-
ating surgeon then begins the procedure. In one embodiment,
the robotic devices can be repositioned and the pan/tilt fea-
tures can be actuated to track tool movements during the
procedure. The procedure can then be performed using the da
Vinci® system tools but with primary video feedback coming
from the devices. After the procedure, the robotic devices are
moved back to the special trocar, the abdomen is deflated, and
the robotic devices are retracted.

Those skilled in the art will understand that the process
described represents merely one embodiment and that the
order described could be varied and various steps could be
inserted or removed from the process described.

The process described above and similar procedures show
the benefits of using robotic devices to assist surgeons by
cooperative use of more than one cooperative device, includ-
ing in certain embodiments using at least one robotic device
cooperatively with the da Vinci® system. In this embodiment,
the robotic devices provide complimentary visual feedback to
the surgeon during a procedure. The multiple viewpoints
improve the understanding of the surgical environment, thus
demonstrating how at least one robotic device can cooperate
with each other or with the da Vinci® system to improve
surgical care.

In one embodiment, unobstructed access to the surgical site
is achieved by a device designed to allow for mobility and
flexibility in placement while being configured for use in the
already limited space of the abdominal cavity. In the present
embodiment, a cooperative surgical environment is achieved
by suspending a robotic device from the abdominal wall in a
fashion that allows for mobility in placement within the
abdominal cavity. Functionality through useful video feed-
back of the appropriate surgical site is also provided. In
another embodiment, the device can pan and tilt the camera as
well as focus on objects at differing distances within the
abdominal cavity.

In another embodiment, a hanging pan/tilt robotic device is
used cooperatively with the da Vinci® system to perform a
surgical procedure. The hanging device provides the primary
(non-stereo) visual feedback to the da Vinci® console. It is
repositioned and actuated throughout the procedure to opti-
mize the feedback available to the surgeon.

In another embodiment, video feedback to the da Vinci®
console from the robotic device is provided to only one of the
console’s two eyepieces. The surgeon controls the pan/tilt
device functions from the console via a separate joystick. The
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multiple viewpoints available through the use of the coopera-
tive robotic device improves understanding of the surgical
environment.

In another embodiment, a da Vinci® procedure utilizing
device visual feedback demonstrates the implementation of
cooperative devices in minimally invasive surgery. The addi-
tional feedback is invaluable and allows the surgeon to scan
the surgical site from varying angles. The pan/tilt device
suspension system also allows for repositioning of the device
throughout the procedure without necessitating multiple inci-
sions for the laparoscopic arm.

In one embodiment, a natural orifice procedure can include
an insertion component that is used to insert the robotic
device into the patient’s stomach. In one aspect, the insertion
component is a sterile tubular component (also referred to
herein as an “insertion overtube”). In one embodiment, in
which the device is inserted into the body using a standard
upper endoscope, the overtube is sized for both the robotic
device and the endoscope.

One method of natural orifice procedure, according to one
embodiment, includes advancing a sterile overtube into the
patient’s stomach with a standard upper endoscope and irri-
gating the stomach with antibiotic solution. The robotic
device is then inserted into the gastric cavity through the
overtube. The robot is then inserted into the abdominal cavity
through a transgastric incision created with an endoscopic
needle-knife. The incision can be approximately the same
diameter as the robot. Finally, the device is retracted into the
gastric cavity. Subsequently, endoscopic closure of the trans-
gastric incision can be accomplished using two endoclips and
one endoloop. Further, the robotic device is grasped with an
endoloop and retracted back through the esophagus.

Although the present invention has been described with
reference to preferred embodiments, persons skilled in the art
will recognize that changes may be made in form and detail
without departing from the spirit and scope of the invention.

EXAMPLE 1

Motor Torque

One factor to consider in the development of the mobile
robotic devices was the amount of torque needed to move the
device.

To calculate the needed torque, a free-body diagram of the
robot sitting motionless on a slope was used to calculate the
torque required to keep the robot stationary on the slope. This
calculation would be the stall torque that the motor would
need (provided that the friction of the surface was enough to
prevent the wheels from slipping). The free-body diagram is
shown below in FIG. 29.

From this free-body diagram the following equations were
written:
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(Wsin 0)r=(ma)+Io+t
W sin 0-f=ma

W cos =N

This results in the following:
©=(Wsin 0)r

where

W is the weight of the cylinder,

0 is the angle of the slope,

r is the radius of the cylinder,

m is the mass of the cylinder,

a is the acceleration of the cylinder,

1is the moment of inertia of the cylinder,

« is the angular acceleration of the cylinder,

T is the torque of the motor,

fis the friction between the cylinder and slope,

N is the normal force.

The robot was modeled as a solid aluminum cylinder 15
mm in diameter and 76 mm long. A solid aluminum cylinder
of this size would have a mass of 36.4 g and a moment of
inertia of 1.02 [kg-m?]. The resulting calculations for the
robot to hold its position on a slope of 6 degrees a torque, T, is
needed (Table 1).

TABLE 1

Slope Angle and Reguired Torgue

0 T

0 0.00 mN-m
15 0.69 mN-m
30 1.34 mN-m
45 1.89 mN-m
60 2.32 mN-m
75 2.58 mN-m

After determining what torque was required to move the
robot, a motor and a gearhead were selected that would
reduce the speed and increase the torque output from the
motor. Two motors were tested to determine if they met the
torque requirements. The first motor was a standard, commer-
cially-available 6 mm diameter pager motor and the second
was a 6 mm blue motor taken from a toy ZipZap™ remote-
controlled car, which is available from Radio Shack.

Tests determined the stall torque of each motor per volt
input. For the test, a bar was placed on the motor shaft and a
voltage was applied to the motor. The angle at which the bar
stalled was then measured for each applied voltage. The
torque that was present on the motor shaft was calculated and
plotted versus the voltage, and a linear fit was used to deter-
mine the stall torque/volt of the motor. The results of the test
are shown in Table 2.

TABLE 2
Motor Torques
6 mm Pager Motor ZipZap ™ Motor (Blue)
Voltage  Angle Torque Voltage  Angle Torque

V] [Degrees]  [mNm] [mNm]}/[V] V] [Degrees]  [mNm] [mNm]/[V]
0.5 5.0 0.02 0.043 — — — _
1.0 8.5 0.04 0.037 1.0 335 0.02 0.015
1.5 12.0 0.05 0.035 1.5 6.0 0.03 0.017
2.0 16.0 0.07 0.034 2.0 8.5 0.04 0.018
2.5 18.5 0.08 0.032 2.5 10.5 0.05 0.018
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TABLE 2-continued
Motor Torgues
6 mm Pager Motor ZipZap ™ Motor (Blue)
Voltage  Angle Torque Voltage  Angle Torque
V] [Degrees] [mNm]  [mNm]/[V] V] [Degrees]  [mNm] [mNm)/ V]
3.0 215 0.09 0.030 3.0 12.0 0.05 0.017
Linear Fit 0.028 Linear Fit 0.019

The results of this test show that neither motor supply
enough torque to hold the mobile robot on more than a mini-
mal slope. The ZipZap™ motor can provide 0.057 [mNm] at
3V and the pager motor can supply 0.084 [mNm] at 3 V. Both
motors could only hold the robot stationary on a 15 degree
slope.

Another motor tested was model SBL.O4-0829 with gear-
head PG04-337, available from Namiki. The motor runs on 3
V and testing determined that it can provide 10.6 [mNm] stall
torque at 80 rpm. This motor provides a design factor of 4 for
the robot on a 75-degree slope (if frictional force is sufficient
to prevent sliding).

Wheel Friction
The friction characteristics of two wheels were tested.

The device tested was a robot having a weight (“W”) of 1.0
oz. The radius of the two wheels was 7.5 mm, and they were
made of aluminum.

Experiments were conducted on top of four types of
objects: a tabletop, a mouse pad, particleboard and sliced beef
liver. The robot was placed on top of each of these objects and
the maximum friction force, F, was measured. The force was
measured using an Ohaus Spring Scale with one-quarter
ounce divisions. The force was approximated to the nearest
0.05 ounces.

The coefficient of friction was determined by the formula
p=F/W. Table 3 shows the four coefficients of friction mea-
sured by experiments.

TABLE 3

Friction Coefficients on Various Surfaces

Maximum Friction Force (0z.) Coefficient of Friction

Table 0.05 0.050
Mouse pad 0.65 0.65
Particle board 02 0.2
Beef liver 01 0.1

Additional force analysis was also applied to the two-
wheeled device described above. That is, the amount of
required frictional force was determined in the following
manner.

The force analysis was based on an elastic foundation, i.e.,
where the mobile robot was assumed to roll on an elastic
surface (see FIG. 30). In this model, friction resistance to
rolling is largely due to the hysteresis from deformation of the
foundation. In the contact portion, the elastic force (x) was
assumed to be the normal distribution function of x. Here x
range was from —a to a. The following equation was derived:
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Then from the equation above,

Thus, the sum of partial differential friction force:
2f=0(0)cos(0)+t(0)sin()

By the integral calculation, one can get the friction force:

E)

40W3 1-v2
=35 =5

VeV 2

here Z is the Young’s modulus and R is the Poisson’s ratio.

From the force analysis, it was determined that the fric-
tional force was proportional to the weight and inversely
proportional to the radius of the wheel. Therefore, either of
the following two methods could be used to influence fric-
tional force. First, the mass of the robot could be increased.
One good way to do so would be to change the material of the
wheels. Second, the radius of the wheels might be reduced.
Another solution is to add treads to the wheels. Alternatively,
the tips of the treads may have a smaller radius without
reducing the diameter of the wheel itself.

EXAMPLE 2

In this example, a velocity analysis was performed on a
manipulator arm for amobile robot, according to one embodi-
ment discussed above.

When performing such an analysis, it was helpful to define
a matrix quantity called the Jacobian. The Jacobian specifies
amapping from velocities in joint space to velocities in Car-
tesian space. The Jacobian can be found for any frame and it
can be used to find the joint torques, discussed infra.

FIG. 7B depicts a schematic of the manipulator used to find
the Jacobian in this example. For additional information on
the Jacobian, see “Introduction to Robotics” by John J. Craig.

The fundamental equations used in finding the Jacobian
are:
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where S, sin 0,¢,=cos 8,, s,,,,=sin(6,+8,,), ¢,,,,=cos(6 +6 ).
The second method provides the results seen in FIG. 7C. Lr=Ly+Lpc+Lg =452
The x, y and z equations are for the tip of link 3. my = my +mpg + Mg = 0410z
5 g -
my = O.4lozx28.3495& =11.623g
z=L +Ly-cosb + Lz -cos(6, + 63)
x = —[Ly-sindy + L -sin(6, + 03] - cosé), FIQ. 7A shows a sghematic drawing of the manipulator
used in this example with L, Ly, M, M,, m, g, myg and W,
y = —[Ly -sinfy + Ly - sin(6 + 03)] - sinf; 10 {abeled.
dx dx dx TABLE 5
39, 30, 90
0 dy dy dy Summary of Link Properties
Jo == = =
15
90, 99, 90, Link Properties
dz 9z 9z
30, 30, 90, Length, L; (=L, =Ls) 60 mm
Length between joints, L, 59.5 mm
Outside diameter, D, 12 mm
(Lpsy +L3s03)s1  —(Laca + Lasler —Lacasey 20 Inside diameter, d; 8 mm
000) = | —(Lasa + Lass)er —(Laca + Lasns)s1 —Lscass) Wall thickness, t 2 mm 3
Density, p 1.18 g/em
0 —Lysa+Lss;3 —Lssns
whete s, = sinf,, ¢, = 08, Sam = $in(f, +0), Com = For purposes of the following calculations, it was assumed
s that the links were cylindrical tubes, as shown in FIG. 7D.
c05(6h + ) Link Volume:
since Ly =L, =L
S3 +593)s1  —(cp +Cmdep —casc Dg ‘2
. (52 +523)51 —(c2+cemler —cnscy R
JO) =L-| —(2+spler —(e2+e)s1 —ensy 30
0 =52 =523 —S123 (12mm)? (8mm)?
V= x60mm — x (60 = 2x2)mm
7 7
. Lo =2160mm’ — 896mny’
The motor selected for the manipulator in this example was 96
= mm

a6V DC Micromotor manufactured by Faulhaber Company. 35

The 6 V motor had a 15,800 rpm no-load speed, 0.057 oz-in

stall torque, and weighed 0.12 oz. The motor had an 8§ mm Link Mass:
diameter and it was 16 mm long.

Due to its high no-load speed, a precision gearhead was

used. The precision gearhead used was a planetary gearhead. 40 my=p-Vp
Forthe preliminary analysis, a gearhead with a reduction ratio 3 ]
of 256:1 was selected. It had an 8 mm diameter, is 17.7 mm = 118 S Ty x1264mn’ = 149152

long, and weighs 0.19 oz.

A 10 mm magnetic encoder was chosen for this particular 45 . -
examination. It was 16.5 mm long, butit only added 11.5 mm Total Weight of Motor and Link:

to the total length of the assembly. The weight of the encoder W=,
was assumed to be 0.1 0z. The encoder provided two channels
(A and B) with a 900 phase shift, which are provided by M=11.6233 g+149152 g=13.1148 g

solid-state Hall sensors and a low inertia magnetic disc. Table 50
4 shows a summary of motor, planetary gearhead, and

. m;=m,=m
encoder properties.
Payload Mass:
TABLE 4
55 mp=5 g
Summary of motor properties Moment Calculations (Refer to FIG. 7A):
Mass (m) Length (L)

Motor (M) 0.12 0z 16 mm L L
Series 0816 006 S 60 M, =m1-g-7+mz-g-(L1+7)+m3-g-(L1+Lz)
Planetary Gearhead (G) 0.19 oz 17.7 mm )
Series 08/1 Ratio 256:1 Since Ly =L, =L
Encoder (E) =0.1 0z 11.5 mm 3.
Type HEM 0816 MI(QJ,%”.W].A,.LBJ

Total 0410z 45.2 mm 65 (13_1143 3.13.1148
M = g

3 g+T +2-5g]-9.81
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-continued

Im lkg
52777 1000mm  1000g

m
—-39.5

M, =0.021147kg- g -m =0.021147N -m =21.147TmN -m

Ly
M, =g +my-g Ly

X

2

( M,

T+m3)'g'LBJ

M

_(13.1148
U

m
g+ Sg] -9.81 = -59.5mm-
&2
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-continued
M, =0.006746kg- :1—2 -m = 0.006746N -m = 6.746mN -m

Maximum torque possible, M__max_ pos (mnNm) =

Is M_max_pos >M_max?

This motor can be used to move the links.

2 - m > Tt was calculated based on the above equations that the
maximum torque allowed by the motor for a continuous
operation is 8.5 oz-in, which is 0.41 mNm. Using the reduc-
tion ratio of 256:1, the maximum torque allowed is 104.86
mNm (256x0.41 mNm).

10 As discussed above, precision gears with other reduction
ratios may also be used, according to various embodiments.

Im kg Tables with calculations for lower reduction ratios are pro-

1000mm. 1000g vided below. These calculations are exemplary and are not
intended to be limiting in any fashion.
TABLE 6
Gear Reduction Ratios
Weight Weight Length
{oz) © (mm)
Link 1
Motor 0.12 340194 16
Planetary gears 0.16 453592 15
Encoder 0.1 2.83495 11.5
Total 0.38 1077281 42.5
Link length (mm) = Length + 15 = 57.5
Length between joints (mm) = Link length - 0.5 = 57
Ourside diameter, D,, (mm) = 12
Inside diameter, d; (mm) = 8
Wall thickness, t (mm) = 2
Density of resin, ro (g/em?) = 1.18
Volume of link, V (mm?) = 1214
Weight of link, m (g) = 1.43252
Weight of motor and link, m_ tot (g) = 12.20533
Link 2
Motor 0.12 340194 16
Planetary gears 0.16 453592 15
Encoder 0.1 283495 11.5
Total 0.38 1077281 42.5
Link length (mm) = Length + 15 = 57.5
Length between joints (mm) = Link length - 0.5 = 57
Outside diameter, D, (mm) = 12
Inside diameter, d; (mm) = 8
Wall thickness, t (mm) = 2
Density of resin, ro (g/cm?) = 1.18
Volume of link, V (mm?®) = 1214
Weight of link, m (g) = 1.43252
Weight of motor and link, m_ tot (g) = 12.20533
Weight of camera or tool, m_¢ (g) = 5
Moment around joint 2, M1 (mNm) = 19.24140875
Moment around joint 3, M2 (mNm) = 6.2082771
Link length, L1 (mm) = 575
Link length, L.2 (mm) = 57.5
Maximum momient, M__max (mNm) = 19.24
Maximum torque allowed, M__max_ all (oz-in) = 8.5 =60.027 MNm
is M_max >M_max_all? NO

Gear Ratio * Motor
Torque = 26.214144
YES
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TABLE 7
Gear Reduction Ratios
Weight Weight Length
(cz) (8 {mum)
Link 1
Motor 0.12 3.40194 16
Planetary gears 0.19 5386405  17.7
Encoder 0.1 2.83495 11.5
Total 0.41 11.623295  45.2
Link length (mm) = Length + 15 = 60.2
Length between joints (mm) = Link length - 0.5 = 59.7
Outside diameter, D, (mm) = 12
Inside diameter, d; (mm) = 8
Wall thickness, t (mm) = 2
Density of resin, ro {g/em?) = 1.18
Volume of link, V (mm?) = 1268
Weight of link, m (g) = 1.49624
Weight of motor and link, m__tot (g) = 13.119535
Link 2
Motor 0.12 3.40194 16
Planetary gears 0.19 5.386405 177
Encoder 0.1 2.83495 11.5
Total 0.41 11.623295  45.2
Link length (mm) = Length + 15 = 60.2
Length between joints (mm) = Link length - 0.5 = 59.7
Outside diameter, D, (mm) = 12
Inside diameter, d; (mm) = 8
Wall thickness, t (mm) = 2
Density of resin, 1o {g/em®) = 1.18
Volume of link, V (mm?) = 1268
Weight of link, m (g) = 1.49624
Weight of motor and link, m__tot (g) = 13.119535
Weight of camera or tool, m_¢ (g) = 5
Moment around joint 2, M1 (mNm) = 21.2236650
Moment around joint 3, M2 (mNm) = 6.77005875
Link length, L1 (mm) = 60.2
Link length, 1.2 (mm) = 60.2
Maximum moment, M__max (mNm) = 21.22
Maximum torque allowed, M__max_ all (0z-in) = 3.5 =60.027 MNm
is M_max > M_max_all? NO
Maximum torque possible, M__max__pos (mNm) = Gear Ratio * Motor
Torque=  104.85658
Is M_max_pos > M__max? YES
This motor can be used to move the links.
By using the Jacobian that was previously developed and is —continued
shown below, it is possible to calculate the torques provided .
(S2+s3)51  —(e2+emsler —exen

by the force exerted to the tip of the manipulator used in this
example. However, it should be noted that this method does

OTj =59.5mm-| —(s2 +523)c1 —(C2+Ca3)51 —C2351

. . . 0 s -
not take into account the weights of links and motors. e o
50 0 0
0 = 2.918-(52 +.523)
(sa+s23)51 —(c2+ems)er —epcy _0.4905V 2918533
OJO) = L-| —(sa+sp)ey —(e2+em)s1 —Cm8)
0 —sp-s;3 -3 Using 6 =0°, 6, = 90°, 63 = 0°
55
0 . 0
f=| 0 |where £, =0.005kgx 7j = | 3836 mN -m
s 2018

9.81?2 = 0.04905N and L =59.5mm

7= - f

(s2+s:3)s51  —lc2+es)er —cscr 0
O7;=L-| —(s2+sm)e1 —(cz+emsdsy —cassy || O
0 —Sy=S3  —Sn -1

60

Thus the torque for the base motor is 0 mNm: for link 1 it
is 5.836 mNm, and for link 2 it is 2.918 mNm. This result
makes sense because the largest torque will be exerted on the

65 joint farthest away from the tip of the manipulator. Also, since
the distance is two times the distance to middle joint, the
result is two times bigger.
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Accounting for the link and motor masses,

0 0
L 3L
L WLM'(7+ 3 ) =m-g-L- i
1y -
Wi = 2
0
07y = 13,1148 gx0.81= x59.5 2| Lo
T =13, gx.s—zx.mmxlxmmx
2
1 kg
W()g_ 1531 |mN-m
3.828
The total torque is,
0 0 0
Or =97, + %7y =| 5.836 |+ 15.31]:\21.146]mNn1
2918 (3828 |6746

As shown, both methods provide the same result.

In the embodiment of the manipulator arm robot used in
this example, the electronics and control consisted of four
major sections described above in the detailed description and
depicted in block diagram form in FIG. 8. Each hardware
section will be described in detail, followed by the PC soft-
ware controlling the PCI-DSP card and the software running
on the microcontroller.

The first section of the hardware in this embodiment was a
PC with Motion Engineering, Inc. PCI/DSP motion control-
ler card. This card used an Analog Devices DSP chip running
at 20 MHz to provide closed-loop PID control of up to four
axes simultaneously. It had encoder inputs for positional
feedback. The servo analog outputs were controlled by a
16-bit DAC, which allowed very precise output control. The
card also featured several dedicated digital I/O functions,
including amplifier enable output, amplifier fault input, home
input, positive limit input, and negative limit input. However,
only the basic functions were used in this application: servo
analog output and digital encoder inputs. The PCI/DSP came
with a full-featured C programming library to aid in program-
ming different motion functions. Also provided was a Win-
dows-based program, Motion Control, to configure and tune
the controller, as well as to capture data from simple one-axis
motion profiles.

The output from the PCI/DSP was an analog signal with a
range of +/-10V. In order to interface with the microcontrol-
ler, this signal was converted to a 0.5V range. Two simple
op-amp circuits performed this function. Both op-amp cir-
cuits used the LM318 op-amp from National Semiconductor.
The first section was a standard inverting circuit with a gain of
-0.25. This converts the +/-10V input into a -/+2.5V output.
This circuit is shown in FIG. 31A. The second section is a
summing amplifier circuit with a transfer function given by:

V—(V—\’)&
0 =¥z IR1
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With V2 a constant 2.5V, an output voltage of 0-5V results.
This circuit is shown in FIG. 31B.

Capacitors were placed at the output of each op-amp to
filter out high frequency noise. This two-amplifier circuit is
duplicated exactly for each axis. The 2.5V reference is sup-
plied by a 10 K potentiometer.

Afterthe analog voltages were scaled and shifted, each was
sampled by the PsoC (Programmable System on a Chip)
microcontroller and converted to a PWM output signal and a
direction signal. The PsoC also provides direction output
based on the input voltage. The PsoC is made by Cypress
Semiconductor, and is an 8-bit microcontroller with several
generic digital and analog “blocks™ that can be configured
using the PsoC Designer software package to perform many
different functions. These functions include, but are not lim-
ited to: ADCs, DACs, PWM generators, timers, UARTS,
LCD drivers, filters, and programmable amplifiers. PsoC
Designer also provides an API accessible from C and assem-
bly to interface with these on-board components. For the
embodiment described here, a single ADC, an analog multi-
plexer, and three PWM generators were used. The duty cycle
of the PWM outputs are directly proportional to the analog
input signals. Table 8 summarizes the function of the micro-
controller.

TABLE 8

Microcontroller Function

Analog Input PWM Positive Duty Cycle Direction Output

Vin=25V 0% X
0<Vin<2.5 50% < Dc < 0% Low

2.5<Vin<$5 0% < Dec <50% High

The outputs of the microcontroller circuit were fed to the
inputs of the FAN8200. These were H-Bridge Driver circuits,
in a 20-pin surface mount package. Each driver had an enable
and direction input. For this embodiment, the PWM signal
was fed to the enable input, and the direction output of the
microcontroller was fed to the direction input of the motor
driver. The motors on the robot were connected directly to the
PCI/DSP card, with no signal conditioning required. As men-
tioned previously, the PsoC microcontroller sampled each of
the three analog outputs, and updated the corresponding
PWM duty cycle and direction output accordingly.

The majority ofthe code was executed inthe ADC interrupt
service routine. A flowchart of the ISR is shown in FIG. 32.
After initialization, the PsoC main program entered an end-
less loop. The ADC was set up to generate a periodic interrupt.
After the data was sampled, a check was performed to see if
the last two samples had been ignored. Since three different
input signals were sampled, a limitation of the hardware
required skipping two samples before getting a valid value. If
the last two samples were skipped, the appropriate PWM
pulse width register and direction bit were set. Next, the input
of the analog multiplexer was switched to the next axis input.
This cycle was then repeated when the next interrupt
occurred.

The other software element in the system was the PC
program that was used for testing the robot. This was a con-
sole-based Windows program that used the Motion Engineer-
ing library to send commands to the PCI/DSP. This program
can move each axis individually, or move all three simulta-
neously using the DSP’s coordinated motion functions,
allowing the user to enter a desired position, in encoder
counts, for each axis. The DSP card then creates an appropri-
ate motion profile, and moves each motor to the correct posi-
tion. This program also was used to generate impulse
responses for each motor for analysis.
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There are several techniques available for designing sys-
tem controls; here, modern control theory was used for con-
trol design of a three link robotic arm. A typical modern
control system contains a plant and a controller in the feed
forward. This design theory is shown in FIG. 33 as a block
diagram. Modern control theory is an effective and com-
monly used theory for control design.

Inthis case, modern control theory was used to design three
separate controllers. Three controllers were required in order
to control the three motors used to manipulate the arm. In
order to do this, it was assumed that three separate systems
exist. Each system was designed assuming that only one
motor, the motor being controlled in the system, was active.
This was acceptable based on the method for determining the
reaction of a system to a disturbance.

Shown in FIG. 34 is a block diagram of a system that
includes a disturbance. In order to determine how the output,
C, responds to the input, R, the disturbance, D, is set to zero.
Using this method, the uncontrolled motors are considered
equivalent to the disturbance and are set to zero. With this, a
controller was then designed based on a single output con-
taining a single input. However, three separate systems are
still required, since there are three separate outputs. These
outputs are motor positions, in encoder counts, of axes 1, 2
and 3.

In one embodiment, there are several methods a designer
canuse to design a plant. Most methods used are analytical. In
this case an experimental approximation of the plant was
created. This was an effective and verifiable method for
approximating the system. To collect the experimental data, a
computer program was used to send a voltage impulse to the
motor. The program simultaneously recorded the position of
the motor, using the encoder. This procedure was performed
three separate times, once for each motor. The data was then
used to construct plots of motor position (based on encoder
counts) versus time in seconds, Plots from the data are shown
in FIGS. 35A, 35B and 35C. In these plots, axis 1 represents
the motor for link 1, axis 2 represents the motor for link 2, and
axis 3 represents motor for link 3.

From analyzing the data in FIGS. 35A, 35B and 35C, an
approximation of the time response to an impulse input was
developed. Experience helped determine that this system
most likely contained two more poles than zeros. To deter-
mine if this was correct, approximations of the digital systems
were made using a continuous time domain. An algorithm for
the plant in the continuous time domain was developed for
FORTRAN using Maple V. This algorithm was then inte-
grated into an error subroutine. A simplex search program to
determine the values of up to 9 variables utilized the error
subroutine. The program ran until it could no longer reduce
the sum of the square of the error developed by the approxi-
mate plant, compared to the experimental plant.

Multiple configurations of the plant were used to find the
approximation to the experimental plant. This included the
use of complex poles, as well as changing the number of poles
and zeros in the transfer function. From these configurations,
it was determined that the plant, G(s), can be modeled using
the transfer function in the continuous time domain shown the
following in equation. In this equation, the poles are 0, -b and
-c, and the zero is —c.

s+a

¢ = ss+b)s+¢)
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Using the simplex search program, along with the error
subroutine, the following system plant values were deter-
mined:

System for Axis 1:

a=427251.2

b=465.3229

c=18.28435

sum of square of error=16.3779

System for Axis 2:

a=22.219726*10°

b=4.142605%10"°

¢=56.9335

sum of square of error=2.86986

System for Axis 3:

a=282220.0

b=414.5029

c=24.2966

sum of square of error=9.7724

Since all motors were identical, they should have similar
system poles and zeros, even though they are located in dif-
ferent positions on the robot. This was shown to be true for the
systems for axis 1 and 3. However, the system for axis 2 did
not conform to the other two systems very closely. This was
most likely due to poor data. A larger impulse on the motor for
axis 2 would have helped to obtain more realistic data.

To see how well the system in the continuous time domain
reflected the data taken from the digital system, the error
subroutine was used once again. This time the error subrou-
tine was compiled as a program rather than as a subroutine.
By substituting the above values for a, b and ¢ into the error
program, the continuous fit was mapped to the actual digital
data. The results were plotted once again as motor position
(based on encoder counts) versus time in seconds. These plots
are shown in FIGS. 36A, 36B and 36C. As shown in each of
these figures, the approximation developed was a good fit to
the actual data.

To control the motor positions on the robot, a PID control-

ler was used. When using a PID controller, the controller from
FIGS. 31A and 31B takes the form of the following equation.

Ky
D(s) = Ky + Kps + —
5

Where K,, is the proportional constant, K, is the derivative
constant, and K; is the integral constant. With the PID con-
troller, the system becomes a type 2 system. This means that
the error in the response to a step and ramp input is zero.
However, the error for the response to a parabolic input is
1/K,,. Where K, is the acceleration constant and is defined as:

. 2 Kla
K, =lim[s*D(s)G(s)] = —
50 be

Since the input can be defined, a parabolic input is not used.

Computing the values for K ,, K, and K; was done using
Routh Analysis along with Ziegler-Nichols tuning. Routh
Analysis uses the characteristic equation of the system trans-
fer function. In this case, though, D(s)=K, only. The transfer
function of this system with gain only, using G(s) as defined
above, is shown in the following equation.
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Kp(s+a)
S3+ (b+c)s?+(be+ Kp)s + oK,

TF =

Note that Routh Analysis only can be used if the system for
D(s)=1 is stable. This is true if the characteristic equation of
the system when D(s)=1 has stable roots. Stable system poles,
or roots of the characteristic equation, are roots that have
negative real values or are located at the origin. The following
equation is the characteristic equation for the system when
D(s)=1.

CE=s(s+b)(s+c)+(s+a)

The following poles or roots of CE are:

System for axis 1:

-467.3563980,

-8.125425989-29.12326516%1,

-8.125425989+29.12326516*1

System for Axis 2:

-4142605000e17,

-56.93350000,

-1811514786e-12

System for Axis 3:

-417.1080124,

-10.84574379-30.11125593%],

-10.84574379+30.111255931

Since all poles have negative real parts, the uncontrolled
system was stable and Routh Analysis can be used.

Using the characteristic equation, or the denominator from
the equation, solving for TF, above,

Routh Analysis is performed as follows:

S
s ag ay
S ey as
st b,
o a
where:
a0=l
ay=(b+c)
ay =(bc+Kp)
az = ak,
a1y = apas
bl = —
a
bras —ay 0
€l =——F——=0a3
by

Using Maple V, the term (b, *s) is set equal to zero and then
solved for K=K, ..., The results are as follows:

System for Axis 1:

K (o) =9.641293894
System for Axis 2:

K () =0.4409880606*10'
System for Axis 3:

K () =15.68292936

These results were all obtained using Maple V.

In order to use Ziegler-Nichols tuning with Routh Analy-
sis, the system period was also needed. The system period
was found by setting sjw, K =K, ... and solving for w
(system frequency in rad/s) from the following equation.

o, ()2 +0;=0
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Since,

w=2mxf.

Then the system period in seconds was:

The resulting system periods were as follows:

System for Axis 1:

T=0.06807959499 sec

System for Axis 2:

T=0.4087460141%107% sec

System for Axis 3:

T=0.06256709734 sec

With the Ziegler-Nichols tuning equations for K ,, K, and
K. the controller, D(s), as defined above, was designed. The
Ziegler-Nichols tuning equations for PID control are shown
below.

Kp = 0.6Kpmax)

K ==z

Koz ==

The resulting values for K,,, K, and K, are as follows:

System for Axis 1:

K,=5.784776336

K,=0.04922815376

K~169.9

System for Axis 2:

K,=0.2645928364¢16

K,=1351890.840

K~0.1294656473e25

System for Axis 3:

K,=9.408

K,=0.07357890648

K;/=300.7331456

The resulting system with PID control for all systems is
shown in FIG. 37, where G(5), K, K, and K are previously
defined constants and functions, C is the motor position in
encoder counts and R is the input position, in encoder counts.

One way to decide if these PID values were reasonable was
to do a root locus plot of the open loop transfer function,
D(s)*G(s). System stability also could be found from the root
locus plot. That is, the poles or roots of the characteristic
equation on the root locus should be located in the negative
real plane. These plots, shown in FIGS. 38A and 38B are
made using a Maple V program. Note that the root locus for
axis 2 is not shown. From viewing the previous results for
determining the PID control values, it was obvious that the
data for axis 2 does not follow the data for axes 1 and 3 as
would be expected.

As shown in FIGS. 39A and 39B, both systems for axes 1
and 3 were stable, as was the system for axis 2. When looking
at FIGS. 38A and 38B, complete optimization of the system
would align the three poles. Since all systems were stable, a
time response to a unit input into the system was analyzed.
Once again, the Maple V program was used to determine the
responses shown in FIGS. 39A, 39B, and 39C. In FIGS. 39A,
39B, and 39C, the abscissa is time in seconds, and the ordi-
nate is motor position in encoder counts.



US 8,834,488 B2

59

All responses shown in FIGS. 39A, 39B, and 39C were
stable responses. However, in each case, there was over 66
percent overshoot, and such overshoot is undesirable for con-
trol of the robotic arm. By using a lead-lag compensator, the
overshoot was greatly reduced.

Adjusting the phase margin of a system through the use of
alead or a lead-lag compensator is a technique that generally
reduces the percent overshoot of a system. The phase margin
is the angle between the negative abscissa and the point on the
Nyquist diagram of the system, where the magnitude is 1. In
most cases, a phase margin of about 60 degrees is optimal for
reducing percent overshoot.

From using a Nyquist plot program, the following data was
obtained.

System for Axis 1:

Phase Margin=180-162.9633=17.84 degrees

®,=71.999 rad/s

G(jw)=1.0007~1.0

Diadatoay=00-17.84=42.96 degrees

To Compensate for Phase Loss Due to the Lag Compensa-
tor:

Diaaaea=43-0 degrees

System for Axis 3:

Phase Margin=180-161.90512=18.095 degrees

®,=71.999 rad/s

G(jw)=1.0007~1.0

Dladaeay=00-18.095=41.905 degrees

To Compensate for Phase Loss Due to the Lag Compensa-
tor:

Giadaeay480.0 degrees

There are a few things to note. Once again, the data for axis
2 resulted in compensator design for axes 1 and 3 only. Also,
w,. may be changed to any desired frequency. G(jw), and
O aazeay WOUId subsequently change depending on the phase
and magnitude at the selected w_. However, the phase margin
would remain the same.

The following equations were used to define a lead and lag
compensator, respectively.

-

k
Vi

=y

an( ¢added2 + 90]]2

= w¢

Lis+k
k(s+1)

lead =

n(s+m)
m (s+n)

The resulting compensators from equations 11 and 12 for
systems for axes 1 and 3 were as follows:
Compensator for Axis 1:

17382096 (s +29.82296)
= 7082206 (s + 173.82096)
_5.96459 (s + 14.3998)
% = 143998 (s - 5.06459)

ea
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Compensator for Axis 3:

2039772 (s+30.0563)
~ 300563 (s +203.0772)
60071 (s+15.65988)
98 = 1565088 (5 +6.0071)

lea

The lead and lag compensators are integrated into the
design as shown in FIG. 40.

Since zeros placed closer to the origin than poles create
overshoot, the lead compensator was placed in the feedback.
This is because if placed in the feed forward, a zero would be
located between the origin and a pole in the root locus plot.
For this same reason, the lag compensator was placed in the
feed forward.

The effect of these compensators on the system was ana-
lyzed. First, the Nyquist plot program, was used once again.
This was done to see what effect the compensators had on the
phase margin. Finally, a plot of the response of the systems to
a unit step input was made using the Maple V program 1.

Resulting data from the Nyquist plot program:

System for Axis 1:

Phase Margin=180-123.88=56.12 degrees@®»=73.199

rad/s

System for Axis 3:

Phase Margin=180-120.238=59.76 degrees@®»=79.599

rad/s

This was proof that the compensator design was successful
in adjusting the phase margin to the desired 60 degrees of
phase. Shown in FIGS. 41A and 41B are the responses of the
systems for axes 1 and 3 after the addition of the compensa-
tors. These plots were made using the Maple V program.
Again, the abscissa is time in seconds and the ordinate is
motor position in encoder counts.

As shown in FIGS. 41 A and 41B, the compensators greatly
reduced the percent overshoot. The percent overshoot was
reduced to a mere only about 4 percent, a great improvement
over the 66 percent figure.

Once the controller design was complete in the continuous
time domain, it could be converted to the discrete time
domain. This is required in order to control a digital system.
However, it was only necessary to convert the compensators
and controller to the discrete time domain. When this was
done, a control algorithm was introduced to the computer
program.

To convert the compensators and controllers to the discrete
time domain or z-domain, Tustin’s method was used. Tustin’s
method is only good for linear systems and introduces the
relationship shown in the following equation.

2(z-1)

STTReD

where T represents the sampling period of the controller.
Substituting this equation into the controller, lead compensa-
tor, and lag compensator yields the following equations.

2Kpiz-1)
Tz+1)

(2z-2+kTz+ kT)1

2z-2+1Tz+ 1Tk

KT+
2z-1)

D) =K, +

Lead =
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-continued
Qz-2+mTz+mTn

lag= ——4—4M8 ————
8 (2z-2+nTz+nT)m

The final system block diagram of this embodiment is
shown in FIG. 42.

In FIG. 42, the zero order hold of G(s) yields G(z). The
conversion of G(s) to G(z) is only made if a model of TF(z)=
C(z)/R(z) is made.

After the designed components were assembled, a test was
performed to verify the controllability and accuracy of the
manipulator used in this example. The tip of the manipulator,
which was attached to a camera, is supposed to move through
four points along the sides of the triangle shown FI1G. 43,
where position 1 is the starting point and ending point, and
distance 1,2 is 39 mm, distance 2,3 is 24 mm, distance 3,4 is
67 mm and distance 4,5 1s 29 mm.

To test the accuracy of the movement of the tip, the
assumed motor rotation angles were input into the controlling
program. These input angles controlled the tip movement
along the edges of the triangle. Table 9 shows the motor
rotation angles, in encoder counts, for four different points.
The ratio of encoder counts per degree was 28.9.

TABLE 9

Position of tip in encoder counts

Axis  Position1  Position2  Position3  Position4  Position 5
1 -2250 -1500 -1250 -2600 -2250
2 360 200 375 -75 360
3 610 1400 1450 2000 610

The next step was to use the Jacobian to transfer the
encoder counts to the xyz coordinates:
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the movement of the manipulator is linear according to time,
meaning the velocity of the tip is constant.

TABLE 11

Distance between points

pos1-pos2  pos2-pos3  pos3-pos4 pos4d-posl
Measured 39 mm 24 mm 67 mm 29 mm
displacement
Calculated 29 mm 16 mm 48 mm 27.4 mm
Displacement
Error 25.64% 33.3% 28.36% 5.5%

The difference between the measured displacement and
calculated displacement indicates there is a big error between
the two. This was due to several error sources, in the mea-
surement of link lengths L,, L, and L,, and due to the esti-
mated ratio of the encoder counts to degrees. A source of
mechanical error is backlash at the gear mesh.

EXAMPLE 3

Methods and Materials

The goal of the current study is to demonstrate the capa-
bility ofintroducing a mobile robot into the abdominal cavity
through the esophageal opening.

In this study we used the mobile robotic device depicted in
FIG. 45, which was capable of transgastric exploration under

0 esophagogastroduodenoscopic (EGD) control. The robot was

L+ L 211 L 2.7t 2-m-13

i=fat 2'“’5(28.9-360°]+ 3'“’5(28. -3606+28.9-360°]

- [ 3 270 k]+L 3 2t 2-m13 H ( 2.1 ]
¥= - Lersinl 3553600 ) 1S g0 360 ¢ 3893007\ 289 3607
_ o 2mn e 2-m-1 N 2-m13 271
z‘_[la Sm[zs.9-360°] 35 28.9-360° 28.9-360")] S”‘(zs.9-360°)

L,=83 mm, L,=[;=59.5 mm, and t,, t,, t; represent the
motor angles in encoder counts of axes 1, 2 and 3.

Shown below in Table 10 are the results of x, y and z
coordinates for the four different points.

TABLE 10

Position of tip in X, v coordinates

Position 1 Position 2 Position3  Position4  Position 1
X 9.62 34.6 484 0.03 9.62
Y 44.7 44.16 45.52 51.916 44.7
Z 190.67 175.9 167.8 166.1 190.67

The distance between the four points was then calculated
by using the equation shown:

Dist=V (=X P+ (0, =y,) 42, -1,)

The actual encoder reading was found to describe the
movement of the manipulator tip. Shown below in Table 11
are the distances between the four points. FIG. 44 shows that
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12 mm in diameter and 35 mm long. The helical wheel profile
provided sufficient traction for mobility without causing tis-
sue damage. Two independent motors controlled the wheels,
thereby providing forward, backward, and turning capability.
The robot tail prevented the counter-rotation of the robot’s

body when the wheels were turning. The entire length of the
robot was 75 mm. This robot was tethered for power during
the porcine surgery.

An anesthetized pig was used as the animal model. The 60
1b. pig was fed Gatorade and water for 36 hours prior to the
procedure. A sterile overtube was advanced into the pig’s
stomach with a standard upper endoscope. The stomach was
irrigated with antibiotic solution.

The robot was inserted into the gastric cavity through the
overtube. The robot explored the gastric cavity as shown in
FIG. 46 and was then inserted into the abdominal cavity
through a transgastric incision. The gastric incision was per-
formed with an endoscopic needle-knife as shownin F1G. 47.
The incision was just large enough to allow the 12 mm diam-
eterrobot to pass through. After the robot entered the abdomi-
nal cavity, the endoscope was also advanced to view the
mobile robot as it explored the abdominal environment. After
exploration of the abdominal cavity as shown in FIGS. 48 and
49, the robot was retracted into the gastric cavity. Endoscopic
closure of the transgastric incision was successful using two
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endoclips and one Endoloop, as shown in FIG. 50. The robot
was then retracted back through the esophagus, as shown in
FIG. 51.

Results

After insertion into the gastric cavity, the mobile robot
successfully maneuvered throughout the cavity under EGD
control (using visual feedback from the endoscope) (see FIG.
46). The robot’s size did not hinder its motion and the wheel
design provided sufficient traction to traverse throughout the
cavity. After gastric exploration, the miniature robot was
deployed into the abdominal cavity and maneuvered by
remote control, where the surgical team controlled the robot
to successfully clear the gastric cavity.

The mobile robot was capable of traversing the entire
abdominal cavity, including the liver (see FIG. 48) and the
small bowel (see FIG. 49). This exploration was monitored by
the endoscope.

After successfully exploring the abdominal cavity, the
mobile robot was retracted into the gastric cavity. Closing the
gastrotomy was successfully accomplished using endoclips
and one endoloop. Retrieval of the miniature robot was
accomplished without difficulty with an Endoscopic snare.

The ability to perform abdominal surgery without skin
incisions can reduce patient trauma. However, the difficulties
lie in performing these procedures using only EGD video
feedback, and introducing sufficiently capable tools into the
abdominal cavity. The ability to provide transgastric robotic
assistance inside the abdominal cavity may help solve some
of these problems. As the robot is not restricted by the length
or the angle of the endoscope insertion it will by definition
have a greater number of degrees of freedom. The working
channel of the endoscope also limits the size and type of
instrumentation available to the surgeon. Thus, a miniature
robot could perform various surgical procedures and/or be
used in conjunction with an endoscope or other surgical
devices to achieve better visualization and greater mobility in
the peritoneal cavity. According to one embodiment, the
endoluminal robots of the present invention can be equipped
with cameras and manipulators. The robots can provide sur-
gical assistance. Further, a family of robots can working
together inside the gastric and abdominal cavities after inser-
tion through the esophagus. Such technology will help reduce
patient trauma while providing surgical flexibility.

EXAMPLE 4

In the instant example, the effectiveness of using mobile
camera robots to provide sole visual feedback for abdominal
exploration and cholecystectomy was examined.

Methods and Materials

A mobile robotic camera device similar to the device
depicted in F1G. 1 was used in the instant example. The device
was 20 mm in diameter, and incorporated an on-board adjust-
able-focus video camera system. Two DC motors indepen-
dently controlled each wheel, providing the robot with for-
ward, reverse and turning capabilities. The 50 gram device
was 100 mm in length with a helical wheel profile and a
stabilizing tail. The design of the tail allowed it to be lifted and
flipped when reversing the direction of travel. This allowed
the device to tilt its camera 15 degrees without changing the
position of the wheels. The device was tethered for power.

The device was inserted through a fabricated trocar into an
anesthetized pig, and the abdominal cavity was then insuf-
flated with carbon dioxide. The trocar was designed to
accommodate the 20 mm diameter of the device. According
to an alternative embodiment, the device will use standard 15
mm laparoscopic trocars. Next, a standard trocar was inserted
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to provide an additional tool port. A third port was also cre-
ated to accommodate a standard laparoscope. The laparo-
scope was used to provide lighting for the camera of the
mobile robotic device, but the surgeon did not use visual
feedback from the laparoscope during the procedure.
Results

The surgical team used the device to help plan and view the
additional trocar insertions and laparoscopic tool placements,
as shown in FIG. 52. The multiple achievable views from the
camera of the device allowed the surgeon to plan and place
trocars safely and appropriately in the abdominal wall of the
animal.

The device was also used to explore the abdominal cavity,
as shown in FIG. 53. The wheeled mobility allowed the sur-
geon to explore various regions within the abdominal cavity,
while the adjustable-focus camera allowed the surgeon to
focus on a specific portion of the region of interest. These
video cues allowed the surgeon to navigate the abdominal
environment safely and effectively. The ability to maneuver
within the abdominal cavity provided additional frames of
reference and perspectives that are not available with a stan-
dard laparoscope.

Finally, a cholecystectomy was performed with the device
providing the only visual feedback available to the surgeon
(i.e. the video from the laparoscope was not viewed by the
surgeon), as shown in FIG. 54. The ability of the device to tilt
the adjustable-focus camera 15 degrees without changing the
position of the wheels proved extremely useful while retract-
ing the liver. The adjustable-focus capability of the camera
system allowed the surgeon to have a better understanding of
depth.

Discussion

This successtful experiment demonstrated that it is possible
to perform a common laparoscopic procedure using an in vivo
camera system as the sole source of visual feedback. This has
the potential to reduce patient trauma by eliminating the need
for a camera port and instead inserting mobile in vivo camera
robots, such as the device used in this example, through one of
the tool ports.

EXAMPLE 5

This example is an examination biopsy tool design for a
mobile robotic device. The device should produce sufficient
clamping and drawbar forces to biopsy porcine tissue.

To examine clamping and drawbar forces used during a
biopsy, experimental biopsies were conducted. A biopsy for-
ceps device thatis commonly used for tissue sampling during
esophago-gastroduodenoscopy (EGD) and colonoscopies
was modified to measure cutting forces during tissue biopsy.
These forceps 560, shown schematically in FIG. 55A, were
composed of a grasper 562 on the distal end with a handle/
lever system 564 on the proximal end. A flexible tube 566 was
affixed to one side of the handle 564 and the other end was
attached to the fulcrum point 568 of the biopsy grasper 562. A
wire 570 enclosed in plastic (Teflon®) inside tube 566 was
used to actuate the grasper 562. This wire 570 was affixed to
the free end of the handle lever 564 and at the other end to the
end ofthe grasper lever arm 572. Actuation of the handle lever
564 caused wire 570 to translate relative to the tube 566 and
actuate the biopsy graspers 562. The tip of the forceps was
equipped with a small spike 574 that penetrated the tissue
during sampling.

The diameter of the forceps (h) depicted in FIG. 55A was
2.4 mm. The dimensions of ¢, g and f were 2.1 mm, 2.0 mm,
and 6.7 mm, respectively. The force at the tip of the grasper
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when the forceps were nearly closed was a function of the
geometric design of the forceps.

i = Feand 75
tip = cablem

For a cable force of 10 N, the force at the tip was approxi-
mately 1.4 N for this design where a was 2.9 mm, b was 1.7
mm, and d was 0.65 mm. The maximum area of the forceps in
contact with tissue during a biopsy was 0.3756 mm?.

Frip

Acontact

Assuming an even distribution of force, the applied pres-
sure was approximately 3.75 MPa. However, by taking a
smaller “bite”, the contact area was reduced and the pressure
can be drastically increased and the required force was
decreased.

A normal biopsy device was modified to contain a load cell
582 to measure clamping forces indirectly, as shown in FIG.
55B. The modifications made to this tool included cutting the
tube 584 and wires 586 to place a load cell 582 in series with
the wires 586 to measure tensile force when the wires 586
were actuated as shown in FIG. 55B. A plastic case 588 was
built to connect the two free ends of the tube to retain the
structure of the system, while the wires 586 were affixed to
the free ends of the load cell 582. Using this design, the force
in the cable was measured. Along with the above model, the
force at the tip of the grasper was estimated while sampling
sets of in vivo tissue using a porcine model.

Measurements of cable force were made while sampling
liver, omentum, small bowel and the abdominal wall of an
anesthetized pig. Representative results for a liver biopsy are
shown in FIGS. 56A and 55C. In one test, with results
depicted in FIG. 56 A, the initial negative offset was due to the
slight compression in the cable to push the grasper jaws open
before biopsy. The average maximum measured force to
biopsy porcine liver for three samples was 12.0£0.4 N. In
another test, with results depicted in FIG. 56C, the average
maximum measured force to biopsy porcine liver for three
samples was 9.0+4/-0.3 N. These results are consistent in
magnitude with other published results (Chanthasopeephan,
et al. (2003) Annals of Biomedical Engineering 31:1372-
1382) concerning forces sufficient to cut porcine liver.

Generally, biopsy forceps do not completely sever the tis-
sue. When this is the case, the forceps are gently pulled to free
the sample. This extraction force also needs to be produced by
a biopsy robot. The magnitude of the extraction force needed
to be determined so that a robot could be designed to provide
sufficient drawbar force to free the sample.

A laboratory test jig was built to measure the force needed
to free a biopsy saniple of bovine liver. After clamping the
sample with the biopsy forceps, a load cell attached to the
handle of the device was gently pulled to free the sample
while the tensile force was recorded. Representative results
shown in FIG. 56B indicate that approximately 0.6 N of force
is needed to extract bovine liver tissue with the use of the
biopsy forceps.

As indicated, a complete cut of the tissue is rarely achieved
and some tearing of the sample is needed to extract the
sample. To obtain a biopsy sample, the in vivo robot embodi-
ment of the present example should produce enough drawbar
force to pull the sample free. A biopsy robot similar to the

10

15

20

25

30

35

40

45

50

60

65

66

devices shown in FIGS. 9A and 98 was tested in vivo and with
excised bovine liver to measure drawbar forces. The biopsy
grasper (tail of the robot) was attached to a stationary load
cell. In the first test, for which results are depicted in FIG. 57,
the robot speed was slowly increased as the drawbar force was
recorded. After maximum drawbar force was achieved,
around 11 seconds, the robot wheel motion was stopped.
Results demonstrated that the robot was capable of producing
approximately 0.9 N of drawbar force. This amount of force
is 50% greater than the target of 0.6 N in the laboratory
measurements, as shown in FIG. 56B. This drawbar force is
therefore sufficient for sample extraction.

In the second test, for which results are depicted in FIG. 58,
the robot speed was first slowly increased and then decreased
as the drawbar force was recorded. A pulse width modulated
voltage signal to the wheel motors was linearly ramped from
0% to 100% during the first 20 seconds and then back to 0%
during the second 20 seconds. This test was completed five
times. The dark line is the average of all five tests. Results of
this test demonstrate that the robot tested is capable of pro-
ducing approximately 0.65 N of drawbar force. This amount
of force is roughly 10% greater than the target 0of 0.6 N in the
laboratory measurements.

As depicted in FIG. 59, an actuation mechanism was also
developed to drive the biopsy grasper and the camera of the
embodiment discussed in this example. The lead screw 602
was extended through the slider 608. The lead nut 604 was
then allowed to translate far enough so that at the point of
grasper 610 closure the linkage 606 approaches a mechanism
singularity where output force is very large (i.e., at or
approaching 0°). The slider 608 is a nearly hollow cylinder
and the lead nut 604 and linkage 606 are inside the slider 608
when the linkage is near its singularity. The grasper wires 612
are attached to slider 608 as is either the camera lens or image
sensor. This provides the camera an adjustable-focus feature
necessary in the in vivo environment.

A direct current motor 600 drives the lead screw 602 ver-
tically as the linkage 606 transforms the vertical motion of the
lead nut 604 to the horizontal translation of the slider 608.
This allows for a large mechanical advantage at the point
when the graspers are nearly closed.

Force measurements were made in the laboratory to deter-
mine the maximum amount of force that could be produced
using the biopsy robot embodiment of this example. Repre-
sentative results from these tests are shown in FIG. 60. The
average maximum force produced for three samples was
9.6£0.1 N. This force was about 16% smaller than the 12 N
measured during one in vivo test as described herein, and
about 7% larger than the 9 N measured during the second in
vivo test as described herein. However, the 12 N merely
represents the force that was applied. It does not represent the
minimum force required to biopsy the tissue. Without being
limited by theory, it is probable that the surgeon performed
the biopsy and continued to increase the force and merely
“squeezed” the sample. The surgeon applied what was known
to be a sufficient force rather than a minimum force. The
required force could also be largely reduced by simply taking
a smaller biopsy sample. Reducing the contact area by 16%
would produce the same applied stress.

In vivo mobility testing with the embodiment discussed
herein indicated that the wheel design of the instant embodi-
ment produces sufficient drawbar forces to maneuver within
the abdominal environment, allowing the robot to traverse all
of the abdominal organs (liver, spleen, small and large bowel),
as well as climb organs two to three times its height. These
tests were performed without causing any visible tissue dam-
age. Video recorded during one of the tests was used to
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reconstruct the path traversed by the robot, a portion of which
is illustrated in F1G. 61. The length of travel shown is approxi-
mately 0.5 m, while the total distance traveled during the test
without assistance was approximately 1 m.

After exploring the abdominal environment, the biopsy
mechanism described in this example was used to acquire
three samples of hepatic tissue from the liver of the animal.
The robot camera was used to find a suitable sample site. The
biopsy graspers were opened and the sample site was pen-
etrated with the biopsy forceps’ spike. Then the graspers were
actuated. This cut nearly all of tissue sample free. The robot
was then driven slowly away from the sample site thereby
pulling free the tissue sample. This tissue sample was then
retrieved after robot extraction through the entry incision.
This demonstrated the success of a one-port biopsy and suc-
cessful tissue manipulation by an in vivo robot, according to
one embodiment.

EXAMPLE 6

A laboratory two-component drug delivery system is
shown in FIG. 62 that incorporates two drug storage reser-
voirs. The fluid reservoir, adapted from a standard syringe, is
used to hold a drug component in liquid form. The solid
reservoir stores a second drug component in powdered form.
As forceis applied to the plunger, the liquid component flows
through the reservoir holding the solid component. A partially
mixed solution then flows into a chamber where the mixing
process is completed. The activated compound then flows
through the delivery nozzle to the targeted site.

The ability of this system to adequately mix liquid and
solid components of a drug was evaluated in a series of bench
top experiments. The liquid and solid drug components were
simulated using commonly available materials (e.g., corn
starch, dyed saline solution, etc). One visual metric of mixing
efficiency is the color uniformity of the mixture as determined
by measuring the RGB color components of the mixture
using image processing software. Representative results are
shown in FIG. 63. The images on the left and right show the
RGB values for the solid and liquid components prior to
mixing, respectively. The image in the center shows the
resulting mixture. The similarity of the RGB color values for
two representative areas of the mixture is indicative of uni-
form mixing of the two components.

Bench top tests were also conducted to determine the force
that could be applied by an actuation mechanism that could be
incorporated into this type of drug delivery tool. One type of
mechanism might use a permanent magnet direct current
motor (MicroMo, 2005) with a lead screw mounted on the
motor shafi. Rotation of the lead screw would move a lead nut
attached to the fluid reservoir plunger in and out to dispense
the two drug components. This concept was implemented in
a test jig 180, illustrated in FIG. 12, that includes a load cell
182 for measuring the applied force created by the motor 184
to move the plunger 186. Force measurements were made in
the lab to determine the maximum force that could be pro-
duced using this type of actuator design. Representative
results from these tests indicate that the average maximum
force produced is approximately 10.0 N.

Nagelschmidt (1999) found that the maximum force
required to mix and dispense fibrin-based hemostatic agents
through 1 mm diameter catheters 27 cm long was less than 5
N. These results strongly suggest that the actuation mecha-
nism described above will generate sufficient forces to deliver
dual component fibrin-based hemostatic agents.

EXAMPLE 7

This example presents a quantitative comparison of image
quality between a robotic camera device according to one
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embodiment and a standard laparoscopic camera. Image
analyses are presented for both the in vivo robot and a stan-
dard laparoscope, including an examination of the Modula-
tion Transfer Function (MTF), color reproduction, and image
distortion. Then the stereoscopic three dimensional recon-
struction is analyzed in ex vivo experiments. Finally, the use
of the in vivo stereoscopic robot is demonstrated during a
cholecystectomy in an animal model. These results suggest
that these in vivo devices can provide visualization of laparo-
scopic procedures that is comparable to standard laparo-
scopes and sufficient for laparoscopy.

The device tested in this example is depicted in FIG. 64A.
This device has a stereoscopic camera pair that can be used
with a stereoscopic display to provide the operator with a
three dimensional image of the in vivo operating environ-
ment.

Single Camera Comparison

In this examination, the imaging device was a color digital
CMOS image sensor from Micron. Further, the laparoscope
used is a device with a Tricam™ SL NTSC control unit and a
Xenon 175 light source, all manufactured by Karl Storz
GmbH & Co. KG, located in Tuttlingen, Germany.

Visual metrics are often used to quantify quality differ-
ences between the large numbers of commonly available
digital imaging devices. One such metric is the well estab-
lished Modulation Transfer Function (MTF) used as a metric
both for optical systems and digital imaging systems. This
transfer function measures the amount of detail a given imag-
ing system can display using a frequency domain measure-
ment. The metric is usually expressed in units of spatial
frequency, such as line pairs per mm (Ip/mm) or cycles per
pixel (c¢/p). The vision target used for MTF testing is an ISO
12233 Resolution chart printed on Kodak photo paper, mea-
suring 196 mmx120 mm (7.75"%x4.75").

Color accuracy is another important image quality metric.
One measurement of color accuracy is the use of a Macbeth
color chart. The chart has 24 zones, 18 color and 6 grayscales.
The target chart used for color error measurements is a Mini
Color Checker™. The Color Checker™ is a standard Mac-
beth™ color chart, measuring 82 mmx57 mm (3.25"x2.25").

Both these metrics as well as standard measures of distor-
tion are used to quantify and compare the performance of the
in vivo imaging robot. For distortion tests, a square grid was
generated from the Imatest™ application, and printed using a
laser printer. Imatest™ is a software package that can be used
to evaluate different types of imaging systems.

All imaging tests (MTF, color error, distortion) were con-
ducted with the same experimental setup. The setup held the
imaging targets at a fixed distance and orientation with
respect to the imager (in vivo camera and laparoscope). Dis-
tances and orientations were chosen to represent the surgical
application (e.g. cholecystectomy). The experiments were
conducted inside a surgical mannequin with no ambient light.
Each imaging device used its own respective light source—
external xenon fiber optic light source for the laparoscope and
2 ten candle white LEDs for the robotic camera. The video
output from both systems is analog NTSC (National Televi-
sion Systems Committee) composite. A Sensoray Model
2250 USB 2.0 frame grabber, connected to a laptop PC, was
used to capture frames of video for later analysis.

MTF Testing

The modulation transfer function (MTF) is a widely used
metric for performing quality evaluation of imaging systems.
MTF is a measure of spatial resolution of an imaging system.
MTF was used with the ISO 12233 Resolution chart to evalu-
ate image quality. This chart was imaged with both the in vivo
camera and laparoscope. The chart was parallel to the image
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sensor at a distance of 150 mm. Several still images were
captured and analyzed. The Modulation Transfer Function is
defined as:

M;
MTF(v) = 7

where M, and M, are the modulation of the image and the
modulation of the object, respectively. The modulation is
defined as:

Y
- Ymax + Yiin

Ymax —

whereY ,,,, is the maximum and Y, ,;, is the minimum values
of luminance. A plot of the MTF over all spatial frequencies
defines the MTF of the system. MTF is calculated by com-
puting the Fourier transform of the impulse response of the
system. The impulseresponse is the response to a narrow line,
which is the derivative of an edge response.

These MTF curves are plotted in FIG. 64B. Here, higher
MTF values indicate better performance. As shown in FIG.
64 A, the laparoscope provides a slightly better response at
most frequencies.

Color Accuracy

Color accuracy of the two systems was measured using a
Macbeth Color Checker™. The Color Checker™ was placed
in uniform illumination, and several still images were cap-
tured and the results were averaged over several still images.
The test images were then converted to CIELAB color space
by the Imatest™ application. The CIELAB space is based on
human color perception. It is a three-dimensional space,
where L* shows lightness, and (a*, b*) show color informa-
tion. The CIELAB space was laid out to allow specification of
color differences, in a linear manner. The Imatest program
compares each test image color value to the known color
value for each color patch in the target chart. The difference
formula is given as:

AE “az,:\/(AL*)2+(A<l*)2+(Ab*)2 )

TABLE 12
Color Error
Mean Error RMS Error
In vivo Camera 9.76 11.5
Laparoscope 17.5 19.4

Plots of these color differences are shown in FIG. 64C (in
vivo camera) and 64D (Laparoscope). These plots show the
ideal color value and the actual color value, plotted in
CIELAB color space. Mean and RMS color errors are also
shown. These results are summarized in Table 12. Color error
for each system, plotted against color zone number, is shown
in FIG. 64E. The data presented in Table 12 and FIG. 64E
shows that the robotic camera device had significantly less
color error than the laparoscope.

Distortion

Distortion is an effect that causes straight lines to appear
curved. Infinite series can be used to model lens distortion,
which is a combination of radial and tangential components.
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However, usually only radial distortion needs to be consid-
ered, which can be modeled with one term. This can be
modeled as:

ALK 77

@

This equation relates the undistorted radius r,, and the dis-
torted radius r . This one term model of distortion is referred
to as barrel or pincushion distortion, depending on the sign of
the parameter K, . For these tests, the lower the value of k, the
less distortion of the camera system.

An example of lens distortion for the laparoscope and in
vivo camera is shown in FIGS. 64F (laparoscope) and 64G
(robotic camera device). The test target used is a square grid
pattern. As is evident from the images, the laparoscope has
significant radial distortion. The robotic camera device has
very little distortion. The numerical results confirm this quan-
titatively, and are shown in Table 13.

TABLE 13

Radial Distortion

K,
In vivo Camera 0.06
Laparoscope 0.35

Discussion of Single Camera Comparison

Inthe MTF tests, the laparoscopehad better results than the
in vivo system. This is most likely caused by the limitation of
lower quality optics in the in vivo system, since the MTF of
the system is defined to be the product of the MTFs for each
component of the system (lens, imager, etc). In the design of
these devices, optics quality must be sacrificed for space,
given the small physical size of the in vivo system. The
laparoscope system is able to have higher quality optics, since
the optics are not located in vivo and fiber optics instead lead
from the laparoscope tip back to a high-precision optical
instrument. This, however, does not mean that the laparo-
scope is superior to the in vivo robotic devices. The differ-
ences in spatial resolution may not be great enough to cause a
subjective difference in the two systems. The in vivo robots
described here significantly outperform conventional laparo-
scopes in distortion tests. The high amount of distortion in the
laparoscope causes difficulty in quantitative area determina-
tions during procedures. The in vivo robots do not suffer from
these problems.

Ex Vivo Stereo Imaging Analysis

Stereoscopic display allows for the perception of depth and
this can be extremely valuable in laparoscopic surgery. The
robotic camera device shown in FIG. 64 A contains two of the
Micron™ image sensors described above. This section
describes the results of a bench top laboratory study to quan-
tify the stereoscopic performance.

The ex vivo stereo imaging experimental setup can be seen
in FIG. 64H. The target is a machined aluminum base with
several cylinders and spheres of known and precise dimen-
sion. The robotic camera device is the same device as that
shown in FIG. 64A.

The geometry of the cameras is detailed in FIG. 641. Using
this known geometry, the three-dimensional spatial coordi-
nates of objects in the field of view of both cameras can be
determined. FIG. 641 shows the geometry of a point object,
labeled obj, that is visible by the camera with a field of view
of 0, The camera has N pixels and each of these pixels can be
projected into a horizontal row i=1 .. . N at the same distance,
Yos; irom the camera as the point object. The point object is
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indicated in pixel i=n. Here, pixel i=1 and i=N show the
widest points (at —x,,,. and x, ) that are visible at that
distance.
The v coordinate of obj (and all points on the imaginary
projection) given by y,,, can be represented with the field of
view angle 0, and the length of the line segment d.

0
Yobj = dcos(T]

Similarly, the value x,,,,.. is represented as

[
Xpax = dsin(%)

The x coordinate of the object is found using x
n, the horizontal pixel position of obj.

2n 2n (O
Xobj = (ﬁ - l]xmax = (ﬁ - l]dsm(T]

The values of x,,,; and y,,; can be used to find the object
angle 8. This substitution eliminates the unknown variable

d.

(©
and pixel

max

M

®

00bj=taﬂ(y0bj]

Xobj
0 0

B dcos(%] B ta:(if]

I (G I (e
N o 2 N

Finally, the “slope” to the object, S
angent of 0.

oty> 1 simply the arct-

t

I

—] ©
(5

Once the slope, S, is found for the object in both of the
stereoscopic cameras, the x and y position of the object can be
determined. FIG. 65 shows the geometry of the two camera
configuration, with baseline (separation) D, and tilt angle 0,.

The coordinate system for the object distance values, x and
vy, is centered at a point directly between the two cameras. This
sets the x coordinate of the left and right cameras at -D/2 and
D/2, respectfully. The line y=0 is the imaging plane of both
cameras. Using the last equation, the “slope” to the objectcan
be found for both the left and right cameras, S; and Sz. I, and
I; are the left and right y-intercepts where the camera
“slopes” cross the system’s y-axis.

Soj = tan ! (B) =

y=Spx+l; (10)
an

Setting y=0 in each equation and using the known x coor-
dinate (-D/2 and D/2) in each equation, I, and I can be
found:

Y=Spxtlg
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D

i=51(3)

-D
1o =54l )
The slope of each line is found from (9).

(14)

Setting X=X, and y=y,,-in (10) and (11) and solving for
X,z leads to (15).

P/t
obj Sz =S

(13)

Similarly solving fory, leads to (16).

(16)

Ifthe cameras are rotated, as they are in the in vivo imaging
robot to provide a better view of the object, three new vari-
ables are introduced: 6,, (the rotation angle of camera) and Ax
and Ay (the shifts of the camera due to the rotation). Here, the
rotation angle is assumed to be equal for both cameras. The
new positions can be found using rotation matrices where

] s

are vectors with the original slope.

Vob =S¥ op L =SpXontlr

[XR,RDI} [008(6%) —sin(9r)H 1 } (1n
Yrrar | Lsin(8)  cos(@) || S

o) s
YL,Rot SL

The slopes in the rotated frame can then be determined
from these rotated positions as shown in (19) and (20).

cos(f;) sin(f;)
—sin(@,) cos(d,)

(18)

Sk = YR, Rot (19
T Xk ot
YL Rot (20)
St.Ror =
Lot XL,Rot

Using the shifts Ax and Ay, the new intercepts are found
from (10) and (11):

2n

I Rot = [Smm :D _ZAXL )] +AyL

D +AXR )] +AyR

IpRor = _[SR,Roz( 3
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Finally, the x and y coordinates are found by substituting
the new slopes and intercepts into (15) and (16). To extend
these results into three dimensions, the distance in the z
direction is needed. The vertical slope can be determined
using the following:

23

where 0,1s the vertical field of view, m is the vertical pixel
position, and M is the total number of vertical pixels. The
derivation of this is similar to the calculation of ), in (5)-(9).
The z component is found using the vertical slope S,, and the
distance to the object.

Zreal:Sv'\/xobjz*'yobjz 24)

The x coordinate remains the same (25).

Ryeal Kobj (25)

The y coordinate must be scaled by the cosine of the ver-
tical angle (26).

Frear™YorycOS(tan(S,)) (26)

This mathematical analysis was implemented in the fol-
lowing section in an off-line Matlab program. Using recorded
images, the object’s positions were computed and plotted in
space. Images are taken of objects of known dimensions to
determine the accuracy of the stereo vision from the in vivo
camera robot.

Testing of the Robotic Stereoscopic Camera Device

Using the experimental setup in FIG. 64H, several image
pairs were captured and analyzed using the above calcula-
tions. An example left and right image pair is shown in FIGS.
66A and 66B.

Pairs of corresponding points from the image pairs were
analyzed and plotted. The shapes ofthe cylinders in the image
can be reproduced ina depth map as shown in FIG. 67A. This
three dimensional information can be very useful in surgery.
FIG. 67B shows the center of the cylinders identified from the
point cloud in the depth map. If this data is compared to the
known dimensions of the target it can be seen that the error in
the y direction (depth) is 1.8 mm and the error in the x
direction (transverse) is 2.9 mm. F1G. 67C shows the xand y
error for all five cylinder objects. The accuracy could allow
precise depth feedback for a surgeon.

Performing a Porcine Cholecystectomy with the Robotic Ste-
reoscopic Camera Device

The in vivo camera robot was used to perform a porcine
cholecystectomy (gall bladder removal). The surgeon used
the video from the stereoscopic camera robot to perform the
procedure. The three dimensional information was viewed by
the surgeon using a stereoscopic display. Sample images are
shown in FIGS. 68 A and 68B. Three surgical tools are visible
manipulating tissue in these views.

The surgeon performed the surgery in real time using the
stereoscopic display. In addition, some captured images were
post-processed to demonstrate the depth perception available
to the surgeon. The resulting depth map for the images shown
in FIGS. 68A and B is shown in FIG. 68C. All three tools and
their relative position are clearly visible in the depth map.

During the cholecystectomy, the animal was prepared as
per normal procedure. Three small incisions were made in the
pig’s abdominal wall for the two tool ports and the laparo-
scope. The laparoscope was used to observe the procedure,
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but the surgeon used visual feed back from the in vivo stereo-
scopic camera. The in vivo stereoscopic robot was first
inserted using a special trocar that allowed for the robot’s
electrical wire tethers. The remaining trocars were then
placed and the abdomen was insufflated with carbon dioxide.
Then the laparoscopic tools and laparoscope were inserted. A
surgical assistant then lifted the in vivo robot into position on
the abdominal wall using the magnetic holder and a laparo-
scopic tool as shown in FIG. 68D. The assistant then held the
camera in position and re-positioned it as needed throughout
the procedure.

The operating surgeon then began the cholecystectomy,
using the stereoscopic video feedback as with a standard
laparoscopic surgical procedure. The cholecystectomy was
performed using standard tools but with primary video feed-
back coming from the in vivo robot. After the cholecystec-
tomy the in vivo robot was retracted by the tether.

EXAMPLE 8

Bench top tests were conducted to determine the torque
that could be created with a robotic device similar to that
device as depicted in FIGS. 23A and 23B. The test applied
static loads to the joint and a stall torque was determined. The
results are shown in FIG. 69. The joint torque output (ordi-
nate) changes with the elbow angle (abscissa). The tests show
that significant torque can be produced. In a nominal configu-
ration (elbow fully extended) the robot is capable of produc-
ing 6 mN-m. The torque is reduced as the elbow is flexed and
extended (human elbows don’t extend past straight). Ten tests
were conducted and a least squares fit is shown. It is believed
that additional torque can be obtained with changes in the
mechanical amplification inherent in the design (i.e. gear
ratio, pivot location, etc.). Kinematic details of “sufficient”
torque are given in Section D2 of the Experimental Design
section.

The second set of tests related to an examination of the
kinematic configuration (i.e. joint motions) for the robot
design, according to one embodiment. The robot is to
manipulate tissue by applying forces with its end-effectors.
This has to be done at a reasonable velocity. The endpoint
forces and velocities that can be generated by a robot are
highly dependent on the robot kinematics. Two possible, non-
limiting configurations are shown in FIGS. 70A and 70B. The
first (FIG. 70A) has three revolute joints, similar to the human
arm (two large rotations of the shoulder and one rotation at the
elbow). The second (FIG. 70B) has two revolute joints (shoul-
der) follow by a prismatic (linear) distal joint.

One design, according to one embodiment, is shown sche-
matically in FIG. 71 and has three revolute joints. To develop
a kinematic model of the manipulator, a minimum of three
parameters must be specified. The first parameter is the size of
the “dexterous workspace,” defined here as the volume of
space that is reachable by the robot. The target workspace will
allow the robot to manipulate tissue in a 5 cm cube in front of
the robot (2.5 cm<x<7.5 cm; -2.5<y<2.5; -2.5<z<2.5). This
workspace is typical for many laparoscopic procedures and is
also reasonable to permit the two “hands” of the robot to work
cooperatively. Workspace size/shape depends on joint limits
and configurations, and various tradeoffs related to these
design decisions will be investigated.

The two additional parameters required are the nominal
speed that the robot can move its end-effectors, and the maxi-
mum endpoint force that can be applied by the end-effectors.
In this example, the target endpoint force will be 3 N in all
directions (X, y, and z) at every point in the workspace. The
target endpoint velocity in this example will be 0.5 cm/sec-
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ond. Both of these parameters will vary throughout the
robot’s workspace. For example, the robot will be able to
apply larger forces in the x direction when its “elbows” are
straight. These parameters can be represented mathemati-
cally through the robot’s Jacobian: 5

dx=106.

Here, the endpoint velocities, [x, are determined by the
motors and actuators. They are the product of the joint veloci-
ties, [(JJ and the Jacobian matrix, J. The Jacobian contains
the design parameters for joint lengths (a,) and joint configu-
ration ([J,).

For the proposed configuration, the Jacobian is given by:

10

* (=s10203 +C153)a4 — $1C2G3  —C152C3G4 — C15203
yl= 0 —CpC3ay — 03 525304
b4 (c10263 + 5153004 +C 10203 —51520304 — 515283

where s,=sin([];) and ¢, =cos((],). This equation will be used
as part of the detailed design of each joint and link in the
robot.

What is claimed is:

1. A robotic system for viewing a laparoscopic surgical
procedure, the system comprising:

(a) a robotic device, comprising:

(1) an elongate device body having first and second ends,
the device body configured to be disposed within a
body cavity of a patient undergoing a surgical proce-
dure, the device body comprising an inner cylindrical
component and an outer cylindrical component,
wherein the inner cylindrical component is coaxially
rotatable relative to the outer cylindrical component;

(ii) a positionable sensor for the observation of the sur-
gical procedure disposed within an interior portion of
the inner cylindrical component, wherein the device
body is fluidically sealed whereby no exterior fluids
can enter the interior portion, and further wherein the
inner cylindrical component comprises a transparent
component adjacent to the sensor;

(i11) a motor disposed within the device body, the motor
being operably coupled to at least one of the inner
cylindrical component and the outer cylindrical com-
ponent, wherein the motor is configured to actuate
relative rotation between the inner cylindrical com-
ponent and the outer cylindrical component, and fur-
ther wherein the positionable sensor is configured to
be variously positioned relative to the outer cylindri-
cal component;

(iv) a connection component operably coupled with the
device body; and

(v) a first attachment component operably coupled with
the device body, wherein the first attachment com-
prises at least two internal magnetic components hav-
ing opposite polarities, wherein the at least two mag-
netic components having opposite polarities are
positioned at the first and second ends of the elongate
device body, respectively; and

(b) a detached handle comprising at least a second attach-
ment component comprising an elongate body further
comprising at least two external magnetic components
disposed at opposite ends of the elongate body and hav-
ing opposite polarities, the external magnetic compo-
nents configured to be operably coupleable with the
internal magnetic components, wherein the detached
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handle is configured to be caudally and rostrally move-
ably located against the patient’s body such that the
external magnetic components create sufficient mag-
netic force wherein the robotic device is urged toward
the detached handle such that the robotic device is direc-
tionally and stationarily positioned against an interior
cavity wall of the patient for the optimal observation of
the patient throughout surgery, further wherein the
handle is rotatably coupled to the surgical device and
configured to rotate the surgical device within the cavity.

2. The device of claim 1, further comprising a light com-
ponent operably coupled with the device body.

(—c1c203 +51¢3)a4 6)1

b |,

—510283 = c1e3)ay ||
(516253 —c103)as || .

3. The device of claim 1, wherein the transparent compo-
nent comprises a lens.

4. The device of claim 1, wherein the connection compo-
nent comprises a wire electrically coupled to the robot and
extending out of the patient.

5. The device of claim 1, wherein the connection compo-
nent comprises a wireless connection component.

6. The device of claim 1, wherein the sensor is an imaging
component.

7. A robotic system for viewing a surgical procedure, the
system comprising:

(a) a robotic device, comprising:

(i) a non-swallowable elongate device body having first
and second ends configured to be disposed within a
patient undergoing a laparoscopic surgical procedure
and configured to positioned against the peritoneum
of the patient, the device body comprising:

(1) an inner cylindrical body; and

(ii) an outer cylindrical sleeve, wherein the inner
cylindrical body is rotatable relative to the outer
cylindrical sleeve and further wherein the device
body is fluidically sealed whereby no exterior flu-
ids can enter an interior portion of the inner cylin-
drical body;

(ii) a camera component disposed within the interior
portion of the inner cylindrical body, wherein the
inner cylindrical component comprises a transparent
component adjacent to the camera component;

(iii) a lighting component coupled to the inner cylindri-
cal body;

(iv) a camera opening defined in the outer cylindrical
sleeve adjacent to the camera component;

(v) a lighting opening defined in the outer cylindrical
sleeve adjacent to the lighting component;

(vi) a motor disposed within the device body, the motor
being operably coupled to at least one of the inner
cylindrical component and the outer cylindrical com-
ponent, wherein the motor is configured to be capable
of actuating relative rotation between the inner cylin-
drical component and the outer cylindrical compo-
nent, further wherein the lighting component and the
camera component are configured to be selectively
positionable to illuminate and record the surgical pro-
cedure;

(vii) a connection component operably coupled with the
device body; and
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(viii) at least two internal body magnets of opposite
polarities operably coupled with the device body and
disposed at the first and second ends of the device
body; and

(b) a detached handle comprising an elongate body and
further comprising at least two external magnets of
opposite polarities disposed at opposite ends of the elon-
gate body and configured to urge the at least two internal
magnets and the at least two external magnets together,
wherein the detached handle and external magnets are
configured such that the external magnets are configured
to create magnetic force sufficient whereby the device is
stationarily and directionally positioned against an inte-
rior cavity wall of the patient and configured for the
rotation and movement of the device both caudally and
rostrally inside the patient for optimal observation of the
patient throughout surgery by way of the camera com-
ponent.

8. The device of claim 7, wherein the transparent compo-

nent comprises a lens.

9. The device of claim 7, wherein the connection compo-

nent comprises a wire electrically coupled to the robot and

extending out of the patient.

10. The device of claim 7, wherein the connection compo-

nent comprises a wireless connection component.

11. A method of viewing a surgical procedure in a patient

undergoing surgery, the method comprising:

(a) inserting an elongate robotic device through an opening
in the patient undergoing laparoscopic surgery and into
the abdominal cavity of the patient, wherein the robotic
device comprises:

(1) an elongate device body comprising first and second
ends, and further comprising an inner cylindrical
component and an outer cylindrical component,
wherein the inner cylindrical component is rotatable
relative to the outer cylindrical component;

(ii) a positionable sensor disposed within an interior
portion of the inner cylindrical component, wherein
the device body is fluidically sealed whereby no exte-
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rior fluids can enter the interior portion, and further
wherein the inner cylindrical component comprises a
transparent component adjacent to the sensor;

(iil) a motor disposed within the device body, the motor
being operably coupled to at least one of the inner
cylindrical component and the outer cylindrical com-
ponent, wherein the motor is configured to be capable
of actuating relative rotation between the inner cylin-
drical component and the outer cylindrical compo-
nent;

(iv) a connection component operably coupled with the
device body; and

(v) a first attachment component operably coupled with
the device body, the first attachment component com-
prising at least two internal magnets of opposing
polarities, wherein the at least two magnets are indi-
vidually positioned at the first and second ends of the
elongate device body;

(b) placing a detached handle comprising an elongate body
and further comprising at least two external magnetic
components of opposing polarities disposed at opposite
ends of the elongate body and on an outer surface of the
patient, whereby the robotic device is urged toward the
detached handle by way of the internal attachment sys-
tem such that the robotic device is directionally posi-
tioned against an inner wall of the cavity and is config-
ured to be freely moved caudally and rostrally and
rotated in the abdoininal cavity; and

(c) positioning the detached handle against the patient
whereby sufficient magnetic force is created between
the internal attachment system’s magnets and the corre-
sponding external magnetic components such that the
robotic device is stationarily and directionally held
against against an interior cavity wall of the patient for
the optimal observation of the patient throughout sur-
gery;

(d) monitoring with the robotic device a surgical procedure
being performed in the cavity of the patient.

I S T T
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