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Description
Field of the Invention

[0001] The present invention relates to various embodiments of robotic devices for use in laparoscopic surgery. Spe-
cifically, 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

[0002] Laparoscopy is minimally invasive surgery (MIS) performed in the abdominal cavity. It has become the treatment
of choice for several routinely performed interventions.

[0003] However, known laparoscopy technologies are limited in scope and complexity due in part to 1) mobility re-
strictions resulting from using rigid tools inserted through access ports, and 2) limited visual feedback. That is, long rigid
laparoscopic 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. Similarly, using a 2-D image from a typically rigid laparoscope
inserted through a small incision limits the overall understanding of the surgical environment. Further, current technology
requires a third port to accommodate a laparoscope (camera), and each new viewpoint requires an additional incision.
[0004] Robotic systems such as the da Vinci® Surgical System (available from Intuitive Surgical, Inc., located in
Sunnyvale, CA) have been developed to address some of these limitations using stereoscopic vision and more maneu-
verable 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 mobility 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., Bemelman, W.A., den Boer, KT., Dunker,
M.S., Gouma, D.J., and van Gulik, T.M. (2002) "Efficiency of Manual vs Robotical (Zeus) Assisted Laparoscope Surgery
in the Performance of Standardized Tasks," Surgical Endoscopy 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 Sur-
gery," J. Gastrointest Surg 6: 11-16. Further, the da Vinci® system and similar systems are 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 environment directly, and they
constrain the motion of the endpoint of the tools and cameras to arcs of a sphere whose center is the insertion point.
[0005] There is a need in the art for improved surgical methods, systems, and devices.

[0006] US 2005/0288555 discloses a device and method for illuminating, viewing and monitoring internal body surfaces
without an external attachment. A housing of a device is provided suitable for swallowing or by placement with an
endoscope. The device has an optical element coupled to the housing for illuminating, visualising or monitoring a body
surface.

Brief Summary

[0007] Discloses herein is a robotic device having a body, a power source, a connection component, at least one
operational arm, and an attachment component. The body is configured to be disposed within a patient. Further, the
arm has a first link operably coupled with the body via a first joint and further has an operational component operably
coupled with the arm. In addition, the operational arm is not positionable within the body.

[0008] The arm also has a second link operably coupled with the first link via a second joint. In one implementation,
the first joint is a shoulder joint and the second joint is an elbow joint. In accordance with one alternative embodiment,
the attachment component is a first magnetic component. In addition, one embodiment of the device has a light com-
ponent, while another embodiment has a sensor. In one aspect, the sensor is disposed within an interior portion and
the body is fluldically sealed whereby no exterior fluids can enter the interior portion.

[0009] In accordance with the present invention there is provided a robotic device according to claim 1.

[0010] In accordance with an alternative implementation, the first operational arm further has a third link operably
coupled with the first link via a third joint, and the second operational arm further has a fourth link operably coupled with
the second link via a fourth joint. In another embodiment, the device has a sensor positioned between the first and
second operational arms. In one aspect, the operational arms and sensor are positioned to substantially approximate
a relative configuration of standard laparoscopic tools. Alternatively, the first and second operational arms are configured
to substantially approximate movements of standard laparoscopic tools. In one embodiment, the first and second ma-
nipulators can any of a scalpel, a biopsy tool, a cauterizer, a forceps, a dissector, a clippers, a stapler, an ultrasound
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probe, a suction component, or an irrigation component.

[0011] Also disclosed 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 and creating an incision in a wall of the passage. The
method further includes inserting the robotic device into a cavity of the patient and performing a procedure using at least
the robotic device The device has a body, a power source, a connection component, at least one operational arm, and
an attachment component. The arm has a first link operably coupled with the body via a first joint and further has an
operational component operably coupled with the arm.

[0012] In one alternative, the natural orifice is the mouth and the wall is the stomach. Alternatively, the natural orifice
is the anus and the wall is the intestinal wall. In a further embodiment, the natural orifice is the umbilicus. According to
one implementation, the method includes making only a single incision in the patient. The method may also include
positioning the robotic device using a detached handle.

[0013] Alsodisclosed is a robotic device having 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 disposed within the cylindrical body.

[0014] In accordance with one implementation, the robotic device also has a light component. The body may be
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 configured to be operably coupleable with the first magnetic
component.

[0015] Also disclosed herein is a robotic device having a body, a sensor, a power source, a connection component,
and an attachment component. The body is configured to be disposed within a patient and has an inner cylindrical
component and an outer cylindrical component. In one embodiment, the inner cylindrical component is rotatable relative
to the outer cylindrical component. The body is fluidically sealed and the inner cylindrical component has a transparent
component adjacent to the sensor

[0016] In one alternative, the sensor is fixedly disposed within the interior portion of the inner cylindrical component.
[0017] Also disclosed 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. The device may have 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. The method may also include 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 implementation, the natural orifice
is the anus and the wall is the intestinal wall.

[0018] 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
departing from the scope of the various inventions as defined by the appended claims. Accordingly, the drawings and
detailed description are to be regarded as illustrative in nature and not restrictive.

Brief Description of the Drawings
[0019]

FIG. 1 is a perspective view of a mobile robotic device.

FIG. 2 is a perspective view of a mobile robotic device.

FIG. 3A is an exploded view of a mobile robotic device.

FIG. 3B is a side view of a wheel of a mobile robotic device.

FIG. 3C is a plan view of a wheel of a mobile robotic device.

FIG. 4 depicts the adjustable-focus component implemented in a camera robot.

FIG. 5 is a perspective view of a manipulator arm according to one embodiment

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

FIG. 7Ais amodel of one embodiment of a manipulator arm labeled with the parameters used to determine properties
of the links.

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

FIG. 7C is a top view of one embodiment of a manipulator arm.

FIG. 7D is a schematic of the link shape assumed to calculate 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.
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FIG. 98 is a perspective view of a mobile robotic device.

FIG. 10 is a plan view of a mobile robotic device having a drug delivery component.

FIGS. 19A and B are schematic depictions of a drug delivery component that can be integrated into a mobile robotic
device.

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.

FIGS. 13A and B are schematic depictions of the profile of a drug delivery component.

FIG. 14 Is a side view of a stationary or fixed base robotic device in the deployed configuration.

FIG. 15 is a side view of a fixed base robotic device in the deployed configuration.

FIG. 16 is a side view of a fixed base robotic device in the collapsed configuration.

FIGS. 17A and 17B are a schematic depiction of a magnetically coupleable robotic system.

FIG. 18 is an exploded view of a magnetically coupleable robotic system.

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

FIG. 20 is a side view of a magnetically coupleable robotic device with stereoscopic imaging.

FIG. 21 is a side view of a magnetically coupleable robotic device.

FIGS. 22A and B are perspective views of a magnetically coupleable robotic device, according to an embodiment.
FIGS. 23A and B are perspective views of a magnetically coupleable robotic device, according to an alternative
embodiment.

FIG. 24 is a perspective view of a magnetically coupleable robotic device, according to another alternative.

FIG. 25 is a schematic depiction of a 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 embodiment.
FIG. 26B is a perspective view of a joint that can be implemented into a robotic device, according to another
embodiment

FIG. 27 is a schematic depiction of a natural orifice surgical procedure using a magnetically coupleable robotic
device, according to one embodiment.

FIG. 28 is a visual image taken of amobile 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 is an elastic body model used in friction analysis 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 embodiment 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 s
used in the 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. 36A-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. 36A 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 of a 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. 41Aand B show the response ofthe systems for links 1 and 3 with compensators, according to one embodiment.
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 a three-link manipulator arm according to one embodiment
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of the present invention.

FIG. 44 is a plot of encoder counts versus time showing that movement of a manipulator, according to one embod-
iment, is linear with time and that the velocity of the tip is constant.

FIG. 45 Is a perspective view of a mobile robotic device.

FIG. 46 depicts a mobile, robotic device being used in a natural orifice surgical procedure.

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

FIG. 48 depicts another step of a natural orifice surgical procedure.

FIG. 49 depicts another step of a natural orifice surgical procedure.

FIG. 50 depicts another step of a natural orifice surgical procedure.

FIG. 51 depicts another step of a natural orifice surgical procedure.

FIG. 52 depicts an image from a mobile robotic device depicting other surgical tools during a cholecystectomy.
FIG. 53 depicts a mobile robotic device being used during a surgical procedure.

FIG. 54 depicts an image from a mobile robotic device depicting other surgical tools during a cholecystectomy.
FIG. 55A is a schematic depiction of a forceps tool, according to one embodiment.

FIG. 55B 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 porcine 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, ac-
cording 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.

FIG. 62 depicts a laboratory two-component drug delivery system.

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

FIG. 64A depicts a robotic camera device.

FIG. 64B is a graph depicting the spatial resolution of two imaging systems.

FIGS. 64C and D are graphs depicting the color differences between two imaging systems.

FIG. 64E is a graph depicting the color error for each of two imaging systems.

FIGS. 64F and G are graphs depicting lens distortion for each of two imaging systems.

FIG. 64H depicts the experimental setup for benchtop tests to test resolution, color accuracy, and distortion of
camera systems.

FIG. 64l is a graph depicting the geometry of two stereoscopic cameras.

FIG. 65 depicts the light sources used in the experimental setup of FIG. 64H.

FIGS. 66A and B depict an image of the vision target of FIG. 64H. 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.

FIG. 67B is a graph depicting the center of the cylinders identified from the point cloud in the map of FIG. 67A.
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 used in cooperation
with da Vinci™ tools. FIGS. 68A and B depictimages from the magnetically coupleable device during the procedure.’
FIG. 68C is a depth 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 em-
bodiment.

FIGS. 70A and B depict two kinematic configurations of robotic device designs, according to one embodiment. FIG.
70A depicts a configuration having three revolute joints, similar 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 of a manipulator of a magnetically coupleable device having
three revolute joints based on the size of the dexterous workspace, according to one embodiment.
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Detailed Description

[0020] The presentinvention relates to 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.

[0021] The robotic devices fall into three general categories: mobile devices, stationary or "fixed base" devices, and
magnetically coupled devices. A "movie 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 "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.

MOBILE ROBOTIC DEVICES

[0022] FIG. 1 depicts a mobile robotic device 10. 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 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 manipulation 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.
[0023] Alternatively, 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 component 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 provide for
easy insertion of the robotic device 10 through the entry port of a laparoscopic surgical tool.

[0024] 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.

[0025] . Alternatively, a mobile robotic device can also have one or more operational components (also referred to
herein as "manipulators") and/or one or more sensor components. The device may or may not have an imaging com-
ponent. 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.

[0026] The operational component mightbe, forexample, 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.

[0027] 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.

[0028] 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.

[0029] Any of the several types 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.

[0030] It 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 conforming to certain aspects described herein can, in various embodiments, take on many different configura-
tions, 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 FIGS. 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 controllers, motors, power supplies, wheels, bodies, receivers, transmitters, cameras, manipulators, and
sensing devices that can be used in various combinations to construct robotic devices as described herein.

[0031] FIG. 3A depicts an exploded view of a mobile robotic device 30. The device 30 has a 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
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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.

[0032] 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. Two brushings 50 may be 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 implementation, the wheels 48 are coupled to the device 30 via wheel set screws 52.
[0033] 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. The body 32 can be
constructed in any known fashion. For example, the body 32 may be fabricated via machining or stereolithography.
[0034] The device 30 as shown in FIG. 3A also has four batteries 44. Accordingly the batteries 44 may be disposed
within a cavity of the core component 32. For example, the batteries 44 may be 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. Each battery 44
can be 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.
[0035] 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) for use 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. Alternatively, the device 30 has a wired connection
component (not shown) that is attached to the device 30.

[0036] 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.

[0037] , Arobotic 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 alternative 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. Accordingly, 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,
the wheels 48 are positioned on the motor shafts 52.

[0038] The device 30 depicted in FIG. 3A, can be configured to fit through a port in a Known laparoscopic surgical
tool. For example, in accordance with one implementation, the device 30 is configured to be inserted through a standard
15 mm medical port.

[0039] The robotic device 30 can be constructed without any sharp edges, thereby reducing damage to the patient
during use of the device 30.

The device 30 may be comprised of biocompatible materials and/or materials that are easy to sterilize.

[0040] A mobile robotic device conforming to certain characteristics discussed herein has a transport component,
which is also referred to herein as a "mobility 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.

[0041] Alternatively, a robotic device as described herein can have any known transport component That is, the
transport component 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.

[0042] According to FIG. 3A, the robotic device 30 has two wheels 48 independently driven with separate motors 42.
The motors 42 are direct current motors. Each wheel 48 may be 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.
Thatis, the two wheels 48 with two separate motors 42 are configured to allow the device 30 to move forward or backward,
orto turn. The two wheels 48 can move the device 30 forward or backward by each wheel 48 rotating at the same speed.
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 accordance with one implementation, the wheels 48 can also provide for a
zero turning radius. Thatis, 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
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location.

[0043] Each wheel 48, according to one implementation, has a surface texture on its exterior surface as shown in
FIGS. 3A, 3B, and 3C. The surface texture creates traction for the wheel 48 as it moves across a tissue, organ, or other
body surface.

[0044] 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 particular 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.

[0045] The raised portion 58, according to one embodiment, defines an outer diameter 58 (d,,), while the wheel 48
defines an inner diameter 56 (d,). The inner and outer diameters of the wheels in one implementation 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.

[0046] The helical profile 59 of the wheels can have 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.

[0047] In accordance with one implementation, the transport component constitutes at least about 80 % of the external
surface area of the robotic device. Alternatively, the transport component constitutes at least about 90 % of the external
surface area of the robotic device. In a further alternative, the transport 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 percentage of the external surface area of the robotic device.

[0048] The wheelsdepictedin FIGS. 1,2, and 3 have around, tubular-type treaded configuration. Alternatively, virtually
any configuration could be employed, such as a round, square, spherical, or triangular configuration.

[0049] In addition, the wheels depicted in FIGS. 1, 2, and 3 are comprised of aluminum. Alternatively, the wheels are
constructed 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.

[0050] The robotic device can have one or more sensor components. Such sensor components include, but are not
limited to, sensors 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 sensor components can include one or more imaging
components, which shall be considered to be a type of sensor component 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.

[0051] Accordingly, 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 procedure or the patient.

[0052] The image 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 procedure will be performed)
for the user. The image component can provide real-time video to the user.

[0053] Current standard laparoscopes use rigid, single view cameras 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 ex-
panded and adjustable field of view with almost unlimited motion, thereby improving the user’s visual understanding of
the procedural area.

[0054] As used 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 embodiment, 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
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is found in the form of electrons 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 the image 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.
[0055] In accordance with one Implementation, the imaging component is a small camera. The imaging component
can be a complementary metal oxide semiconductor ("CMOS") digital image sensor such as Model No. MT9V125 from
Micron Technology, Inc., located in Boise, ID. 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 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.

[0056] 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, a suitable CMOS imager including active pixel-type arrays is disclosed in
U.S. Patent 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, CA.
[0057] Inaccordance with one implementation, the Imaging device provides video outputin NTSC format. For example,
any commercially-available small NTSC video format transmission 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.
[0058] The imaging component, 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.

[0059] The imaging component can be capable of focusing in range from about 2mm to infinity. Alternatively, the
imaging component can have a focusing range similar to that of any known adjustable focus camera.

[0060] 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. 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 focussing.

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.
[0061] The imaging component can be controlled externally to adjust various characteristics 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. This adjustment capability can provide quality feedback in
poor viewing conditions such as, for example low lighting.

[0062] According to one implementation, any mobile imaging device disclosed herein can have any known lens that
can be used with such devices. The lens is model no. DSL756A, a plastic lens available from Sunex, located in Carlsbad,
CA. This implementation provides only a short depth of field, which requires adjustable-focus capability. To attain this,
the lens of this implementation is attached to an actuation mechanism to provide adjustable focus capability. The lens
is moved by the actuation mechanism to provide a range of focus from 2 mm to infinity. Alternatively, the lens can be
any lens that can be incorporated into any of the imaging devices described herein.

[0063] In a further alternative, the imaging component can include an image stabilization component. For example,
the device could include on-board accelerometer 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 component 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. Alternatively, any known image stabilization technology can be incorporated for
use with the imaging component.

[0064] The camera may be 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.

[0065] The robotic device can also have a lighting component to light the area to be viewed. In one example, the
lighting component is an LED light Alternatively, the lighting component can be any illumination source.
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[0066] 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.

[0067] According to one embodiment, the robotic device has one or more operational components. The "operational
component," 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 embod-
iment, the operational component is any device that can perform, or assist in the performance of, any known surgical
or exploratory laparoscopic procedure. In one aspect, the one or more operational components assist with procedures
requiring high dexterity. 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.

[0068] In one implementation, the operational component has 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 component as described above.

[0069] According to one embodiment, any operational component described or contemplated herein can be an off-
the-shelf surgical tool or modified version thereof. Alternatively, any such operational component can be constructed de
novo.

[0070] The operational component depicted in FIGS. 5 and 6 is a manipulator arm 80 having three arms or "links" 82,
according 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.

[0071] 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 Instru-
ments, located in New Hyde Park, NY.

[0072] In one implementation, the arm was constructed using stereolithography. According to one embodiment, ster-
eolithography can be used to construct the linkages and the base section out of a cured resin material similar to plastic.
[0073] The motor, according to one embodiment, that can be used in the linkages is a DC micromotor with encoders
manufactured by MicroMo Electronics, located in Clearwater, FL. The motor is a 6 V motor having a 15,800 rpm no-load
speed 0,0004 Nm (0.057 oz-in) stall torque, and weighed 3,4 g (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. Alternatively, the arm can use
a low voltage motor, such as a 3 V motor.

[0074] 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. It is
16.5 mm long, but only adds 11.5 mm to the total length of the assembly.

[0075] Figure 7A shows a schematic of one manipulator embodiment with L, Lg; M4, My, m4g, mpg and Wp labeled.
Without being limiting, the schematic was used for calculating various characteristics relating to one manipulator em-
bodiment 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.

[0076] Inone 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
microcontroller to convert each axis’ analog voltage to a PWM signal, and an H-Bridge ICS to drive the motors. This
embodiment is described in further detail in Example 2 below.

[0077] 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.

[0078] In another embodiment, the manipulator of the present invention includes an actuation mechanism that gen-
erates 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 actuation 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
sufficient 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.

[0079] FIG. 9A depicts arobotic 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. The robot’s grasper 102 can open to 120 degrees. In a further alternative, the forceps 102 can have any known
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configuration.

[0080] Thebody 104 can contain animaging component (not shown), cameralens 108, motor and video control boards
(not shown), and actuation motor (not shown) and a mechanism for camera adjustable-focus (not shown). The imaging
component and lens 108 can be 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 abdominal 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 connected to an external component (not shown).

[0081] FIG. 9B depicts a mobile robotic device 120. The device 120 is wireless. That is, the device 120 has no wired
connection 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 configuration similar to the wired device in FIG. 9A. That is,
the device 120 has a cylindrical body 122 and an arm 124 having a biopsy tool 126. Further, the device 120 can also
have other components similar to those described above with respect to FIG. 9A. In one alternative implementation, the
device 120 also has a "tail" 128, described in further detail above, connected to the body 122.

[0082] In use, arobotic 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. The biopsy forceps provide a clamp capable of clamping shut a
severed artery.

[0083] The manipulator can be a drug delivery component. That is, according to one implementation, robotic devices
disclosed herein can have a drug delivery component or system that delivers an agent to an animal, including a human.
The agent is a hemostatic agent. Alternatively, the agent can be any deliverable composition for delivery to an animal,
including a human.

[0084] FIG 10 depicts a robotic device 140 having an agent delivery system 142. The delivery system 142 can be
disposed within the cylindrical body 144 and two wheels 148 are rotatably disposed 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

[0085] FIG 11 A depicts an agent delivery component 160. The delivery component 160 can be an agent storage and
dispensing system. The agent may be a hemostatic agent. The system has dual reservoirs 162 that can contain the
agent, a mixing and discharge component 164, and an actuation component 166. The mixing and discharge component
164 may have two delivery tubes 168, a manifold 170 and a cannula 172. Alternatively, the mixing and discharge
component 164 is actually two separate components: a mixing component and a discharge component. In one imple-
mentation, the actuation component 166 has a crank wheel 174, a catch lever 176, and a ratcheting linkage 178 coupling
the crank wheel 174 to plungers 180 disposed within the reservoirs 162.

[0086] The dual reservoirs 192 of FIG 11A are configured to store and isolate two agents or agent components. In
one implementation, the reservoirs 162 are similar to those used in standard dual syringe injection systems. The two
components may be 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 prevent premature coagulation
prior to application. The storage and dispensing system may have 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. Alternatively, the
system can have more than two reservoirs.

[0087] FIG. 11 B, along with FIG 11A, provides an additional perspective relating to the actuation component 166.
The actuation component 166 has pre-loaded torsional springs 182 that are prewound and rigidly attached to the crank
wheel 174. In addition, the lever 176 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.

[0088] The spring-loaded catch lever 176 can be a shape memory alloy and is actuated with a 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 B% and exert approximately 5
times the force required to stretch them.

[0089] FIG. 12 is described in further detail below in Example 6. That mechanism uses a permanent magnet direct
current motor as the force actuator.

[0090] Alternatively, the actuator mechanism can be any known device for providing for linear displacement of the
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reservoir plungers 180 that dispense the agent. According to one implementation, the actuator ensures uniform delivery
of the agent from the storage reservoir(s).

[0091] 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
simultaneously through a single cannula. In implementations in which the agent is a hemostatic agent requiring two
compounds, the mixing component thoroughly mixes the two components as necessary to promote optimal coagulation.
A mixing system can ensure that the two components 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.

[0092] FIG. 13B depicts the flow of agents in the mixing component 200 of FIG. 13A. The fluids contained in the two
storage reservoirs (not shown) can be 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. 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.

[0093] Alternatively, the mixing component is any known component for mixing two agents, including, but not limited
to, hemostatic agents, that can implemented with one or more of the robotic devices described herein.

[0094] 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 standard 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. Such a loading port can be 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.

[0095] According to one aspect, any robotic device described herein is connected to an external controller via a
connection component. The connection component is a wire, cord, or other physical flexible coupling. For purposes of
this application, the physical or "wired" connection component is also referred to as "tethered" or "a tether." 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 configurations. The connection
component 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 is configured 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
alternative, 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).

[0096] Alternatively, the connection component is a wireless connection component. That is, the robotic device com-
municates wirelessly with a controller or any other external component The wireless coupling is also referred to herein
as "untethered." 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 to any external object for at least a portion of the surgical procedure: An untethered robotic device transmits
and receives data wirelessly including data required for controlling the device. The robotic device can have an internal
power supply, along with a receiver and transmitter for wireless connection.

[0097] Thereceiver 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 transmitter used in remote vehicle locking devices, remote
controls, mobile phones.

[0098] 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 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.

[0099] According to another implementation, any robotic device described herein is connected via a connection com-
ponent 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 two or more robotic devices can be operably coupled to each
other as well as an external unit or device. When there are two robotic devices, the two devices are operably coupled
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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. There are three separate flexible connection
components: (1) a connection component connecting the two robotic devices, (2) a connection component 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 connection 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.

[0100] 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 operably coupled to each other and an external unit or
device in a fashion such that they are not physically connected. The devices and the external unit are operably coupled
wirelessly.

[0101] 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.
[0102] 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 Belmont, CA). This motor requires external connection, which is generally provided by a circuit supplied by
the manufacturer. In another implementation, the motor is model no. SBL02-06H1 with gearhead PG02-337, also avail-
able from Namiki.

[0103] 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, FL). In yet another alternative, any known permanent
magnet DC motors can be used with the robotic devices described herein.

[0104] 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).

[0105] 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.

[0106] 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.
The control board can also control the direction of the motor’s rotation.

[0107] In accordance 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 eternal to the animal or human.

[0108] 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 connection component, wherein the connection component can be a wired or physical component or a wireless
component. The data transmitted or conveyed by the connection component can also include, but is 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 unitis any component, device, or unit that can be used to transmit or receive data.
[0109] The external componentis a joystick controller. In another example, the external component is any component,
device, or unit that can be used to control or operate the robotic device, such as a touch screen, a keyboard, 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.

[0110] 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
thatmovement can be sped up or slowed down based on the amount that the stick is pushed in the corresponding direction.
[0111] The connections between the controller and the robotic device can be configured such that each wheel is
controlled by a separate joystick.

[0112] In another example, the controller is a directional pad similar to the directional pad on an original Nintendo™
game system. The pad resembles a + sign and has four discrete directions.
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[0113] 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 controls the biopsy tool.

[0114] The control component can also serve as a power source for the robotic device.

[0115] A mobile robotic device can be 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. The signal may be a video signal or a still
image signal. The image display component may be a video display that can be viewed by the operator. Alternatively,
the image display component is a stillimage display. In a further alternative, the image display component displays video
and still images. The image display component can be 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. The image display component is any
known image display component capable of displaying the images collected by a camera that can be used with any of
the robotic devices described herein.

[0116] The image display component can be a component of the controller.

[0117] A robotic device as described herein, according to one implementation, has a power source or power supply.
The power source can be integrated into the body of the robotic device.

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.

[0118] 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 is an electrical power source
such as a battery or any other source of electricity. In this example, the electricity is conveyed from the battery to the
robotic device via the connection component, 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.

[0119] The power source can be any battery as described above. Alternatively, the power source can be magnetic
induction, piezoelectrics, nuclear, 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

[0120] 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. A fixed base robot can have a camera and is positioned
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 implementations facilitates the application of laparoscopy and other surgical techniques by
providing a remote-control camera robot to provide visual feedback during a surgical procedure, thereby minimizing
incisions and patient risk.

[0121] FIG. 14 depicts a robotic imaging device 220. The device 220 has a main body 222 with an imaging component
224 disposed therein, an adjustable-focus component 228, and a support component 234 for supporting the body 222
inside an open space (e.g., a body cavity). The device 220 can further contain 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 (discussed below) or the adjustable-focus component 228. The device 220 can be sized for use with
standard laparoscopic tools.

[0122] In one embodiment, the device 220 is made of a biocompatible material capable of being easily sterilized. 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.

[0123] 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.

[0124] The handle 232 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
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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.

[0125] The light component 226 can be configured to light the area to be viewed, also referred to as the "field of view."
In one implementation, the light component 226 is proximate to the imaging component to provide constant or variable
illumination for the camera. Alternatively, the light component 226 is associated with the handle 232 as depicted in FIG.
14. In such an embodiment, the light 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.

[0126] In one example, the lighting component 226 is an LED light. Alternatively, an exemplary light source is two 5
mm LEDs. In a further alternative, the lighting component 226 can be any suitable illumination source.

[0127] In one implementation, the imaging component 224 depicted in FIG. 14 can be a camera or any other imaging
device. 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. The imaging component can be a stereo camera that creates a three-dimensional
image.

[0128] 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. The imaging component may provide 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.

[0129] FIG. 15 depicts a fixed base robotic camera device 240. The device 240 has a tilting component 242 and a
panning component 244, 246. The panning component 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.
The panning and tilling components can provide rotation about two independent axes, thereby allowing the surgeon
more in-depth visualization of the abdominal cavity for surgical planning and procedures.

[0130] In accordance with one implementation, the tilting component 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. 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
380 degrees from vertical, or the tilting component 242 can be configured to rotate beyond 360 degrees or can rotate
multiple times. In the device shown in FIG. 15 and similar devices, the tilting component 242 is a separate component
associated with, but independent of, the body 248. Alternatively, the tilting component is incorporated into the body 258
or into the camera component 250.

[0131] 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. 15. Alternatively, the panning component can be any
suitable component known in the art. According to 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 provides
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°. In the device shown
in FIG. 15and similar devices, the panning component 244, 246 is a separate component associated with, butindependent
of, the body 248. Alternatively, the panning component is incorporated into the body 248 or into the camera component
250.

[0132] In one aspect, any fixed base robotic device described herein has a drive component (not shown). The fixed
base robotic device can have more than one drive component. For example, a fixed base robotic device can have a
motor for actuating the panning component and another motor for actuating the tilting component. Such motors can be
housed in the body component and/or the support component. In one example, the actuator or actuators are independent
permanent magnet DC motors available from MicroMo™ Electronics, Inc. in Clearwater, FL. Other suitable actuators
include shape memory alloys, piezoelectric-based actuators, pneumatic motors, hydraulic motors, or the like. Alterna-
tively, the drive component can be any drive component as described in detail above with respect to mobile robotic
devices. The panning and tilting components can be actuated manually.

[0133] 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.
[0134] Moreover, itis also contemplated that the body of camera could be capable of a side-to-side motion (e.g., yaw).
[0135] Fixed base robotic devices can have an adjustable-focus component. For example, an adjustable-focus com-
ponent 60 thatcan be incorporated into the fixed base robotic devices described hereinis 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 tum-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.
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[0136] The imaging component can have a lens cleaning component. For example, the lens cleaning component can
be a wiper blade or sacrificial film composed of multiple layers for maintaining a clear view of the target environment.
The lens cleaning component can be any known mechanism or component for cleaning a camera lens.

[0137] The fixed base robotic devices, such as that shown in FIG. 16, are designed to collapse or otherwise be
reconfigurable into a smaller profile. For example, the device 260 is configurable to fit inside a trocar for insertion into
and retraction 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. Such
passive actuation is achieved with torsion springs (not shown) mounted to the handle at the axis of rotation.

[0138] The support component 266, as depicted in FIG. 16, is a set of one or more legs 266 that are moveable between
a collapsed 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 implementation, 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 fixed base robotic device of any configuration described herein within a patient’s body. Alternatively, the support
component 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.

[0139] According to one aspect, any fixed base robotic device described herein is connected to an external controller
via a connection component. The connection component can be any wired or flexible connection component or config-
uration as described above with respect to mobile robotic devices. Alternatively, the connection component is a wireless
connection component according to any 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 trans-
mitter, as also described above. According to another implementation described in additional detail above with respect
to the mobile devices, any fixed base robotic device 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.

[0140] 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 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.

[0141] Inaccordance with one implementation, any fixed base robotic device as described herein can have an external
control 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 animal or human. The external control component may transmit and/or receive 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 external unit is any component, device, or unit that can be used to transmit
or receive data.

[0142] 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 component. For example, one embodiment of the controller
controls the focus adjustment of the camera, and further controls the panning and/or tilting functions of the device.
[0143] The control component is configured to control the operation of the image sensor, the panning component, and
the tilting component. The control component can transmit signals containing operational instructions relating to con-
trolling each of those components, such as, for example, signals containing operational instructions to the image sensor
relating to image quality adjustment, etc.

[0144] The control component can also serve as a power source for the robotic device.

[0145] According to one implementation, the fixed base robotic device is coupled to an image display component The
image display component can be any image display component as described above with respect to the mobile robotic
devices.

[0146] A fixed base robotic device as described herein, according to one implementation, has a power source or power
supply. The power source can be any power source having any configuration as described above with respect to the
mobile robotic devices. 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 positioned within
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the patient’s body. The power unit can be used to supply power not only to one or more robotic camera devices, but can
also to any other surgical robotic devices.

[0147] Thefixed base robotic devices can have 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.
[0148] Any of the components on any fixed base robotic device as described herein can be known, commercially
available components.

[0149] 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.

[0150] 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. Additionally, 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

[0151] Certain robotic devices disclosed herein relate to magnetically coupleable robotic devices and related systems.
As discussed 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.

[0152] FIGS. 17A and 17B depict a magnetically coupleable robotic system 300. The system 300 includes a robotic
device 302 and a magnetic handle 304. In accordance with FIG. 17B, the robotic device 302 is disposed within the
abdominal cavity of a patient, and the magnetic handle 304 is disposed at a location external to the patient. The handle
304 operates to hold the device 302 inside the abdominal cavity against the peritoneum (abdominal wall) 320 via magnetic
forces.

[0153] In one implementation, the robotic device 302 is a cylindrical 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. The
device magnets 310, 312 may be magnetically coupled with magnets 314, 316 on the handle 304 such that the device
302 is urged toward and held against the body cavity wall 320. The magnets 310, 312 can be 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 controlled at least in part by an external magnet.

[0154] The imaging component 306, according to one embodiment is a single camera. Alternatively, the imaging
component 306 can be multiple cameras used to create stereoscopic vision.

[0155] It Is understood that the magnets 310, 312 can be positioned 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.

[0156] 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 magnets 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.

[0157] In accordance with one aspect, the magnetic handle 304, also referred to herein as an "external magnet") is
in the shape of a handle. It is understood, however, that "magnetic handle" and/or "external magnet" as used herein is
intended to encompass 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.

[0158] 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 application, 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.

[0159] 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 positioned anywhere within an animal body and positioned,
operated, or controlled at least in part by the magnetic handle 304 positioned outside the body. According to one
implementation, the device 302 can also reattach itself if one end is knocked free. The magnets 310, 312 can provide
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sufficient magnetic attraction with the external magnet to resist vibration. Use of magnets allows for easy adjustment
via the handle 304 outside the.abdomen and easy attachment to the wall after insertion. Attachment can be 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.

[0160] The device 302 may be 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. The imaging component 306
can provide a view of the surgical procedure for the user. In one variation of this embodiment, the device 302 is sized
to fit through standard laparoscopic tools.

[0161] FIG. 18 depicts an exploded view of a magnetically coupleable robotic system 340.

The system 340 has a robotic device 342a, 342b and an external magnet 344.

The robotic device 342a, 342b as shown in FIG. 18 has two portions: an inner portion 342a and an outer portion 342b.
The inner portion 342a is a cylindrically shaped inner body 342a, and the outer portion 342b Is an outer sleeve 342b
configured to be rotatably disposed over the inner body 342a. The device 342a, 342b also has two magnets 346.

The magnets 346 can be disposed in the end portions 348 at each end of the device 342a. 342b. 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, 342b positioned within the body.

[0162] FIGS. 19A and 19B depictaninnerbody 360 of a magnetically coupleable robotic device. FIG. 19Ais 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. The two portions 362, 364 may be connectable halves that are combined during assembly to
form the tubular inner body 360.

[0163] 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 342b depicted in FIG. 18 rotatably disposed over the body 360. The imaging component
374 and lens 368 can be panned by rotating the inner body 360 with respect to the sleeve 342b, 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
342b to be positioned on the body 360 without blocking the lens 368 or the lighting component 370. The actuation
component 372 can be a motor 372 that provides force for rotating the inner body 360 with respect to the outer sleeve
342b. The motor 372 may be 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 342b.

[0164] 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. A restoring force can be provided that urges the lens
back to its resting position when the force from the coiled wire is removed. According to one implementation, the restoring
force is provided by a foam component Alternatively, any known component for providing a restoring force can be used.
[0165] FIG. 20 depicts an alternative embodiment of a magnetically coupleable robotic device 363 with stereoscopic
imaging. 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.
[0166] FIG. 21 depicts an alternative magnetically coupleable robotic device 380. An outer sleeve can be disposed
around the device 380. Alternatively, no sleeve is used.

The device 380 can have 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. The aperture 388 can be covered by a transparent
cover (not shown). Alternatively, there is no cover. The bottom portion 402 can contain at least one actuation component
394 operably coupled to a gear 396 and bearing 398 used to rotate the device 380.

[0167] 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. 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. 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. 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.

[0168] The image is focused by moving the lens 384. 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. Alternatively focusing is accomplished by any known focusing
component.

[0169] The bottom portion 402 may be a solid portion with cavities for the actuation component 394 and, according
to another embodiment, the lens adjustment motor and the mirror adjustment motor.
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[0170] The device 380 may provide 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.
[0171] 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. The device may have no panning
capabilities and/or no tilting capabilities. In a further embodiment, the device has both pan and tilt components.

[0172] FIGS. 22A and 22B depicts an embodiment of a magnetically 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.

[0173] In one implementation, the cylindrical housing 422 has an imaging component (not shown). According to one
implementation, the imaging component is a camera. Alternatively, the imaging component is a pair of stereoscopic
cameras.

[0174] 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.

[0175] FIG. 22B depicts the device 380 in a linear configuration. That is, the components of the device 380 are
configured via 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 laparoscopic surgical port and for use with all standard laparoscopic tools.

[0176] The device 420, according to one aspect, has an external controller (not shown) coupled to the device 420.
The controller can be coupled to the device 420 via a wired connection 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 pendant"). Alternatively, the controller is a joystick
controller similar to those described above.

[0177] Inafurther alternative, the controlleris 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 system 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 controller system thus allows for
utilizing very specific and precise control of a device, including very precise device positioning, 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 incorporated into any of the robotic devices
disclosed herein.

[0178] 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. 23A, the controller could have a kinematic configuration similar
to that of the 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.

[0179] 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 actuators (not shown) of the device 420 to operate the
arms 424 and joints 426, any imaging component, and any operational components 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.

[0180] 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
embodiment, 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.

[0181] 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 assistance 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 embod-
iment, the device 420 is used for gross manipulation of tissue and organs, retracting those that physically or visually
obstruct the surgeon. In this embodiment, the arms 424 of the device 420 can be used to hold back tissue and organs
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to allow the surgeon physical and visual access to the necessary surgical field.

[0182] According to one embodiment, the positioning or configuration 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.

[0183] In an alternative embodiment, a magnetically coupleable device can have additional components and be used
for additional 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 embodiment 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 operational components are a forceps 450 and a
cautery 452.

[0184] 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 actuates 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 incorporated into a magnetically coupleable
robotic device according to any embodiment described herein.

[0185] In one implementation, the cautery 452 can be a commercially-available handheld single use cautery tools
such as those made by ACMI Corporation, Medtronic, or several other manufacturers. Such devices consist of a spe-
cialized tip and often use two standard AA batteries as a power source. The devices generally operate at 3 volts and
pass approximately 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 that is 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.

[0186] Alternatively, the operational component according can be a grasper or a scalpel. In a further embodiment, the
operational component can be any operational component as described above with respect to the mobile robotic device
embodiments that could be used with the present magnetically coupleable robotic device. For example, the operational
component can be a dissector, a clippers, a stapler, an ultrasound 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.

[0187] In one embodiment, the joints depicted in FIG. 23A positioned 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 embodiment, the shoulder joints 446 have two degrees of
freedom and the elbow joints 448 have one degree of freedom. Alternatively, 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.

[0188] AsshowninFIG. 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 positioning of the robot, while, according to one embodiment, more precise movements can be accom-
plished 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.
[0189] Inone embodiment, the imaging component 454 includes a CMOS sensor available from by Micron Technology,
Inc., located in Boise, ID. The sensor consists of an array of 640 x 480 pixels with an active image area of 3.63 mm X
2.78 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 quality. These are programmable via a standard
serial connection, and include color saturation, brightness, hue, white balance, exposure, and gain. The entire sensor
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is 9 mm X 9 mm X 1.3 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 com-
ponent can be used.

[0190] In accordance with one implementation, the imaging component 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 surgical 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 any procedure that might be accomplished with an operational 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.

[0191] 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 a standard 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 procedure. 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 positioned 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 proce-
dures using the standard tools in which the imaging laparoscope is placed between two standard tools.

[0192] In one embodiment, each actuator has two 6 mm brushed motors and two springs disposed in a cylindrical arm
424. The actuator articulates a joint 426 primarily in two planes. In this embodiment, the rotational motion of the motor
is transformed 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 joint 426. The motor pulls this segment of the joint 426 causing the joint 426 to rotate. A spring attached to
the other side of the joint 426 provides the restoring force for articulation of the joint 426 in one plane. Alternatively, the
actuator can be any known actuation component that can be used with this device 420.

[0193] FIG. 24 depicts another embodiment of a magnetically coupleable robotic device 466 having two operational
components 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 at least one magnetic component 473 embedded or incorporated into the housing 467.

[0194] 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.

[0195] Thetwo operational components 468, 469 are each coupled to anarm 470 such thateach operational component
468, 469 can move in relation to the respective arm 470. More specifically, in this embodiment, both operational com-
ponents 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 understood 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 thatthe arms components
468, 469 can move in relation to the arms 470. In addition, according 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
component whereby the operational component can be move in relation to the second set of arms.

[0196] 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 magnetically 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.

[0197] In accordance with one implementation, the device 466 as configured in FIG. 24 approximates both the "look
and feel" of known 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 approximates the movement of the known tools via the movement
capabilities of the operational components 468, 469 in relation 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

21



10

15

20

25

30

35

40

45

50

55

EP 2 034 922 B1

475 approximate the movement of the known tools, thereby providing familiar movement capabilities for a user.
[0198] Analternative 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.

[0199] The lead screw 502 and nut 504 in this embodiment provide linear translation. More specifically, the motor 506
operates 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).
[0200] The link 500 also has a compression or tension spring 514 positioned between the two cover components 516,
518 positioned 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 compliance 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.

[0201] In accordance with one embodiment, a magnetically coupleable robotic device system can include an insertion
component that is used to insert the robotic device into the patient's stomach during a natural orifice procedure as
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..

[0202] 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 (LEDs).
For example, in one embodiment, the lighting component 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 component is
proximate to the imaging component to provide constant or variable illumination for the camera. Alternatively, 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. Alternatively, an exemplary light source is two 5 mm LEDs. In a further alternative,
the lighting component can be any suitable illumination source.

[0203] The imaging component used with any magnetically coupleable 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 component 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.

[0204] 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.

[0205] Inoneaspect,the atleastone actuation componentdescribed 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.

[0206] 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 component. 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.

[0207] Accordingtoone aspect, any magnetically coupleable robotic device embodimentdescribed hereinis connected
to an external controller via a connection component. In one embodiment, the connection componentis a wired connection
component that is a seven conductor cable that is configured to carry two video signals, electrical power, and operational
signals from the controller. In this embodiment, the device can also have a microprocessor to decode any incoming
operational signals and provide commands the device components. For example, the microprocessor can be an 8-bit
embedded microprocessor (such as, for example, an 80C5X2 Core, available from Atmel Corporation located in San
Jose, CA) with a full speed on-board USB interface. The interface 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
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settings, etc. Alternatively, the microprocessor can be any known microprocessor that can be used for any robotic device
as described herein.

[0208] Alternatively, the connection component is any wired or flexible connection component embodiment or config-
uration as described above with respect to mobile or fixed base robotic devices. In a further alternative, the connection
component 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 implemen-
tation 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.

[0209] 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 compo-
nents. 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.

[0210] 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 external 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 connection 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.
[0211] In one embodiment, in which the magnetically coupleable robotic device has arms and joints similar to those
embodiments 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.

[0212] 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 component. For example, one embodiment of the controller
controls the focus adjustment of the camera, and further controls the panning and/or tilting functions of the device.
[0213] According to one embodiment, the control component is configured to control the operation of the imaging
component, 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 containing operational instructions to the imaging
component relating to image quality adjustment, etc.

[0214] Inaccordance with one embodiment, the control component also serves as a power source for the robotic device.
[0215] According to one implementation, the magnetically coupleable robotic device is coupled to an image display
component. 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 component can be a Sharp LL-151-3D computer monitor. Alternatively, the image display component is special
wireless eyewear 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, CA. Alternatively, the image display component can be any
image display component as described above with respect to the mobile or fixed base robotic devices.

[0216] 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 positioned 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
surgical robotic devices.
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[0217] Inone 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.

[0218] According to one embodiment, any of the components on any magnetically coupleable robotic device as de-
scribed herein can be known, commercially available components.

[0219] 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, apin, a clamp, or any other component that provides for attachmentor positioning along aninterior surface of a patient.
[0220] Further, Itis understood that any of the components disclosed herein with respect to any particular embodiment
of a robotic device are also intended to be capable of being incorporated into any other robotic device embodiment
disclosed herein. For example, 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

[0221] 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.

[0222] 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 incision.

[0223] 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. The use of a
robotic device inserted through one standard laparoscopy port eliminates the need for the second port required in
standard laparoscopic procedures.

[0224] Robotic devices as described herein having a camera can allow for planning of trocar insertion and tool place-
ment, 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 cameras 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 camera 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 understanding of the surgical area. The
ability to reposition a camera rapidly to arbitrary locations will help the surgeon maintain optimal orientation with respect
to other tools.

[0225] 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.
[0226] 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.
[0227] For purposes of this application, the umbilicus is deemed to be a natural orifice. More specifically, the umbilicus
is a natural orifice that can be reopened for use in a surgical or exploratory procedure and then subsequently allowed
to heal closed again.

[0228] 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 abdominal 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.
[0229] One advantage of such surgery is the elimination of skin incisions and a reduction in post-operative pain and/or
discomfort. 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 eliminates
skin incisions and reduces post-operative pain and discomfort. Such an approach provides a distinct benefit compared
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 procedures
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can also for the first time allow minimally invasive techniques to be used on obese patients for whom the thickness of
the abdominal wall makes laparoscopy impossible.

[0230] FIG. 27 depicts a natural orifice surgical method 540. The robotic device is inserted through the mouth of the
human patient and through an incision 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.

[0231] In accordance with one aspect, the method of performing natural orifice surgery Includes performing the pro-
cedure 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.
[0232] 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 is, the robotic devices disclosed herein constitute a family 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 cooperatively perform a
surgical procedure.

[0233] 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 otherfashion 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 through a single incision. This family can perform an
entire procedure while being remotely controlled by the user.

[0234] One example of more than one robotic device being used cooperatively, according to one embodiment, is
depicted in FIG. 28, which shows a mobile robotic device similar to those described above and a magnetically coupleable
robotic camera 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.

[0235] 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.

[0236] A process can be implemented during surgical procedures so that the number and location of all wireless robots
can be documented throughout a procedure.

[0237] 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 independently inserted through the orifice, thereby providing
a surgical "team" inside the patient’s body during a surgical procedure. 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).

[0238] Methods, systems and devices for cooperative use of a robotic device with (1) standard 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 is disclosed.

[0239] 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. 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, eliminating the need for the laparoscope. This requires only two incisions in the abdominal
wall instead of three, reducing patient trauma and risk of complications.

[0240] Robotic devices disclosed herein cooperate with da Vinci® tools, thereby complimenting 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 cavity and are therefore not constrained by the entry incisions.

[0241] In one example, two robotic devices can be used in cooperation with the da Vinci® system during a surgical
procedure. The first device is a magnetically coupleable pan-and-tilt robotic camera device that is attached to the ab-
dominal wall using magnets. The second is a wheeled mobile robotic device with a camera. The pan-and-tilt device
provides a view from above the surgical target while the mobile device provides a view from a low perspective. The
point-of-view of both these devices is easily changeable throughout the procedure. The video from these devices is sent
directly to the da Vinci® console and can, by the surgeon’s choice, be displayed as one image in the stereo-vision
system. Both devices are repositioned throughout the surgery to give perspectives that would otherwise require a new
incision and a time consuming repositioning of da Vinci® tools. The robotic devices are controlled by the surgeon via a
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separate joystick.

[0242] The da Vinci® system may be 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 insufflated. The da Vinci® tools and laparoscope are then inserted
and readied for the surgery. The robotic devices are then powered and the panttilt 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 operating surgeon then begins the procedure.

The robotic device can be repositioned and the panfiilt features 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.

[0243] Those skilled in the art will understand that the order described could be varied and various steps could be
inserted or removed from the process described.

[0244] 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, including in certain embodiments using at least one
robotic device cooperatively with the da Vinci® system. 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.

[0245] 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. 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 feedback of the appropriate surgical site is
also provided. The device can pan and tilt the camera as well as focus on objects at differing distances within the
abdominal cavity.

[0246] Ahanging 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 optimize the feedback available to the surgeon.

[0247] 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 panftilt device functions from the console via a separate joystick. The multiple
viewpoints available through the use of the cooperative robotic device improves understanding of the surgical environ-
ment.

[0248] A da Vinci® procedure utilizing device visual feedback demonstrates the implementation of cooperative devices
in minimally invasive surgery. The additional 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 incisions for the laparoscopic arm.

[0249] 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"). When the device is inserted into the body using a standard upper endoscope, the overtube is sized
for both the robotic device and the endoscope.

[0250] One method of natural orifice procedure includes advancing a sterile overtube into the patient’s stomach with
a standard upper endoscope and Irrigating 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 transgastric incision can be accom-
plished using two endoclips and one endoloop. Further, the robotic device is grasped with an endoloop and retracted
back through the esophagus.

[0251] 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 invention as claimed.

Example 1
Motor Torque

[0252] One factor to consider in the development of the mobile robotic devices was the amount of torque needed to
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move the device.

[0253] 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 Figure 29.

[0254] From this free-body diagram the following equations were written:

(W sinB)r =(ma)+la+t

WsinB-f=ma

W cosb =N

[0255] This results in the following:

1= (WsinB)r

where

W is the weight of the cylinder,

0 is the angle of the slope,

ris the radius of the cylinder,

m is the mass of the cylinder,

a is the acceleration of the cylinder,

lis the moment of inertia of the cylinder,

o 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.

[0256] 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-mZ2]. The resulting calculations
show that 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 Torque
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

[0257] 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, commercially-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.
[0258] 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
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to determine 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)
Angle Torque Angle Torque
Voltage [V] [Degrees] [mNm] [MNm]/[V] | Voltage [V] [Degrees] [mNm] [mMNm]/[V]
0.5 5.0 0.02 0.043 - - - -
1.0 8.5 0.04 0.037 1.0 3.5 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
25 18.5 0.08 0.032 25 10.5 0.05 0.018
3.0 21.5 0.09 0.030 3.0 12.0 0.05 0.017
Linear Fit 0.028 Linear Fit 0.019

[0259] The results of this test show that neither motor supply enough torque to hold the mobile robot on more than a
minimal slope. The ZipZap™ motor can provide 0.057 [mNm] at 3 V and the pager motor can supply 0.084 [nNm] at 3
V. Both motors could only hold the robot stationary on a 15 degree slope.

[0260] Another motor tested was model SBLO4-0829 with gearhead 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

[0261] The friction characteristics of two wheels were tested.

[0262] The device tested was a robot having a weight ("W") of 2,84 g (1.0 oz). The radius of the two wheels was 7.5
mm, and they were made of aluminum.

[0263] 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.

[0264] The coefficient of friction was determined by the formula w=F/W. Table 3 shows the four coefficients of friction
measured by experiments.

TABLE 3

Friction Coefficients on Various Surfaces

Maximum Friction Force (g (0z.)) | Coefficient of Friction
Table 1,42 (0.05) 0.050
Mouse pad 18,4 (0.65) 0.65
Particle board 5,67 (0.2) 0.2
Beef liver 2,84 (0.1) 0.1

[0265] 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.

[0266] The force analysis was based on an elastic foundation, i.e., where the mobile robot was assumed to roll on an
elastic surface (see Figure 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 3(x) was assumed to be the normal distribution function of x.
Here x range was from -a to a. The following equation was derived:

2aL

S [s(aax
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[0267] Then from the equation above,

2
2G x
56) = X1 - (_)
ra d
[0268] Thus, the sum of partial differential friction force:

I f=5(6) cos(8)+71(8) sin(l)

[0269] By the integral calculation, one can get the friction force:

f_i(ﬂ)%i -V
3 Jr z

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

[0270] From the force analysis, it was determined that the frictional 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 frictional
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

[0271] In this example, a velocity analysis was performed on a manipulator arm for a mobile robot, according to one
embodiment discussed above.

[0272] When performing such an analysis, it was helpful to define a matrix quantity called the Jacobian. The Jacobian
specifies a mapping from velocities in joint space to velocities in Cartesian space. The Jacobian can be found for any
frame and it can be used to find the joint torques, discussed infra.

[0273] Figure 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.

[0274] The fundamental equations used in finding the Jacobian are:

Wi ="TR-(Vi+'wi<'Pyy)

1 1 3 i+1
N win= iR Wi @ iy Zig

v=iye) 0
o c, —-s6, 0 1 cf, s6,
lR = |s6, <6, o = OR = |- s6, cb,
0 o 1 o 0
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[0276]

[0277]

[0278]

For link 1,

For link 2,

For link 3, i=2

For link 4, i=3

EP 2 034 922 B1

0 cf, —-s6, O -s0, —-c6, O
-1 s, «cO, 0| = 0 0 -1 =
0 0 0 1 c, -s6, O
-850, O
2
R=|-c6, o0
1
0 -1
cl, -s6, 0 cf, s, 0
=|s6, <cb, 0= R=|-s6, cf, 0
0 0 1l o 0 1
i=0 'V = o' R(*Vo+"wiox°Py)=0
0
‘w, = R°w, + 0,'z, =|0
6,
i =1°v,=?R - ('v,+'@,x'Pp,) = 0
5 6, - ch,
w, = R o, +6,%z, = |- 86, - 36,
6,
L -0, - sé,
v, = _ R (*v,+'@,x*R,) = |1, - 6, - c#,
L, -0, -s0,
8, - cl, -cl, -8, -s6, -s6,
R’w, + 6,>z, = |- 0, - c6, 5.93 —.01 s6, - cb,
6, + 0,
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A 8, - s6,
‘v, = SR (’V3+3w3x3pq) = éz - (cO, +1)-s56, + 6,
0(c8,s0, + s8,cO, + s6,)

qu =,°R:* V; = °R2'R3 2R, R v,

-ch, -cO, -s8, —cO, -850, -ch, -cb -ch,  ch, +ch, -s8, -s6 s6

R=|-s6, -¢c, s, -sb -s6, -c -s6,- cl, c, +s6, -s6,- -s0, -c6
4
0 - cl, - 88, — 56, - c, 0
S‘~(C2-53+S,'C,+S,) Cl'(S,'Sj—C,'C',—C,) c:'(sz's:-cl'cz) 91
°V‘=L'—C,-(C,-S,+S,-C,+S,) sz'(s:'sa_cz'cl—cz) sx‘(sz's:—cz'c))'ez
0 -5, -C, -C, S, - 8, -C,"S, -5, "¢ 9,
(Sz + 8, )5, _(Cz +C23)C1 - €3G,
0
J(e) =L _(sz + 5, )6 -(cz +C23)91 = €35,
0 - S; T Sy — Sy,

where S, sin6,c,=cos0y, $,,=SiN(0,+0p,), Cnm=COS(0,+0y,).
[0279] The second method provides the results seen in Figure 7C. The x, y and z equations are for the tip of link 3.

z=L+LycosB;,+L3 cos(B,+ O3)

x=-[L2~sin92+L3-sin(62+ 0;)] cos,

y=-[L2-sinB,+L3-sin(0,+ 83)] sinB,

ox ©0Ox Ox
068, 06, 06,
0 J(g) — dy oy dy
06, 06, 086,
oz oz Oz
| 66, 06, 06,

(Lzsz + Lsszs k) - (chz + L,s,, ):1 = L,C,,C,
OJ(G) =1 (Lzsz + Lzsza)cl - (chz + LJS23)51 ~ L,c,,8,
0 - L,5, + L,S,, = 1y5,,

where s,=sin@,, ¢,=cos,, S,,=sin(6,+6,,), C,,,=cos(8,+6,,) since L =L,=L
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(Sz + Sy, )gl - (Cz + C23k1 - €3G,
OJ(Q) =L-|[- (sz + sz:)cl - (Cz + Cza)s1 = €3S,
0 — 8, — Sy, — Sia3

[0280] The motor selected for the manipulator in this example was a 6 V DC Micromotor manufactured by Faulhaber
Company. The 6 V motor had a 15,800 rpm no-load speed, 0,04 mNm (0.057 oz-in) stall torque, and weighed 3,4 g
(0.12 0z). The motor had an 8 mm diameter and it was 16 mm long.

[0281] Due to its high no-load speed, a precision gearhead was used. The precision gearhead used was a planetary
gearhead. For the preliminary analysis, a gearhead with a reduction ratio of 256:1 1 was selected. It had an 8 mm
diameter, is 17.7 mm long, and weighs 5,39 g (0.19 oz).

[0282] A 10 mm magnetic encoder was chosen for this particular examination. It was 16.5 mm long, but it only added
11.5 mm to the total length of the assembly. The weight of the encoder was assumed to be 2,849 (0.1 oz). The encoder
provided two channels (A and B) with a 90° phase shift, which are provided by solid-state Hall sensors and a low inertia
magnetic disc. Table 4 shows a summary of motor, planetary gearhead, and encoder properties.

TABLE 4
Summary of motor properties
Mass (m) Length (L)
Motor (M) 3,49 (0.12 0z) 16 mm

Series 0816 006 S
Planetary Gearhead (G) | 5,39 g (0.19 oz) 17.7 mm
Series 08/1 Ratio 256:1

Encoder (E) 284g(~0.10z) | 11.5mm
Type HEM 0816
Total 11,6 g (0.410z) | 452 mm

Ly=LytLpgtlLe=45.2

mT=mM+mpG+ME= (041 OZ) 11,6 [s]

my = 0.41 0z x 28.3495 2 = 11623 g

oz

[0283] FIG. 7A shows a schematic drawing of the manipulator used in this example with L, Lg;, M4, My, m4g, myg
and W, labeled.

TABLE 5

Summary of Link Properties

Link Properties
Length, L (=L, =Ly) 60 mm
Lengthbetweenjoints,Lg;  59.5 mm
Outside diameter, D, 12 mm
Inside diameter, d; 8 mm
Wall thickness, t 2 mm
Density, p 1.18 g/cm3

[0284] For purposes of the following calculations, it was assumed that the links were cylindrical tubes, as shown in
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FIG. 7D.
[0285]

v, =

[0286]

[0287]

[0288]

[0289]

[0290]

EP 2 034 922 B1

Link Volume:

2

— di

vV, = = .1, - L
4 4

. (Ll - 2t)
4
Link Mass:
m=p-W

8 cm®

x x 1264mm> =
cm®  (Lomm)

m, = 1.18

Total Weight of Motor and Link:

m=my+my

m=11.6233g+ 149152 g=13.1148 g

Payload Mass:

mp=5g

Moment Calculations (Refer to FIG. 7A):

SincelL;=L,=L

+2-

13.1148 3.13.1148
M =|———g+ ——
2 2

33
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@2mm)” - omm — §E§Q_ x (60 — 2 x 2)mm = 2160mm® — 896mm® = l264mm’
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1k
M S9.Smm- . kg
s 1000mm 1000g

m
M, = 0.021147kg - — -m = 0.021147N - m = 21.147mN - m
. ) ;

1im lkg
1000mm 1000g

13.1148 m
M, = (B—Z—Q + 59’) '9.81—57 - 59.5mm -

2

' m
M =0.006746kg-—2-m=0.006746N-m=6.746mN-m
s

[0291] It 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 reduction ratio of 256:1, the maximum torque allowed is 104.86
mNm (256X0.41 mNm).

[0292] As discussed above, precision gears with other reduction ratios may also be used, according to various em-
bodiments. Tables with calculations for lower reduction ratios are provided below. These calculations are exemplary
and are not intended to be limiting in any fashion.

TABLE 6
Gear Reduction Ratios
Link 1
Weight (0z) Weight(g) Length (mm)

Motor 0.12 3.40194 16
Planetary gears 0.16 4.53592 15
Encoder 0.1 2.83495 11.5
Total 0.38 10.77281 425
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/cm3) = 1.18
Volume of link, V (mm3) = 1214
Weight of link, m (g) = 1.43252
Weight of motor and link, m tot (g) = 12.20533
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(continued)

Link 2
Weight (0z) Weight(g) Length (mm)

Motor 0.12 3.40194 16

Planetary gears 0.16 4.53592 15

Encoder 0.1 2.83495 11.5

Total 0.38 10.77281 425

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 (mem) = 2

Density of resin, ro (g/cm3) = 1.18

Volume of link, V (mm3) = 1214

Weight of link, m (g) = 1.43252

Weight of motor and link, m_tot (g) = 12.20533

Weight of camera or tool, m_c (g) = 5

Moment around joint 2, M1 (mNm) = 19.24140875

Moment around joint 3, M2 (mNm) = 6.2082771

Link length, L1 (mm) = 57.5

Link length, L2 (mm) = 57.5

Maximum moment, M_max (mNm) = 19.24

Maximum torque allowed, M_max_all (oz-in) = 8.5 =60.027 MNmM

is M_max > M_max_all? NO

Maximum torque possible, M_max_pos (mNm) = Gear Ratio * Motor

Torque= 26.214144
Is M_max_pos > M_max? YES
This motor can be used to move the links.
TABLE 7
Gear Reduction Ratios
Link 1
Weight (0z) Weight (g)  Length (mm)

Motor 0.12 3.40194 16
Planetary gears 0.19 5.386405 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/cm3) = 1.18
Volume of link, V (mm3) = 1268
Weight of link, m (g) = 1.49624
Weight of motor and link, m_tot g) = 13.119535
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(continued)

Link 2
Weight (0z) Weight (g)  Length (mm)
Motor 0.12 3.40194 16
Planetary gears 0.19 5.386405 17.7
Encoder 0.1 2.83495 11.5
Total 0.41 11.623295 452
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/cm3) = 1.18
Volume of link, V (mm3) = 1268
Weight of link, m (g) = 1.49624
Weight of motor and link, m_tot (g) = 13.119535
Weight of camera or tool, m_c (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, L2 (mm) = 60.2
Maximum moment, M_max (mNm) = 21.22
Maximum torque allowed, M_max_all (oz-in) = 8.5 =60.027 MNmM
is M_max > M_max_all? NO
Maximum torque possible, M_max_pos (MNm) = Gear Ratio * Motor
Torque= Torque= 104.85658
Is M_max_pos>M_max? This motor can be used to move the links. YES

[0293]

Y - 5; T Sp; — Sp3

36

(Sz + 323)51 - (cz + Cyy )c1 - €33C,

DJ(a) =L |- (sz + 323)31 - (cz + CZJ)S]. = €335,

0 = S; T Sy — Sy

0
f = 0 where £, = 0.005 kgx9.81 s£2=0.04905N and L=59.5 mm
- fz
1= @)1

(Sz + S;, )s1 - (Cz + Cy )cl - CCy Y
OTj =L |- (Sz + sz;)c1 - (cz + Czs)sx — €235 | - o

By using the Jacobian that was previously developed and is shown below, it is possible to calculate the torques
provided by the force exerted to the tip of the manipulator used in this example. However, it should be noted that this
method does not take into account the weights of links and motors.
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(S, + sn)sx - (C, + Ca T €S, 0 0
°7, = 59.5mm- |- (s, + s,)e, - (e, + )5, —cys, |- ) =]2.918 - (s, + s,,)
(o] -8, — 8, - S, - 0.4905N 2.918 - 3,
[0294] Using 6,=0°, 0,=90°, 05=0°
0
°7;, = |5.836|mN - m
2.918

[0295] 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 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.

[0296] Accounting for the link and motor masses,

0 0
= (.L_1+3'L2)=mg L-|2
2 2 1
L. 2
i "2 i

o 0

o m im lkg

7., = 13.1148g9 x 9.81 — x 59.5mm x | 2| x x = |15.31|mN - m

s 1 1000mm 1000g
— 3.828
2
[0297] The total torque is,
0 o 0
°r="7,+°7,,, = |5.836|+ |15.31| = |21.146|mN - m
2.918 3.828 6.746

[0298] As shown, both methods provide the same result.

[0299] 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 software controlling the PCI-DSP card and the software
running on the microcontroller.

[0300] The first section of the hardware in this embodiment was a PC with Motion Engineering, Inc. PCI/DSP motion
controller 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 programming different motion functions. Also provided was a
Windows-based program. Motion Control, to configure and tune the controller, as well as to capture data from simple
one-axis motion profiles.

[0301] The output from the PCI/DSP was an analog signal with a range of +/-10V. In order to interface with the
microcontroller, this signal was converted to a 0.5V range. Two simple op-amp circuits performed this function. Both op-
amp circuits used the LM318 op-amp from National Semiconductor. The first section was a standard inverting circuit

37



10

15

20

25

30

35

40

45

50

55

EP 2 034 922 B1

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:

RZ
Vo = (v, - W)

1

[0302] With V2 a constant 2.5V, an output voltage of 0-5V results. This circuit is shown in FIG. 31B.

[0303] 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 supplied by a 10 K potentiometer.

[0304] After the 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 limited to: ADCs, DACs, PWM generators, timers, UARTS,
LCD drivers, filters, and programmable amplifiers. PsoC Designer also provides an APl accessible from C and assembly
to interface with these on-board components. For the embodiment described here, a single ADC, an analog multiplexer,
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 microcontroller.

TABLE 8

Microcontroller Function

Analog Input | PWM Positive Duty Cycle | Direction Output

Vin=2.5V 0% X
0<Vin<25 50% < Dc < 0% Low
25<Vin<5 0% < Dc < 50% High

[0305] 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 mentioned previously, the PsoC microcontroller sampled each of the three analog outputs, and updated
the corresponding PWM duty cycle and direction output accordingly.

[0306] The majority of the code was executed in the ADC interrupt service routine. A flowchart of the ISR is shown in
FIG. 32. After initialization, the PsoC main program entered an endless 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 hade 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.

[0307] The other software element in the system was the PC program that was used for testing the robot. This was a
console-based Windows program that used the Motion Engineering library to send commands to the PCI/DSP. This
program can move each axis individually, or move all three simultaneously 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 appropriate
motion profile, and moves each motor to the correct position. This program also was used to generate impulse responses
for each motor for analysis.

[0308] There are several techniques available for designing system controls; here, modern control theory was used
for control 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
commonly used theory for control design.

[0309] In this 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.
[0310] 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
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considered equivalent to the disturbance and are set to zero. With this, a controller was then designed based on a single
output containing 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.

[0311] In one embodiment, there are several methods a designer can use 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.
[0312] 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 determine 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 integrated 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 approximate plant, compared to the experimental plant.

[0313] 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 -a.

S +
) = o BNe 7 o)

[0314] Using the simplex search program, along with the error subroutine, the following system plant values were
determined:

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*109
b=4.142605*10"6
¢=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
[0315] Since all motors were identical, they should have similar system poles and zeros, even though they are located
in different 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.
[0316] To see how well the system in the continuous time domain reflected the data taken from the digital system, the
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error subroutine was used once again. This time the error subroutine 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.

[0317] To control the motor positions on the robot, a PID controller was used. When using a PID controller, the controller
from FIGS. 31A and 31B takes the form of the following equation.

D(s) = K, + K, + 5
s

[0318] Where K, is the proportional constant, Ky, is the derivative constant, and K| is the integral constant. With the
PID controller, 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:

lim [SZD(S)G(S)] _ K.«

K, =
8 —> 0 bc

[0319] Since the input can be defined, a parabolic input is not used.

[0320] Computing the values for Kp, Kp and K| was done using Routh Analysis along with Ziegler-Nichols tuning. Routh
Analysis uses the characteristic equation of the system transfer 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.

K, (s + a)
s* +(b+c) + (bc+ kK )+ ak,

TF

[0321] 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+Db)(s+C)+(s+a)

[0322] 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*1,
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- 10.84574379+30.111255931
[0323] Since all poles have negative real parts, the uncontrolled system was stable and Routh Analysis can be used.

[0324] Using the characteristic equation, or the denominator from the equation, solving for TF, above, Routh Analysis
is performed as follows:

s la, a,
g? 4, a,
g' |b,
s’ |e,
where:

ao= 1

aj=(b+c

a, = (bc + Kp)

83= Q,Kp

b = A% = 33
a

b - *0
o =Bmzaro .,

b3

[0325] Using Maple V, the term (b,*s) is set equal to zero and then solved for Kp=Kp(maX). The results are as follows:
System for axis 1:
Ko(max)- =9.641293894

System for axis 2:

Ko(max)- =.4409880606*1016
System for axis 3:

Ko(max). =15.68292936
[0326] These results were all obtained using Maple V.

[0327] In order to use Ziegler-Nichols tuning with Routh Analysis, the system period was also needed. The system
period was found by setting s=jo, K, = Kymay)- and solving for o (system frequency in rad/s) from the following equation.

a,(jw)? +a;=0

[0328] Since,

w=2nf.

[0329] Then the system period in seconds was:
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[0330] The resulting system periods were as follows:
System for axis 1:
T=0.06807959499 sec
System for axis 2:
T=0.4087460141*108 sec
System for axis 3:
T=0.06256709734 sec

[0331] With the Ziegler-Nichols tuning equations for K, K, and Kp, the controller, D(s), as defined above, was designed.
The Ziegler-Nichols tuning equations for PID control are shown below.

K, = 0.6 Kypman

2K
K, < =
T

K T
KDZL
8

[0332] The resulting values for Kp, K, and Ky are as follows:
System for axis 1:
Kp =5.784776336
Kp =0.04922815376
K, =169.9
System for axis 2:
Kp =0.2645928364e16

Kp =1351890.840
K| =0.1294656473e25

System for axis 3:
Kp =9.408
Kp =0.07357890648
K, =300.7331456
[0333] The resulting system with PID control for all systems is shown in FIG. 37, where G(s), K, Kp, 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.
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[0334] 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.

[0335] 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 ordinate is motor position in encoder counts.

[0336] 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 control of the robotic arm. By using a lead-lag com-
pensator, the overshoot was greatly reduced.

[0337] Adjusting the phase margin of a system through the use of a lead 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.

[0338] From using a Nyquist plot program, the following data was obtained.

[0339] System for axis 1:

Phase Margin=180-162.9633=17.84 degrees
®.=71.999 rad/s
G(jo)=1.0007~1.0
@ (added)=60-17.84=42.96 degrees
[0340] To compensate for phase loss due to the lag compensator:
@ (added)=45.0 degrees
[0341] System for axis 3:
Phase Margin=180-161.90512=18.095 degrees
o =71.999 rad/s
G(jw)=1.0007~1.0
D (added)=00-18.095 =41.905 degrees
[0342] To compensate for phase loss due to the lag compensator:
@ (added)=48.0 degrees
[0343] 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, o, may be changed to any desired frequency. G(jo), and ®qqeq) Would subsequently change depending

on the phase and magnitude at the selected o.. However, the phase margin would remain the same.
[0344] The following equations were used to define a lead and lag compensator, respectively.

2

}_ - [tar{¢added + 90)]
k 2
vkl = @,

1(s + k)

lead =
e k (s + 1)
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a___ 1
1

G(J —
G

w

M= ==

5
Lag=£(s+m)
m (s + n)

[0345] The resulting compensators from equations 11 and 12 for systems for axes 1 and 3 were as follows:

Compensator for axis 1:

173.82096 (s + 29.82296 )

lead =
29.82296 (s + 173.82096)
laq - 596459 (s + 14.3998)
9 7 143998 (s + 5.96459)
Compensator for axis 3:
203.9772 (s + 30.0563)
lead =
30.0563 (s + 203.9772)
6.0071 (s + 15.65988)
lag =

15.65988 (s + 6.0071)

[0346] The lead and lag compensators are integrated into the design as shown in FIG. 40.

[0347] 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.

[0348] The effect of these compensators on the system was analyzed. 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.

[0349] 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
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[0350] 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 compensators. 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.

[0351] As shownin FIGS. 41A and 41B, the compensators greatly reduced the percent overshoot. The percent over-
shoot was reduced to a mere only about 4 percent, a great improvement over the 66 percent figure.

[0352] 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 com-
pensators and controller to the discrete time domain. When this was done, a control algorithm was introduced to the
computer program.

[0353] 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)

sz;(z+l)

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

@) = K, + 2K, (z - 1) . K,T(z + 1)
T(z + 1) 2(z - 1)
Lead = (2z - 2 + kTz + kT)1
(2z -2+ 1Tz + 1T)k
(2z - 2 + mTz + mT)n
Lag =

(2z = 2 + nTz + nT)m

[0354] The final system block diagram of this embodiment is shown in FIG. 42.

[0355] 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.

[0356] 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 FIG. 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 is 29 mm.

[0357] Totestthe accuracy of the movementofthe 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 | Position 1 | Position 2 | Position 3 | Position 4 | Position 5
1 -2250 -1500 -1250 -2600 -2250
2 360 200 375 -75 360
3 610 1400 1450 2000 610

45

[0358] The next step was to use the Jacobian to transfer the encoder counts to the xyz coordinates:
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2 -m-Lt 2.7 -t 2 -ty
z =L + L, -cogl —— | + L, - cos - + -
28.9 - 360 28.9 - 360 28.9 - 360
x=—L,-sin( 2.7 -t )+L,~sin( 2-;:-::,. . 2-zz«t,.) _cos( 2.7 -t )
28.9 - 360° 28.9 - 360 28.9 - 360 28.9 - 360°
,n(z-z-t,) ,n(z-n-c, 2-7:-::,) ,“(2-:r.t:1)
z =—-L, rsin ————| + Ly - 51 - + - - 81nf ———————
28.9 - 360 28.9 - 360 28.9 - 360 28.9 - 360
[0359] L,=83 mm, L,=L3=59.5 mm, and t,, t,, t5 represent the motor angles in encoder counts of axes 1, 2 and 3.
[0360] 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, y coordinates
Position 1 | Position 2 | Position 3 | Position 4 | Position 1
X 9.62 34.6 48.4 0.03 9.62
Y 447 44.16 4552 51.916 44.7
z 190.67 175.9 167.8 166.1 190.67
[0361] The distance between the four points was then calculated by using the equation shown:
. 2
Dist = \/(xl - xz)z + (Y1 - Yz)z + (Zl - zz)
[0362] 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 the movement of the manipulator is linear according
to time, meaning the velocity of the tip is constant.

TABLE 11
Distance between points
pos 1-pos 2  pos 2-pos 3  pos 3-pos 4  pos4-pos 1
Measured displacement 39 mm 24 mm 67 mm 29 mm
Calculated Displacement 29 mm 16 mm 48 mm 27.4 mm
Error 25.64% 33.3% 28.36% 5.5%

[0363] 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 measurement of link lengths L, L, and L3, and due to
the estimated ratio of the encoder counts to degrees. A source of mechanical error is backlash at the gear mesh.

Example 3

Methods and Materials

[0364] The goal of the current study is to demonstrate the capability of introducing a mobile robot into the abdominal
cavity through the esophageal opening.

[0365] Inthis study we used the mobile robotic device depicted in FIG. 45, which was capable of transgastric exploration
under esophagogastroduodenoscopic (EGD) control. The robot was 12 mm in diameter and 35 mm long. The helical
wheel profile provided sufficient traction for mobility without causing tissue damage. Two independent motors controlled
the wheels, thereby providing forward, backward, and turning capability. The robot tail prevented the counter-rotation
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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.

[0366] An anesthetized pig was used as the animal model. The 60 Ib. 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.

[0367] 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 performed with an endoscopic needle-knife as shown in FIG. 47. The incision was just large enough to allow the
12 mm diameter robot to pass through. After the robot entered the abdominal 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 endoclips and one Endoloop, as shown in FIG. 50. The robot was then retracted back through the
esophagus, as shown in FIG. 51.

Results

[0368] 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.

[0369] 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.

[0370] 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.

[0371] The ability to perform abdominal surgery without skin incisions can reduce patient trauma. However, the diffi-
culties 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.

The endoluminal robots can be equipped with cameras and manipulators. The robots can provide surgical assistance.
Further, a family of robots can working together inside the gastric and abdominal cavities after insertion through the
esophagus. Such technology will help reduce patient trauma while providing surgical flexibility.

Example 4

[0372] 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

[0373] A mobile robotic camera device similar to the device depicted in FIG. 1 was used in the instant example. The
device was 20 mm in diameter, and incorporated an on-board adjustable-focus video camera system. Two DC motors
independently controlled each wheel, providing the robot with forward, 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.

[0374] The device was inserted through a fabricated trocar into an anesthetized pig, and the abdominal cavity was
then insufflated with carbon dioxide. The trocar was designed to accommodate the 20 mm diameter of the device. The
device may use standard 15 mm laparoscopic trocars. Next, a standard trocar was inserted to provide an additional tool
port. A third port was also created to accommodate a standard laparoscope. The laparoscope 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.
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Results

[0375] 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.

[0376] The device was also used to explore the abdominal cavity, as shown in FIG. 53. The wheeled mobility allowed
the surgeon 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 standard laparoscope.

[0377] 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 retracting the liver. The adjustable-focus capability of the camera system allowed the surgeon to have a
better understanding of depth.

Discussion

[0378] This successful experimentdemonstrated 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

[0379] 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.

[0380] To examine clamping and drawbar forces used during a biopsy, experimental biopsies were conducted. A
biopsy forceps device that is commonly used for tissue sampling during esophagogastroduodenoscopy (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 of the 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.
[0381] 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 when the forceps were nearly closed was a function

of the geometric design of the forceps.
' d
Eip = Fcable(a + b

[0382] For a cable force of 10 N, the force at the tip was approximately 1.4 N for this design where a was 2.9 mm, b
was 1.7 mm, and dwas 0.65 mm. The maximum area of the forceps in contact with tissue during a biopsy was 0.3756 mm?2.

P - F;ip

contact A
contact

[0383] Assuming an even distribution of force, the applied pressure 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.

[0384] 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
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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.

[0385] 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. 56A, 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 +/- 0.3 N. These results are consistent in magnitude with other published results (Chanthasop-
eephan, et al. (2003) Annals of Biomedical Engineering 31:1372-1382) concerning forces sufficient to cut porcine liver.
[0386] Generally, biopsy forceps do not completely sever the tissue. 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.

[0387] Alaboratory testjig was built to measure the force needed to free a biopsy sample 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.

[0388] Asindicated, 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 embodiment of the present example should produce enough
drawbar force to pull the sample free. A biopsy robot similar to the devices shown in FIGS. 9A and 9B 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.

[0389] 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 producing approximately 0.65 N of drawbar force. This amount of force is roughly 10% greater than
the target of 0.6 N in the laboratory measurements.

[0390] AsdepictedinFIG. 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.

[0391] A direct current motor 600 drives the lead screw 602 vertically 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.

[0392] Force measurements were made in the laboratory to determine the maximum amount of force that could be
produced using the biopsy robot embodiment of this example. Representative 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.
[0393] In vivo mobility testing with the embodiment discussed herein indicated that the wheel design of the instant
embodiment 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 damage. Video recorded during one of the
tests was used to reconstruct the path traversed by the robot, a portion of which is illustrated in Fig. 61. The length of
travel shown is approximately 0.5 m, while the total distance traveled during the test without assistance was approximately
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1m.

[0394] 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 penetrated 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 successful tissue manipulation by an in vivo robot,
according to one embodiment.

Example 6

[0395] A laboratory two-component drug delivery system is shown in FIG. 62 that incorporates two drug storage
reservoirs. 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 force is 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.
[0396] 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 uniform mixing of the two components.

[0397] 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 shaft. 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 produced using this type of actuator design. Representative results from these tests indicate that the
average maximum force produced is approximately 10.0 N.

[0398] 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
mechanism described above will generate sufficient forces to deliver dual component fibrin-based hemostatic agents.

Example 7

[0399] This example presents a quantitative comparison of image quality between a robotic camera device and a
standard laparoscopic camera. Image analyses are presented for both the in vivo robot and a standard laparoscope,
including an examination of the Modulation Transfer Function (MTF), color reproduction, and image distortion. Then the
stereoscopic three dimensional reconstruction is analyzed in ex vivo experiments. Finally, the use of the in vivo stere-
oscopic robot is demonstrated during a cholecystectomy in an animal model. These results suggest that these in vivo
devices can provide visualization of laparoscopic procedures that is comparable to standard laparoscopes and sufficient
for laparoscopy.

[0400] 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
environment.

Single Camera Comparison

[0401] 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.

[0402] Visual metrics are often used to quantify quality differences between the large numbers of commonly available
digital imaging devices. One such metric is the well established 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
imaging system can display using a frequency domain measurement 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
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12233 Resolution chart printed on Kodak photo paper, measuring 196mm x 120mm (7.75" x 4.75™).

[0403] Color accuracy is another important image quality metric. One measurement of color accuracy is the use of a
Macbeth color chart The charthas 24 zones, 18 colorand 6 grayscales. The target chartused for color error measurements
is a Mini ColorChecker™. The ColorChecker™ is a standard Macbeth™ color chart, measuring 82 mm x 57mm (3.25" x
2.25").

[0404] Boththese metrics aswell as standard measures of distortion 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.
[0405] All imaging tests (MTF, color error, distortion) were conducted 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).
Distances 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 Television 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

[0406] 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 evaluate image quality. This chart was imaged with both the in vivo camera and laparoscope. The chart was
parallel to the image sensor at a distance of 150mm. Several still images were captured and analyzed. The Modulation
Transfer Function is defined as:

MI
M

o

MTF(v)= (1)

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

M =M (2)
Ymax +Ymin

where Y, 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 computing the Fourier transform of the impulse response of the
system. The impulse response is the response to a narrow line, which is the derivative of an edge response.

[0407] These MTF curves are plotted in FIG. 64B. Here, higher MTF values indicate better performance. As shown

in FIG. 64A, the laparoscope provides a slightly better response at most frequencies.

Color Accuracy

[0408] Color accuracy of the two systems was measured using a Macbeth ColorChecker™. The ColorChecker™ was
placed in uniform illumination, and several still images were captured 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
information. 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}, = J(AL)2 + (Aa*)? + (Ab*)2  (3)
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Table 12. Color Error
Mean Error | RMS Error

In vivo Camera | 9.76 11.5

Laparoscope 17.5 19.4

[0409] 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

[0410] 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. However, usually only radial distortion needs to
be considered, which can be modeled with one term. This can be modeled as:

Ty, = rd(l + Klr(f) (4)

This equation relates the undistorted radius r, and the distorted radius r,. This one term model of direction is referred
to as barrel or pincushion distortion, depending on the sign of the parameter «,. For these tests, the lower the value of
k1 the less distortion of the camera system.

[0411] 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
quantitatively, and are shown in Table 13.

Table 23. Radial Distortion

K4
In vivo Camera 0.06
Laparoscope 0.35

Discussion of Single Camera Comparison

[0412] In the MTF tests, the laparoscope had 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 laparoscope is superior to the in vivo robotic
devices. The differences 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 laparoscopes in distortion tests. The high amount
of distortion in the laparoscope causes difficulty in quantitative area determinations during procedures. The in vivo robots
do not suffer from these problems.

Ex Vivo Stereo Imaging Analysis

[0413] Stereoscopic display allows for the perception of depth and this can be extremely valuable in laparoscopic
surgery. The robotic camera device shown in FIG. 64A contains two of the Micron™ image sensors described above.
This section describes the results of a bench top laboratory study to quantify the stereoscopic performance.

[0414] 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 dimension. The robotic camera device is the same device
as that shown in FIG. 64A.
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[0415] The geometry of the cameras is detailed in FIG. 641. Using this known geometry, the three-dimensional spatial
coordinates of objects in the field of view of both cameras can be determined.

[0416] FIG. 641 shows the geometry of a point object, labeled obj, that is visible by the camera with a field of view of
6r. The camera has N pixels and each of these pixels can be projected into a horizontal row i=1...N at the same distance,
Yobj from the camera as the point object. The point object is 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.

[0417] The y coordinate of obj (and all points on the imaginary projection) given by Yop; can be represented with the
field of view angle &, and the length of the line segment d.

6/
Yoy =dcos > (5)

[0418] Similarly, the value x,,,, is represented as

2]
X, = dsin [—/) 6)
2

[0419] The x coordinate of the object is found using x,,,, and pixel n, the horizontal pixel position of obj.

2n 2n . (8,
Xop = (—17— ljxmx = (—N_— l)dsm[—z—) (7

0420] The values of x,,; and y,,; can be used to find the object angle 6, This substitution eliminates the unknown
obj obj obj
variable d.

d cos(o—fJ tan(e—’) (&)
2 tan 2
(2 - lJa’sin(gi)
N 2

[0421] Finally, the "slope" to the object, S, is simply the arctangent of ;.

6
tan __L
2 9
2n
— -1
N
[0422] Once the slope, S,p; 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 6.
[0423] The coordinate system for the object distance values, x and y, 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=0is the imaging

plane of both cameras. Using the last equation, the "slope" to the object can be found for both the left and right cameras,
S, and Sg. /; and Ig are the left and right y-intercepts where the camera "slopes" cross the system’s y-axis.

S p = ta'n_l (eabj)=

obj
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y=S8,x+1I, (10)

y=S8Szx+1I, (11)

[0424] Setting y=0 in each equation and using the known x coordinate (-D/2 and D/2) in each equation, /, and I can
be found:

D
I, = SL(?) (12)

-D
IR =SR(—_2_) (13)

[0425] The slope of each line is found from (9).

2
y O, =———= (14)

[0426] Setting X=X op; and Y=Yob in (10) and (11) and solving for Xobj leads to (15).

X, =_1L_—1R (15)
SR —SL

[0427] Similarly solving for y,,, leads to (16).

Yooy =S Xy +1, = Spx, + 1, (16)

[0428] If the cameras are rotated, as they are in the in vivo imaging robot to provide a better view of the object, three
new variables are introduced: ¢, (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

1 I
rotation matrices where I: :l and [S are vectors with the original slope.
R L

Xero | _[c0s(8,) —sin(@)| 1 7
Vera | Lsin®) cos@) |Sq]

[xL.Ro,]z[cos.(G,) sin(6,) ( ] } (8)
Yi.rot —-sin(d,) cos(6,) | S,

[0429] The slopesinthe rotated frame can then be determined from these rotated positions as shown in (19) and (20).
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Y R.Rot

SR,Rm = (19)
R.Rot
yL.Ro

S, rot = - (20)
X1 .Rot

[0430] Using the shifts Ax and Ay, the new intercepts are found from (10) and (11):

D - Ax,
1} por =[SL,R01( 5 ‘L')]"'A}’L (21)

D+ Ax
IR.Rol = {SR,RoI (_2—1) + 4y, (22)

[0431] 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:

[0432] where 6;is 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.

zZ

real —

=8, \Jx2, + 2, (24)

[0433] The x coordinate remains the same (25).

x = X, (25)

real

[0434] The y coordinate must be scaled by the cosine of the vertical angle (26).

-1
yrzal = yobj ) cos(tan (Sv )) (26)
[0435] This mathematical analysis was implemented in the following 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

[0436] Using the experimental setup in FIG. 64H, several image pairs were captured and analyzed using the above
calculations. An example left and right image pair is shown in FIGS. 66A and 66B.

[0437] Pairs of corresponding points from the image pairs were analyzed and plotted. The shapes of the cylinders in
the image can be reproduced in a depth map as shown in FIG. 67A. This three dimensional information can be very

55



10

15

20

25

30

35

40

45

50

55

EP 2 034 922 B1

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. FIG. 67C shows the x and y error for all five cylinder objects. The
accuracy could allow precise depth feedback for a surgeon.

Performing a Porcine Cholecystectomy with the Robotic Stereoscopic Camera Device

[0438] 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. 68A and 68B. Three surgical
tools are visible manipulating tissue in these views.

[0439] 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.

[0440] 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 laparoscope. The laparoscope was used to observe the
procedure, but the surgeon used visual feed back from the in vivo stereoscopic 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 laparoscopic tool as shown in FIG. 68D. The assistant then held the camera in position and re-positioned it as
needed throughout the procedure.

[0441] 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 feedback coming from the in vivo robot. After the cholecystectomy the in vivo robot was retracted by the tether.

Example 8

[0442] 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 (ordinate) changes with the elbow angle (abscissa). The tests
show that significant torque can be produced. In a nominal configuration (elbow fully extended) the robot is capable of
producing 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.

[0443] 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 (shoulder) follow by a prismatic (linear) distal joint.

[0444] One design, according to one embodiment, is shown schematically 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"
ofthe robot to work cooperatively. Workspace size/shape depends on joint limits and configurations, and various tradeoffs
related to these design decisions will be investigated.

[0445] The two additional parameters required are the nominal speed that the robot can move its end-effectors, and
the maximum endpoint force that can be applied by the end-effectors. In this example, the target endpoint force will be
3 Nin all directions (x, y, and z) at every point in the workspace. The target endpoint velocity in this example will be 0.5
cm/second. 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 mathematically
through the robot’s Jacobian:
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ox=J66.

[0446] Here, the endpoint velocities, [x, are determined by the motors and actuators. They are the product of the
joint velocities, 0O and the Jacobian matrix, J. The Jacobian contains the design parameters for joint lengths (a;) and
joint configuration (CJ;).

[0447] For the proposed configuration, the Jacobian is given by:

x (sicres +ey8y)a, —5,6,a; =560, — 65,0, (055 +5,65)a, | 6,
y|= 0 T €203a, — €43 52534, 0, .
z (cicrcs +5y8y)ag +cic a; = 515,050, = 5,5, (51635, —¢,¢5)a, 8,

where s;=sin(;) and c;=cos([J;). This equation will be used as part of the detailed design of each jointand link in the robot.

Claims
1. A robotic device (420, 440), comprising:

a body (422, 442) configured to be disposed within a patient;

a power source operably coupled with the body (422, 442);

a connection component operably coupled with the body (422, 442);
a first operational arm (424, 444) comprising:

a first link operably coupled with the body (422,442) via a first joint (426); and
a first manipulator (450) operably coupled with the first operational arm (424, 444);

a second operational arm (424, 444) comprising:

a second link operably coupled with the body (422, 442) via a second joint (426); and
a second manipulator (452) operably coupled with the second operational arm (424, 444),

wherein neither of the first or second operational arms (424, 444) are positionable within the body (422, 442)
and the first and second operational arms (424, 444) are configurable to define a linear configuration with each
of the first and second operational arms (424, 444) extending along the longitudinal axis of the body (422, 442);
and

a first attachment component operably coupled with the body (422, 442).

2. The device (420, 440) of claim 1, wherein the first operational arm (424, 444) further comprises a third link operably
coupled with the first link via a third joint and the second operational arm (424, 444) further comprises a fourth link
operably coupled with the second link via a fourth joint, wherein the first and second joints (426) are shoulder joints
and the third and fourth joints are elbow joints.

3. The device (420, 440) of claim 1 or claim 2, wherein the first attachment component comprises a first magnetic
component.

4. The device (420, 440) of claim 1, further comprising a sensor disposed within the body (422, 442), wherein the
sensor is positioned between the first and second operational arms (424, 444).

5. The device (420, 440) of claim 4, wherein the first and second operational arms (424, 444) and the sensor are
positioned to substantially approximate a relative configuration of standard laparoscopic tools.

6. The device (420, 440) of claim 4, wherein the first and second operational arms, (424,444) are configured to
substantially approximate movements of standard laparoscopic tools.
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7. The device (420, 440) of claim 1, wherein the sensor is disposed within an interior portion of the body (422, 442),
wherein the body is fluidically sealed whereby no exterior fluids can enter the interior portion.

8. The device (420, 440) of claim 3, further comprising a detached handle comprising at least a second magnetic
component configured to be operably coupleable with the first magnetic component.

9. The device (420, 444) of claim 1, wherein the first and second manipulators (450, 452) are each chosen from a
group consisting of a scalpel, a biopsy tool, a cauterizer, a forceps, a dissector, a clippers, a stapler, an ultrasound
probe, a suction component, and an irrigation component.

Patentanspriiche

1. Robotervorrichtung (420, 440), die Folgendes aufweist:

ein Gehause (422, 442), das dazu ausgestaltet ist, innerhalb eines Patienten angeordnet zu sein;
eine Energiequelle, die mit dem Gehause (422, 442) wirkverbunden ist;
ein Verbindungsbauteil, das mit dem Gehause (422, 442) wirkverbunden ist;
einen ersten Betriebsarm (424, 444), der Folgendes aufweist:
eine erste Verbindung, die mitdem Gehause (422, 442) Gber ein erstes Gelenk (426) wirkverbunden ist; und
einen ersten Manipulator (450), der mit dem ersten Betriebsarm (424, 444) wirkverbunden ist;
einen zweiten Betriebsarm (424, 444), der Folgendes aufweist:
eine zweite Verbindung, die mit dem Gehduse (422, 442) Uber ein zweites Gelenk (426) wirkverbunden
ist; und
einen zweiten Manipulator (452), der mit dem zweiten Betriebsarm (424, 444) wirkverbunden ist,
wobei weder der erste noch der zweite Betriebsarm (424, 444) innerhalb des Gehauses (422, 442) positionierbar
istund wobei der erste und zweite Betriebsarm (424, 444) dazu ausgestaltet sein kdnnen, eine lineare Anordnung
mit sowohl dem ersten als auch dem zweiten Betriebsarm (424, 444) zu definieren, die sich entlang der Langs-
achse des Gehauses (422, 442) erstreckt; und
ein erstes Befestigungsbauteil, das mit dem Gehause (422, 442) wirkverbunden ist.

2. Vorrichtung (420, 440) nach Anspruch 1, wobei der erste Betriebsarm (424, 444) ferner eine dritte Verbindung
aufweist, die mit der ersten Verbindung tber ein drittes Gelenk wirkverbunden ist, und wobei der zweite Betriebsarm
(424, 444) ferner eine vierte Verbindung aufweist, die mit der zweiten Verbindung uber ein viertes Gelenk wirkver-
bunden ist, wobei das erste und zweite Gelenk (426) Schultergelenke sind und das dritte und vierte Gelenk Ellbo-
gengelenke sind.

3. Vorrichtung (420, 440) nach Anspruch 1 oder Anspruch 2, wobei das erste Befestigungsbauteil ein erstes magne-
tisches Bauteil aufweist.

4. Vorrichtung (420, 440) nach Anspruch 1, die ferner einen Sensor aufweist, der innerhalb des Gehauses (422, 442)
angeordnet ist, wobei der Sensor zwischen dem ersten und zweiten Betriebsarm (424, 444) positioniert ist.

5. Vorrichtung (420, 440) nach Anspruch 4, wobei der erste und zweite Betriebsarm (424, 444) und der Sensor so
positioniert sind, dass sie sich im Wesentlichen an eine relative Anordnung von ublichen laparoskopischen Werk-
zeugen annahern.

6. Vorrichtung (420, 440) nach Anspruch 4, wobei der erste und der zweite Betriebsarm (424, 444) dazu ausgestaltet
sind, sich im Wesentlichen an Bewegungen von Ublichen laparoskopischen Werkzeugen anzunahern.

7. Vorrichtung (420, 440) nach Anspruch 1, wobei der Sensor innerhalb eines inneren Abschnitts des Gehauses (422,

442) angeordnet ist, wobei das Gehause fluiddicht ist, wodurch keine Fluide von aufRen in den inneren Abschnitt
gelangen kénnen.
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Vorrichtung (420, 440) nach Anspruch 3, die ferner einen separaten Griff aufweist, der wenigstens ein zweites
magnetisches Bauteil aufweist, das dazu ausgestaltet ist, mit dem ersten magnetischen Bauteil wirkverbunden
werden zu kdnnen.

Vorrichtung (420, 440) nach Anspruch 1, wobei der erste und zweite Manipulator (450, 452) jeweils aus einer Gruppe
ausgewahlt werden, die aus einem Skalpell, einem Biopsiewerkzeug, einer Atzvorrichtung, einer Zange, einem
Dissektor, einem Schneidegerat, einem Hefter, einer Ultraschallsonde, einem Ansaugbauteil und einem Wasse-
rungsbauteil besteht.

Revendications

Dispositif robotique (420, 440), comprenant :

un corps (422, 442) configuré pour étre disposé dans un patient ;

une source d’alimentation couplée de maniére fonctionnelle au corps (422, 442) ;
un composant de connexion couplé de maniére fonctionnelle au corps (422, 442) ;
un premier bras fonctionnel (424, 444) comprenant :

une premiére liaison couplée de maniére fonctionnelle au corps (422, 442) par I'intermédiaire d’'une premiére
articulation (426) ; et
un premier manipulateur (450) couplé de maniére fonctionnelle au premier bras fonctionnel (424, 444) ;

un deuxieme bras fonctionnel (424, 444) comprenant :

une deuxiéme liaison couplée de maniére fonctionnelle au corps (422, 442) par I'intermédiaire d’une deuxie-
me articulation (426) ; et
un deuxiéme manipulateur (452) couplé de maniére fonctionnelle au deuxiéme bras fonctionnel (424, 444),

dans lequel aucun du premier ou deuxiéme bras fonctionnel (424, 444) ne peut étre positionné dans le corps
(422, 442) et les premier et deuxiéme bras fonctionnels (424, 444) peuvent étre configurés pour définir une
configuration linéaire avec chacun des premier et deuxiéme bras fonctionnels (424, 444) s’étendant le long de
I'axe longitudinal du corps (422, 442) ; et

un premier composant de fixation couplé de maniere fonctionnelle au corps (422, 442).

Dispositif (420, 440) de la revendication 1, dans lequel le premier bras fonctionnel (424, 444) comprend en outre
une troisiéme liaison couplée de maniére fonctionnelle a la premiére liaison par l'intermédiaire d’une troisieme
articulation et le deuxiéme bras fonctionnel (424, 444) comprend en outre une quatrieme liaison couplée de maniere
fonctionnelle a la deuxiéme liaison par I'intermédiaire d’'une quatrieme articulation, ou les premiére et deuxieéme
articulations (426) sont des épaules et les troisieme et quatriéme articulations sont des coudes.

Dispositif (420, 440) de la revendication 1 ou 2, dans lequel le premier composant de fixation comprend un premier
composant magnétique.

Dispositif (420, 440) de la revendication 1, comprenant en outre un capteur disposé dans le corps (422, 442), dans
lequel le capteur est positionné entre les premier et deuxiéme bras fonctionnels (424, 444).

Dispositif (420, 440) de la revendication 4, dans lequel les premier et deuxieme bras fonctionnels (424, 444) et le
capteur sont positionnés pour se rapprocher sensiblement d’'une configuration relative d’outils laparoscopiques
standard.

Dispositif (420, 440) de la revendication 4, dans lequel les premier et deuxieme bras fonctionnels (424, 444) sont
configurés pour se rapprocher sensiblement de mouvements d’outils laparoscopiques standard.

Dispositif (420, 440) de la revendication 1, dans lequel le capteur est disposé dans une partie intérieure du corps

(422, 442), ou le corps est étanche aux fluides moyennant quoi aucun fluide extérieur ne peut entrer dans la partie
intérieure.
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Dispositif (420, 440) de la revendication 3, comprenant en outre une poignée détachée comprenant au moins un
deuxiéme composant magnétique configuré pour pouvoir étre couplé de maniére fonctionnelle au premier composant
magnétique.

Dispositif (420, 440) de la revendication 1, dans lequel les premier et deuxieme manipulateurs (450, 452) sont

choisis chacun dans un groupe consistant en un scalpel, un outil de biopsie, un cautére, un forceps, un dissecteur,
une tondeuse, une agrafeuse, une sonde a ultrasons, un composant d’aspiration, et un composant d’irrigation.
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