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METHODS AND APPARATUS FOR PALPATION SIMULATION

Cross-Reference to Related Application

[1001]  This application claims priority to co-pending U.S. Patent Application No.
60/558,357, entitled “Methods and Apparatus for Palpation Simulation,” filed on April 1,
2004, the entirety of which is incorporated herein by reference. This application is also
related to U.S. Application Serial No. 09/848,966 (Publication No. US 2002/0163497 Al),
entitled “Haptic Interface for Palpation Simulation,” the entirety of which is incorporated

herein by reference.

Background

Field of the Invention

[1002]  The present invention relates generally to simulation systems and methods, and
more particularly to a system and method for using haptic feedback in a medical
simulation involving, for example, both a simulated medical device and palpation of

simulated tissue.

Discussion of the Background

[1003]  Many medical procedures involve both the use of a medical device and the
palpation of the patient by the medical practitioner. In such a medical procedure, for
example, the medical practitioner can control the medical device with one hand while
palpating the patient with the other hand. In other words, the medical device can be
disposed on or partially within the patient and controlled with one hand of the medical
practitioner while the medical practitioner coordinates palpation of an exterior area of the

patient with the medical practitioner’s other hand.
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(1004]  One such medical procedure, for example, relates to vein harvesting. Ina
procedure for minimally invasive vein harvesting (MIVH), an endoscopic tool is used to
harvest the saphenous vein from a patient’s leg. This harvested saphenous vein then can
be used to create bypass grafts in coronary artery bypass graft (CABG) surgery. This
harvesting procedure typically includes several steps. First, an incision near the knee is
created. Then, using a conically tipped rigid endoscopic device (also referred to as a
“dissector”), the saphenous vein is separated from surrounding fat and other tissue. Then,
a capture and electrocautery device (also referred to as a “harvester”) is used to capture the
saphenous vein and to manipulate the saphenous vein so that side branches are exposed
and pulled taut in position for cutting. The electrocautery device is then manipulated to
cut and cauterize vein branches. The saphenous vein is then ligated at each end and

removed from the leg through the small incision.

[1005]  Due to the complexity of such medical procedures, a medical practitioner
typically seeks training to obtain an acceptable level of proficiency. Such training
previously has been performed on, for example, human cadavers. Training on human
cadavers, however, has several drawbacks including cost, difficulty with storage, etc.
Consequently, a need exists for systems and methods for simulating medical procedures
where the medical practitioner can simulate the control of a medical device with one hand

while palpating a simulated patient with the other hand.

Summary of the Invention

[1006]  An apparatus comprises a manipulandum, a housing, a sensor and an actuator.
The housing has a palpation region spaced apart from the manipulandum. The sensor is
coupled to the palpation region of the housing. The sensor is configured to send a signal
based on a palpation of the palpation region of the housing. The actuator is coupled to the
manipulandum. The actuator is configured to send haptic output to the manipulandum

based on the signal.



WO 2005/098581 PCT/US2005/011308

Brief Description of the Drawings

[1007]  FIG. 1 shows a system block diagram of a simulation system having a

palpation region, according to an embodiment of the invention.

[1008]  FIG. 2 shows a perspective view of a housing configured to simulate a patient’s

leg, according to an embodiment of the invention.

[1009] FIG. 3 shows a perspective view of the housing shown FIG. 2 during a

simulation of a medical procedure.

[1010]  FIGS. 4 and 5 each show a perspective view of a feedback assembly within

housing, according to an embodiment of the invention.

[1011]  FIG. 6 shows a perspective view of a sensor mounted within a housing

assembly, according to an embodiment of the invention.

[1012]  FIG. 7 shows a perspective view of a sensor disposed within housing,

according to an embodiment of the invention.
[1013]  FIG. 8 shows an assembly view of the housing shown in FIGS. 2-7.

[1014]  FIG. 9 shows the cross-sectional display of a leg model within a virtual
environment for a minimally invasive vein harvesting (MIVH) procedure, according to an

embodiment of the invention.

[1015]  FIG. 10 shows an example of a display of the virtual environment during a
portion of an MIVH procedure where a dissector device separates the vein from

surrounding tissue, according to an embodiment of the invention.

[1016]  FIG. 11 shows an example of the virtual environment where the electrocautery

device is inserted into tunnel, according to an embodiment of the invention.
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[1017] FIG. 12 shows an example of the virtual environment where the electrocautery

device captures the saphenous vein, according to an embodiment of the invention.

[1018]  FIG. 13 shows an example of the virtual environment where the electrocautery
device cauterizes a branch vein of the saphenous vein, according to an embodiment of the

invention.

[1019]  FIG. 14 shows a system block diagram of simulation system having a palpation

region, according to another embodiment of the invention.

[1020] FIG. 15 is a flow chart for the registration process between the simulation

space and the virtual space, according to an embodiment of the invention.

[1021] FIG. 16 is a flow chart for generating surfaces within the virtual environment
when the user moves the simulated medical device to create a tunnel, according to an

embodiment of the invention.

Detailed Description

[1022]  Inone embodiment, a simulation system comprises a manipulandum, a
housing, a sensor and an actuator. The housing has a palpation region spaced apart from
the manipulandum. The sensor is coupled to the palpation region of the housing. The
sensor is configured to send a signal based on a palpation of the palpation region of the
housing. The actuator is coupled to the manipulandum. The actuator is configured to send

haptic output to the manipulandum based on the signal.

[1023]  In an alternative embodiment, the manipulandum has a first portion external to
the housing and a second portion internal to the housing. The second portion of the
manipulandum is spaced apart from the palpation region of the housing and is moveable
such that a force is translated to the palpation region of the housing when the

manipulandum is moved.
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[1024] Such embodiments can be used, for example, to simulate medical procedures.
For example, many medical procedures require the medical practitioner to hold a medical
device with one hand and simultaneously palpate the patient with the other hand. Such
medical procedures can be simulated through a simulation system that senses the
movements of the medical practitioner while providing haptic feedback. For example, a
simulation system can sense the movement of the medical device (or simulated medical
device) held in one hand of the medical practitioner while providing haptic feedback to the
medical practitioner’s other hand that is palpating a region of the patient and/or to the
medical device held by the medical practitioner. Alternatively, the simulation system can
sense the movement of the medical practitioner’s one hand that is palpating a region of the
patient while providing haptic feedback to the medical device (or simulated medical
device) held in the other hand of the medical practitioner and/or to the medical

practitioner’s hand that is palpating a region of the patient.

[1025]  In one such medical procedure, minimally invasive vein harvesting (MIVH),
for example, the medical practitioner uses an endoscopic tool in one hand while palpating
the patient’s leg with the other hand to harvest the saphenous vein from the patient’s leg.
Although some of the embodiments disclosed herein are described in reference to an
MIVH procedure, the embodiments can be adapted for any type of appropriate procedure

or simulation.

[1026]  FIG. 1 shows a system block diagram of a simulation system having a
palpation region, according to an embodiment of the invention. As shown in FIG. 1,
simulation system 100 includes housing 110, manipulandum 120, feedback assembly 130,
sensors 140 and 150, input/output interface 160, processor 170 and display 180. Housing
110 includes housing interface region 112 and housing palpation region 114. Feedback
assembly 130 includes an actuator 135. Display 180 includes virtual environment 185. In
this embodiment, feedback assembly 130, sensors 140 and 150, and input/output interface

160 are disposed within housing 110.
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[1027] Housing 110 can be any type of structure that defines a palpation region 114.
Housing 110 can also be configured such that several components of the simulation
system 110 are disposed within housing 110. Such components can include, for example,
feedback assembly 130, sensors 140 and 150, and input/output interface 160. In
alternative embodiments, the actuator, sensors, and/or input/output interface can be

disposed outside of the housing 110. FIGS 2 and 3 show an example of housing 110.

[1028] More specifically, FIG. 2 shows a perspective view of a housing configured to
simulate a patient’s leg, according to an embodiment of the invention. FIG. 3 shows a
perspective view of the housing shown in FIG. 2 during a simulation of a medical
procedure. As shown in FIG. 2, housing 110 includes a base portion 115, a top portion
116, and an anatomical structure 117 disposed on the top portion 116. In this
embodiment, the anatomical structure 117 simulates a patient’s left leg and includes an
outer membrane that simulates tissue such as skin. In other embodiments, the anatomical
structure can simulate other body portions of a simulated patient, such as for example, a
right leg, an arm, a torso, etc. The anatomical structure 117 can include an internal frame
having solid portions that support the outer membrane and open portions through which
the user can move the manipulandum 120 and palpate the simulated leg. The outer
membrane of the anatomical structure 117, for example, can be made of a flexible material
such as rubber or fabric-covered rubber. Similarly, the internal frame of the anatomical
structure 117, for example, can be made of a rigid, semi-rigid or flexible plastic or rubber.
As shown in FIG. 3, housing 110 includes interface region 112 and palpation region 114

each of which includes a different portion of the surface of anatomical structure 117.

(1029]  Housing interface region 112 is a portion of housing 110 where the
manipulandum 120 can interact with housing 110. In this embodiment, the manipulandum
120 penetrates the outer surface of anatomical structure 117 at interface region 112. In the
virtual environment 185, the medical device simulated by manipulandum 120 enters the
simulated patient’s leg at a simulated anatomical region corresponding to housing

interface region 112.
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[1030]  Housing palpation region 114 is a portion of housing 110 where a user (e.g., a
medical practitioner) can palpate the simulated patient body portion. Such palpation can
be any type of touching of the simulated body portion without an intervening medical
device. Such palpation can include, for example, applying pressure, feeling for a rebound
response based on applied pressure, or receiving a spontaneous response from the patient
(e.g., reading a pulse). For example, as shown in FIG. 3, the user can palpate a simulated
patient leg during the simulation of an MIVH procedure. In this simulated procedure, the
user palpates the simulated patient leg in the sense that the user applies pressure to the
palpation region 114 to simulate the process of relocating the saphenous vein and
surrounding fat tissue within the simulated patient’s leg tissue while manipulandum 120,
in the form of a simulated dissector device, is being moved through the patient’s leg by the
user’s other hand. In other words, the user moves manipulandum 120 to simulate the

production of a tunnel within the fat tissue and adjacent to the saphenous vein.

[1031] Returning to FIG. 1, manipulandum 120 can be any type of interface device
that a user can manipulate to interact with the simulation system 100. For example,
manipulandum 120 can be a device that physically resembles a medical device. In such an
embodiment where manipulandum 120 simulates or replicates a medical device, the
manipulandum is referred to herein as a simulated medical device. In alternative
embodiments, manipulandum 120 can be an actual medical device; in such embodiments,
the simulation system 100 is configured to operate in conjunction with the actual medical

device.

- [1032] In some embodiments, the manipulandum 120 can have one portion external to
the housing 110 and another portion internal to the housing 110. In such embodiments, for
example, the two portions of the manipulandum can be monolithically formed, integrally
formed or removably coupled, as appropriate for a given simulation. In other
embodiments, the manipulandum has an external portion only, while the effect or feel of

an internal portion of the manipulandum is simulated by the simulation system.
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[1033] In one embodiment where the manipulandum has two portions, the
manipulandum has multiple configurations, each corresponding to a different external
portion of the manipulandum that can be removably coupled to the internal portion of
manipulandum. In an embodiment where the manipulandum has two configurations, for
example, the external portion of the manipulandum can be a simulated dissector
endoscope while the manipulandum is in a first configuration; the external portion of the
manipulandum can be a simulated electrocautery endoscope while the manipulandum is in
a second configuration. In this embodiment, the two external portions of the
manipulandum can be used to simulate an MIVH procedure for harvesting a saphenous
vein from a leg. These two portions of the manipulandum can simulate, for example, the
dissector endoscope and the electrocautery endoscope described in U.S. Patent
Application Publication 2003/0130674, entitled “Treatment Sheath for Endoscopic Blood

Vessel Harvesting;” the entirety of the disclosure is incorporated herein by reference.

[1034]  Feedback assembly 130 is any type of assembly or device that can output
haptic feedback to manipulandum 120. Feedback assembly 130 includes an actuator 135
that receives a signal and outputs a force based on the signal. As described below, the
signal received by actuator 135 can be provided, for example, by processor 170 and in
conjunction with the virtual environment displayed on display 180. Feedback assembly
130 can be configured such that the force output by actuator 135 is translated, for example,
to manipulandum120. For example, feedback assembly 130 can be configured such that
the force output by the actuator 135 is translated to an internal end portion of
manipulandum 120. Feedback assembly 130 can be configured to provide, for example,
haptic feedback to the manipulandum 120 in three degrees-of-freedom and to allow the

manipulandum to have a range of motion in, for example, six degrees-of-freedom.

[1035] FIGS. 4 and 5 show perspective views of a feedback assembly 130, according
to an embodiment of the invention. As shown in FIG. 4, feedback assembly 130 can be
disposed within housing 110. Feedback assembly 130 includes, for example, a five-bar
linkage 131 on a carriage 132 mounted on a linear bearing 133. An example of such a

five-bar linkage is described in U.S. Patent 5,828,197, entitled “Mechanical Interface
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Having Multiple Grounded Actuators,” the disclosure of which is incorporated herein by
reference. Such a feedback assembly 130 can provide haptic feedback, for example, in

three degrees-of-freedom to an internal portion of the manipulandum 130.

[1036] Sensors 140 and 150 can be any type of appropriate sensors that detect position
and/or orientation of manipulandum 120 and housing palpation region 114, respectively.
Sensor 150 can be, for example, a sensor that measures the movement of manipulandum
120 in six degrees-of-freedom (e.g., X, y, 2, pitch, yaw and roll). Sensor 150 can be
disposed within feedback assembly 130 such that a change in the position and/or
orientation of manipulandum 120 is translated through feedback assembly 130 and
detected by sensor 10. Alternatively, sensor 150 can be disposed at an interior end portion
of manipulandum 120. Sensor 150 can be a single sensor or a combination of multiple
sensors. In some embodiments, sensor 150 can be configured to measure the position
and/or orientation of manipulandum 120 with respect to an absolute coordinate system. In
other embodiments, sensor 150 can be configured to measure the position and/or

orientation of manipulandum 120 with respect to a relative coordinate system.

[1037]  FIG. 5 shows an example of an embodiment of a feedback assembly 130
having three sensors and three actuators. In this embodiments, the three sensors are
optical encoders 150a, 150b and 150c; the three actuators are motors 135a, 135b and 135c.
Motors 135a and 135b each use a capstan to drive a cable (not shown in FIG. 5) attached
to one of the two arcuate members of the five-bar link 131, providing for two degrees of
freedom. Optical encoders 150a and 150b detect motion of motors 135a and 135b, and
thus the position of the five-bar link 131 in these two degrees of freedom. Motor 135¢
uses a capstan to drive against a cable (not shown) grounded to the case and parallel to
linear bearing 139. Motion of motor 135c¢ is sensed via optical encoder 150c, and thus
motion of the movable carriage 132 with respect to the fixed cable can be obtained,
providing the third degree of freedom. Three more degrees of freedom of manipulandum
120 can be measured, namely pitch, yaw and rotation about the long axis. Optical

encoders (not shown), such as the HP rose encoder, can be embedded in a pitch/yaw/roll
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joint attached to the tip of the five-bar link 131 to measure these three additional degrees

of freedom.

[1038]  When based on a relative coordinate system, sensor 150 can be calibrated
through the use of a “home position” to which manipulandum 120 returns, for example,
upon power up of the simulation system 100. Upon such power up, a zero position value
and starting orientation values can be assigned to sensor 150 based on the position and
orientation of manipulandum 120 in its home position. Further details for calibrating a
sensor 150 based on a relative coordinate system are discussed in U.S. Patent 6,697,748,

the disclosure of which is incorporated herein by reference.

[1039] Sensor 140 can be, for example, a polymer-thick-film (PTF) force sensor,
which exhibits a decrease in resistance with an increase in force, such as those provided by
Interlink Electronics of Carmarillo, CA. Sensor 140 can be a single sensor or a
combination of multiple sensors. In some embodiments, sensor 140 can be disposed at an
interior end portion of manipulandum 120. In other embodiments, sensor 140 can be
disposed within housing 110. For example, for the embodiment shown in FIGS. 2 through
5, four sensors 140 are disposed between the housing base portion 115 and the housing top
portion 116. More specifically, each sensor 140 from the set of four sensors 140 is located
near a respective corner of the housing 110 between the housing base portion 115 and the
housing top portion 116. FIG. 6 shows a perspective view of a sensor 140 mounted within
a housing assembly 210, according to an embodiment of the invention. FIG. 7 shows a
perspective view of a sensor 140 disposed within housing 110, according to an

embodiment of the invention.

[1040] As shown in FIGS. 6 and 7, housing assembly 210 includes a male fastener
portion 211, an electrical spring connector, 212, an electrical case contact wire 1002, a
pivot pin 1003, a frame 1001 with three locating holes, a sensor 140, a resilient member
1006, and a pivot member 1007, also with three locating holes spaced similarly to the
holes in frame 1001. Male fastener portion 211 is fitted into an appropriate socket in pivot

member 1007. Pivot pin 1003 is inserted through one of three sets of aligned holes in

10
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frame 1001 and pivot member 1007. Forces on male fastener portion 211 cause pivot
member 1007 to pivot around pivot pin 1003, causing the end of pivot member 1007 to
compress resilient member 1006 against sensor 140. Sensor 140 measures the force
applied to male fastener portion 211. Sensor 140 can be, for example, a PTF force sensor
provided by Interlink Electronics of Carmarillo, CA. Moving the pivot pin 1003 to a
different hole can provide a different mechanical advantage in the simple lever system,
thus providing adjustable mechanical amplification of the force on male fastener portion
211. Electrical spring connector 212 can provide a grounding path for electrostatic

discharge.

[1041] A housing assembly 210 is disposed within each corner portion of the housing
base portion 115 such that the respective male fastener portion 211 and electrical spring
connector 212 protrude from that corner portion of the housing base portion 115. The
protruding male fastener portion 211 and electrical spring connector 212 at each corner
portion of housing base portion 115 contacts a respective corner portion of housing top
portion 116. In other words, as best shown in FIG. 7, male fastener portion 211 disposed
within the housing base portion 115 mates with a respective female fastener portion 213
disposed within the housing top portion 116, The male fastener portion 211 and female
fastener portion 213 can be, for example, a Tree-Lok Fastener provided by ITW Fastex of
Des Plaines, IL.

[1042]  When the four male fastener portions 211 mate with the four respective female
fastener portions 213 (i.e., when the housing top portion 116 is disposed on the housing
bottom portion 115), the magnitude and position of a force applied to the palpation region
114 of housing 110 can be determined based on measurements performed by the four
sensors 150. The process of determining the magnitude and position of forces applied to

the palpation region 114 of housing 110 is further described by reference to FIG. 8.

(1043]  FIG. 8 shows an assembly view of the housing shown in FIGS. 2-7. As shown
in FIG. 8, the four sensors are disposed within the housing bottom portion 115 so as to

measure the upward forces that support the housing top portion 116. When the user is not

11
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applying palpation force to the housing top portion 116, the output of sensors 150 is
sampled and these outputs are taken as the baseline condition (i.e., no palpation or zero
force) for each of the sensors. When an actual palpation force, Fr, (i.e., the force applied
by a user of the simulation system to the palpation region 114) is present, the output of
sensors 150 will reflect the larger-magnitude forces necessary to support the top in this
condition. Calibration of the sensor output by standard techniques, using the zero force
condition and a scaling factor determined by application of test forces to the four sensors,
allows the sensor outputs to be converted to a measure of the forces over and above the
gravitational baseline present at each sensor 150. These additional forces are due to the
palpation force applied by the user, and can be understood, from the conditions for static
equilibrium, to collectively sum to a value equal and opposite the total applied palpation
force. Further, static equilibrium provides that the forces oppose rotation about any axis.
These conditions of static equilibrium can then be used to solve for the total palpation
force. Forces Fy, F;, F3 and Fs, correspond to the forces at each of the four corner portions
of the housing 110 at which a respective sensor 150 is located. Based on the magnitude of
these four forces, Fy, F», F3 and F, the position and magnitude of the total palpation force,
Fr, can be determined from the conditions of static equilibrium as noted above. Assuming
a two-dimensional coordinate system (x, y) as shown in FIG. 8, each force sensor 150 has
a respective location (x;, y1), (X2, y2), (X3, y3) and (X4, y4). The force sensors 150 each
oppose a portion of the force, Fr, and these are represented as the four forces, Fi, F, F3
and F4. From these forces, the magnitude and location (xy, y;) of the total palpation force,
Fr, can be determined from the following three equations that represent a zero net moment

around the x and y axes, and a zero net force, respectively:

12
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With the magnitude of Fr determined here, this value can be substituted into the first two

equations to determine the position of the applied palpation force as follows:

4
ZFi'yi

=1

Yy = 7 .

[1044]  These equations can be implemented in software operating, for example, on
processor 170. Such software can also perform additional functions, such as for example,
signal conditioning, noise filtering, the elimination of the baseline signal associated with
gravity, scaling and linearity correction as appropriate for a given type of sensor 150. In
addition, such software can also perform other signal processing, such as threshold
comparison, minima and maxima detection, use of an embedded processor, etc. such as
that disclosed in Patent 4,511,760, entitled “Force Sensing Data Input Device Responding
to the Release of Pressure Force,” the disclosure of which is incorporated herein by
reference. Such additional functions are typically performed before the calculation of the
above equations to determine the magnitude and/or location of the palpation force, Fr.
The resultant force vector can be used in the software associated with the virtual
environment to deform the tissue in the virtual environment in response to user palpation.
The deformation can be a simple geometric deformation, whereby motion of the tissues is
a simple function of the force and position of the total palpation, and diminishes with
distance from the palpation position. Alternately, a more complex physical model, such as
a finite element model of the properties of the different tissues, can be used to deform the
tissue in the virtual environment in response to the palpation force applied by the user.
The resultant deformation can then be displayed on display 180 in the endoscopic view, or

other views of virtual environment 185; this enables the user to practice and gain

13
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proficiency in techniques of palpating the leg in coordination with manipulation of the
medical instrument to most effectively separate and harvest the vein from the surrounding

tissue.

[1045] In alternative embodiments, the sensor configured to measure forces applied to
the housing palpation region is disposed within the housing palpation region itself. For
example, such a sensor can be a pressure-sensitive sensor disposed with a housing
palpation region having a rigid construction; in such an arrangement, the sensor can
measure the z-direction (orthogonal to the x and y axes) component of applied forces. In
other embodiments, the sensor can be one or more strain gauges configured to measure

three-dimensional components of applied forces.

[1046] Returning to FIG. 1, processor 170 can be, for example, a commercially
available microprocessor. Alternatively, the processor 170 can be an application-specific
integrated circuit (ASIC) or a combination of ASICs, which are designed to achieve one or
more specific functions, or enable one or more specific devices or applications. In yet
another embodiment, the processor 170 can be an analog or digital circuit, or a

combination of multiple circuits.

[1047] Processor 170 includes a memory component (not shown in FIG. 1). The
memory component can include one or more types of memory. For example, the memory
component can include a read only memory (ROM) component and a random access
memory (RAM) component. The memory component can also include other types of
memory that are suitable for storing data or software in a form retrievable by the processor
170. For example, electronically programmable read only memory (EPROM), erasable
electronically programmable read only memory (EEPROM), flash memory, as well as
other suitable forms of memory can be included within the memory component. The
processor 170 can also include a variety of other components, such as for example, co-
processors, graphics processors, etc., depending upon the desired functionality of the

device.

14
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[1048] The simulation system 100 is configured such that a user (e.g., a medical
practitioner) moves manipulandum 120 and palpates the palpation region 114 in
conjunction with viewing the virtual environment 185 on display 180. In other words, a
user receives haptic output at the manipulandum 120 and/or palpation region 114 while
also viewing the virtual environment 185, which is provided in coordination with the
haptic output. FIGS. 9 through 13 show examples of a virtual environment for an MIVH

procedure, according to an embodiment of the invention.

[1049]  FIG. 9 shows the cross-sectional display of a leg model within a virtual
environment for an MIVH procedure, according to an embodiment of the invention. As
shown in FIG. 9, the leg model includes several different types of tissue as well as the
saphenous vein and its smaller branch veins. More specifically, the leg model shown in
FIG. 9 includes tissue layers 310 through 340: tissue layer 310 represents the skin and
outer most muscle layer; tissue layer 320 represents an inner muscle layer; tissue layer 330
represents a fat layer within which the saphenous vein 350 is disposed; and tissue layer
340 represents a bone within the virtual leg. Saphenous vein 350 is connected to several

smaller branch veins including veins 361, 362 and 363.

[1050]  The various tissue layers 310 through 340 of the virtual leg model can affect
the manner in which haptic feedback is provided by feedback assembly 130. For example,
feedback assembly 130 can provide haptic feedback to manipulandum 120 as a function of
the position and/or orientation of the end portion of the manipulandum 120 relative to the
various tissue layers 310 through 340 of the virtual leg model. In other words, the user
moving manipulandum 120 can feel different levels of resistance relating to the position
and/or orientation of the end portion of the manipulandum 120 relative to a given tissue
level 310 through 340 of the virtual leg model.

[1051)  FIG. 10 shows an example of a display of the virtual environment during a
portion of an MIVH procedure where a dissector device separates the saphenous vein from
surrounding tissue, according to an embodiment of the invention. For this portion of the

simulation of the MIVH procedure, manipulandum 120 is in a configuration that simulates
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an endoscopic dissector device having a rigid shaft (not shown) and a camera (not shown)
disposed within a transparent conical tip. In an actual MIVH procedure, the medical
practitioner can watch a video display showing the interior of the leg via the camera within
the dissector device. Simulation system 100 replicates this arrangement by providing a
virtual environment 185 on display 180 based on the user’s movement of manipulandum
120 and the user’s palpation of palpation region 114 of housing 110. In other words, as
the user moves manipulandum 120 and palpates palpation region 114 of housing 110, the
virtual environment 185 on display 180 approximates the view that would be produced by
the movement of the dissector device and by the palpation of the leg in an actual MIVH

procedure.

[1052]  Because the user moves manipulandum 120 and palpates the palpation region
114 in coordination with viewing the virtual environment 185 on display 180, a
registration process is appropriate. This registration process can be performed once for
each distinct set of anatomical structures 117 that will be used with the simulator system
100. Each distinct set of anatomical structures 117 represents, for example, the anatomy
of a unique patient or case. FIG. 15 is a flow chart for the registration process 500
between simulation space and the virtual space, according to an embodiment of the

invention.

[1053]  Asshown in FIG. 15, at step 510, a three-dimensional computer-aided design
(CAD) model of the simulator device (e.g., housing 110 and surface of anatomical
structure 117) is adjusted to match the scale, position, and orientation of the virtual
environment’s workspace as reported by the sensors used during the simulation.. For
example, in an embodiment for a MIVH procedure, the scale is millimeters, the orientation
corresponds to the length of the housing 110 along the x-axis, and the origin position is at
the insertion point for manipulandum 120 into housing interface region 114. The CAD
model of the surface 370 of the leg is shown in FIG 9. At step 520, the accuracy of this
adjustment can be validated. The accuracy of this adjustment can be validated, for
example, by selecting three distinct fiducial registration points on housing 110, such

fiducial points being molded into housing 110, and verifying that when the tip of
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manipulandum 120 contacts the physical points within housing 110, the tip of the virtual
device (e.g., endoscopic dissector device) contacts the corresponding positions on the
CAD model. This CAD model alignment can be performed once for a given anatomical

structure 117 for the simulation system 100.

[1054]  Once the CAD model is exported and oriented into the space of the virtual
environment and validated (steps 510 and 520), each medical model associated with an
anatomical structure and to be used as the basis for a simulation can be registered to the
CAD model. At conditional step 530, a determination is made as to whether all of the
appropriate medical models exist. If the medical models have not yet been created, at step
540 the medical modeler can create them in alignment with the oriented CAD model. If
the medical models already exist, then they can be loaded into a 3D modeling tool at step
550 and registered to the CAD model at step 560. This may involve, for example, scaling,
translating, and rotating the anatomical model. In addition, the shape of the model can be
tailored to better match the shape of the housing 110 and manipulandum 120. For
example, the palpation region of the CAD model can be aligned tangent to the same
anatomical region on the leg model within the virtual environment. In this way, when the
user’s hand touches the surface of the anatomical structure 117 from the outside of
housing 110, or when the end portion of manipulandum 120 touches the surface of the
anatomical structure 117 from the inside of the housing 110, the software provide a

display of a collision with the skin of the leg within the virtual environment 185.

[1055]  Now that the position and orientation of the anatomical model within the
virtual environment is aligned with the physical model of the simulation system 100, the
software can be executed with the expectation that the physical and virtual models will be
synchronized. When the user moves manipulandum 120 with respect to housing interface
portion 112 and palpates region 114, the movements can be accurately reflected in the
virtual environment 185. For example, as the user palpates palpation region 114, the
palpation will result in a corresponding movement or deformation of the virtual tissue

layers 310 through 340 at the same position and magnitude in the virtual environment as in
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the physical environment. This allows the simulation user to maintain the sense that their

physical manipulations are accurately reflected in the virtual environment.

[1056]  In this portion of the simulation involving the dissector device, a tunnel 370
adjacent to or surrounding the saphenous vein 350 is created within virtual environment
185 as a user moves manipulandum 120 and palpates palpation region 114 of housing 110.
While this tunnel 370 is being produced by the user’s movements, the user can also
receive haptic feedback at manipulandum 120 and/or palpation region 114 of housing 110

in coordination with the display of virtual environment 185.

[1057]  FIGS. 11 through 13 show an example of a display of the virtual environment,
representing the endoscopic view through a camera within an electrocautery deviceduring
a portion of an MIVH procedure, according to an embodiment of the invention. For this
portion of the simulation of the MIVH procedure, manipulandum 120 is in a configuration
that simulates an endoscopic electrocautery device 380 having a rigid shaft, a camera (not
shown), a capture portion 381 and an extendible cauterizing portion 382. More
specifically, FIG. 11 shows an example of the virtual environment where the
electrocautery device 380 is inserted into tunnel 370, according to an embodiment of the
invention. FIG. 12 shows an example of the virtual environment where the electrocautery
device 380 captures the saphenous vein 350, according to an embodiment of the invention.
FIG. 13 shows an example of the virtual environment where the extendible cauterizing
portion 382 of the electrocautery device 380 is activated by a footpedal (not shown) to
cauterize a branch vein 363 of the saphenous vein 350, according to an embodiment of the

invention.

[1058]  The software for producing the display of the virtual environment 185 can be
executed by processor 170. Although FIGS. 11 through 13 relate to a virtual environment
associated with a MIVH procedure, in other embodiments, the software can produce the
display of virtual environments associated with another procedures as appropriate. The
software can, for example, be based on a technique for displaying three-dimensional

surface images through the use of a number of textured surface models embedded in a
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volume. The surface models can represent deformable as well as non-deformable
substances such as skin, veins, arteries, nerves, muscles, and bones. A given volume can
be pre-tessellated into cubes. The cubes can be used both to simulate the physics of the
volume and to serve as a medium to apply, for example, the “Marching Cubes” algorithm
to generate polygonal surfaces. The location of the polygonal surface can be determined
by an implicit surface function applied at the tool tip, i.e., where the cutting occurs. The
“Marching Cubes” and similar algorithms use a case table for rapid retrieval of surface
approximation information. For example, eight cubically adjacent data points associated
with a given voxel element are compared with a predetermined threshold value or range to
generate an eight bit vector. This eight-bit vector is employed to rapidly produce vector
lists of approximating surfaces. An interpolation operation is performed so as to more
closely approximate the desired surface and to provide more accurate representations of
vectors normal to the desired surface. The accurate representation of these normal
directions provides means for accurately representing shading information on a display
screen. U.S. Patent 4,710,876, entitled “System and Method for the Display of Surface
Structures Contained within the Interior Region of a Solid Body,” provides further details

and is incorporated herein by reference

[1059] The software for producing the display of the virtual environment 185 includes
a portion for generating surfaces when the user moves the simulated medical device to
create a tunnel within the simulated patient, Such a simulated medical device can be, for
example, the simulated dissector device for the MIVH procedure, or any other type of
simulated device that produces a tunnel or other cavity within simulated anatomy. In other
words, the algorithm described above to generate polygonal surfaces can be used to
generate those surfaces when a tool such as a simulated dissector device cuts through the

volume to produce a tunnel.

[1060]  The polygonal surface need not be wholly re-constructed every time that the
cutting tool makes a new cut; instead, the implicit surface can be used to grow the tunnel.

The cutting tool can be, for example, both deform and cut the cubes. FIG. 16 is a flow
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chart for generating surfaces within the virtual environment when the user moves the

simulated medical device to create a tunnel, according to an embodiment of the invention.

[1061] As shown in FIG. 16, at conditional step 610, a determination is made as to
whether the cutting tool makes a new cut within the virtual environment. When the
cutting tool makes a new cut, only the surface passing through cubes adjacent to the
cutting-tip needs to be recomputed. Thus, at steps 620, 630 and 640, new polygons can be
computed for these cubes and their direct adjacent cubes based on the implicit surface
function used to represent the cutting tip. In other words, at step 620, new polygons for
cubes cut by the cutting tool are computed. At condition step 630, a determination is
made as to whether polygons for adjacent cubes already exist. If polygons on the direct
adjacent cubes already exist, those polygons are first removed to make room for the new
polygons at step 640. At step 650, new polygons for the adjacent cubes are computed.
Polygons on all other cubes remain the same during the cutting operation. As new
triangles are created by the cutting operation, texture coordinates are assigned from a 3D
texture derived from medical cryosection data (visible human) at step 660 to give the

displayed surface a realistic appearance.

[1062] The cubic volume can be deformed through either geometric or physical
algorithms. Using geometric deformation, each cube can be deformed to move in the
direction of the nearest point on the inserted (i.e., virtual) cutting tool, with a magnitude
inversely proportional to its distance from the scope. Alternatively, applying a physical
algorithm to the same system, each point in the cube can, for example, be modeled as a
particle in a particle system. The particles can then be repelled by the inserted (polygonal)
scope model, and through an iterative process, neighbors connected by springs to the

displaced particles are moved as well.

[1063) Simulation system 100 is particularly well suited to simulate a medical
procedure, such as the MIVH procedure, that involves a medical device used in
conjunction with palpation by the medical practitioner. In the case of the MIVH

procedure, movement of the dissector device and the electrocautery device is highly
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constrained, particularly at long insertion distances within the patient’s leg. Consequently,
the medical practitioner uses the free hand to deform the tissue in front of the device tip so
as to steer the tissue onto the tip of the dissector device or to the capture portion of the

electrocautery device.

[1064]  Inother embodiments, a simulation system can be configured to simulate other
procedures including medical procedures such as, for example, a colonoscopy and setting
a broken or fractured femur bone. More specifically, other embodiments can be
configured to simulate a colonoscopy procedure where the user moves a medical device
(or simulated medical device) with one hand and palpates the simulated patient’s bowels
with the other hand. In such an embodiment, the virtual environment can be configured to
simluate the view of an endoscopic device in coordination with the user's movements of

the manipulandum and the palpation region of the housing.

[1065] Similarly, other embodiments can be configured to simulate a procedure for
setting a broken or fractured femur bone. In these embodiments, a manipulandum or
simulated medical device is not present and, instead, the user palpates one palpation region
with one hand and palpates a different palpation region with the other hand. In such
embodiments, haptic feedback can be output separately to the two palpation regions. In
addition, the user’s movement of one palpation region can affect the other palpation
region, either directly or through the combination of a sensor to measure the palpation and
an actuator at the other palpation region to output the haptic feedback. In such
embodiments, the virtual environment and display need not be present; alternatively, the
virtual environment and display can be included to provide the user with a view of the

effect the user’s palpation has on internal anatomical structures

[1066]  FIG. 14 shows a system block diagram of simulation system having a palpation
region, according to another embodiment of the invention. As shown in FIG. 14,
simulation system 400 includes housing 410, manipulandum 420, feedback assembly 430,
sensors 440 and 450, input/output interface 460, processor 470 and display 480. Housing

410 includes housing interface region 412 and housing palpation region 414.
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Manipulandum 420 includes manipulandum first portion 422, manipulandum second
portion 424 and manipulandum expandable portion 426. Feedback assembly 430 includes
an actuator 435. Display 480 includes virtual environment 485. In this embodiment,
feedback assembly 430, sensors 440 and 450, and input/output interface 460 are disposed
within housing 410.

[1067]  In this embodiment, the manipulandum first portion 422 can be external to
housing 410, and manipulandum second portion 424 and manipulandum expandable
portion 426 can be internal to housing 410. Manipulandum first portion 422 and
manipulandum second portion 424 can be, for example, monolithically formed, integrally

formed or removably formed.

(1068]  In this embodiment, manipulandum expandable portion 426 can have, for
example, an adjustable size that maintains an end portion of manipulandum second portion
424 in physical contact with palpation region 414 of housing 410 through manipulandum
expandable portion 426. The size of manipulandum expandable portion 426 can be
adjusted, for example, through the use of sensor 440 and an actuator such as actuator 435.
A movement of manipulandum 420 and/or a palpation of housing palpation region 414 can
be detected by sensor 440 and the size of manipulandum expandable portion 426 can be
adjusted by the actuator based on a signal output by sensor 440. Manipulandum
expandable portion 426 can be, for example, a balloon or bladder that expands when

actuated.

[1069] By maintaining physical contact between manipulandum 420 and housing
palpation region 414, haptic feedback can be conveyed between manipulandum 420 and
palpation region 414 and vice versa. For example, when actuator 435 applies haptic
feedback to manipulandum second portion 424, the haptic feedback is also conveyed to
housing palpation region 414 through manipulandum expandable portion 426. Similarly,
when a user palpates housing palpation region 414, the forces associated with this
palpation can be conveyed to manipulandum 420 through manipulandum expandable

portion 426.
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[1070] Manipulandum expandable portion 426 can be used in conjunction with
feedback assembly 435 or in lieu of feedback assembly 435. In other words, in some
embodiments, manipulandum expandable portion 426 can be used to complement the
haptic feedback provided to manipulandum second portion 424 by feedback assembly 430.
In other embodiments, manipulandum expandable portion 426 can provide the haptic
feedback solely such that feedback assembly 430 is not present. In such embodiments,
when the manipulandum is moved, the corresponding force at the interior end portion of

the manipulandum is translated to the housing palpation region.

[1071]  Inyet other embodiments, manipulandum expandable portion 426 is optional
and not present. In such embodiments, a second feedback assembly (not shown) having
its own actuator can provide haptic feedback to the housing palpation region 414. In other
words, feedback assembly 435 can provide haptic feedback to manipulandum second
portion 424 and the second feedback assembly can separately provide haptic feedback to
the housing palpation region 414.

[1072]  Although examples of the palpation region of the housing have been described
above as a deformable membrane to which a sensor is coupled to detect movement, other
materials and configurations are possible. For example, the housing palpation region can
be formed of a deformable material or structure that can be actuated without an
intervening actuator between the housing palpation region and the manipulandum. Such a
deformable material can be, for example, a shape memory alloy; such a deformable
structure can be, for example, a tensile erect surface or a collection of interconnected
tensor members. These deformable materials or structures can actuate the housing

palpation region, for example, in direct response to movement of the manipulandum.

Conclusion

[1073] While various embodiments of the invention have been described above, it

should be understood that they have been presented by way of example only, and not
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limitation. Thus, the breadth and scope of the invention should not be limited by any of
the above-described embodiment examples, but should be defined only in accordance with

the following claims and their equivalents.

[1074]  While the invention has been particularly shown and described with reference
to embodiments thereof, it will be understood by those skilled in the art that various
changes in form and details may be made therein without departing from the spirit and

scope of the invention.
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What is claimed is:

1. An apparatus, comprising:

a manipulandum;

a housing having a palpation region, the palpation region of the housing being
spaced apart from the manipulandum;

a sensor coupled to the palpation region of the housing, the sensor configured to
send a signal based on a palpation of the palpation region of the housing; and

an actuator coupled to the manipulandum, the actuator configured to send haptic

output to the manipulandum based on the signal.

2. The apparatus of claim I, the sensor being a first sensor, further comprising:

a second sensor coupled to the manipulandum, the second sensor configured to
send a signal based on a position of the manipulandum,

the actuator being further configured to send the haptic output to the

manipulandum based on the signal from the second sensor.

3. The apparatus of claim 1, wherein the manipulandum includes a first portion and
a second portion, the first portion of the manipulandum being disposed within an
interaction region of the housing different from the palpation region of the housing, the
second portion of the manipulandum being coupled to the palpation region of the

manipulandum.

4. The apparatus of claim 1, the manipulandum being a simulated medical device,
the palpation region of the housing being a simulated tissue, the apparatus further
comprising:

a processor configured to provide signals associated with display of a virtual
environment, the signals associated with the virtual environment being based on a
position of the simulated medical device and the signal from the sensor associated with

the palpation of the simulated tissue.

5. The apparatus of claim 1, the manipulandum being a simulated medical device,
the palpation region of the housing being a simulated tissue, the apparatus further
comprising:

a processor configured to provide signals associated with display of a virtual

environment, the signals associated with the virtual environment being based on a
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position of the simulated medical device and the signal from the sensor associated with
the palpation of the simulated tissue,

the virtual environment having an interior view of a virtual body portion
associated with the simulated tissue, the virtual environment including a virtual medical
device and the virtual body portion, movement of the virtual medical device being based
on movement of the simulated medical device, movement of the virtual body portion

being based on palpation of the simulated tissue.

6. The apparatus of claim 1, the manipulandum being a simulated medical device,
the palpation region of the housing being a simulated tissue, the apparatus further
comprising:

a processor configured to provide signals associated with display of a virtual
environment, the signals associated with the virtual environment being based on a
position of the simulated medical device and the signal from the sensor associated with
the palpation of the simulated tissue,

the virtual environment having an interior view of a virtual body portion
associated with the simulated tissue, the virtual environment including a virtual medical
device and the virtual body portion, movement of the virtual medical device and
movement of the virtual body portion being based on movement of the simulated

medical device and palpation of the simulated tissue.

7. The apparatus of claim 1, wherein:

the manipulandum includes a first portion and a second portion, the first portion
of the manipulandum being disposed within an interaction region of the housing
different from the palpation region of the housing, the second portion of the
manipulandum being coupled to the palpation region of the housing,

the second portion of the manipulandum having an expandable portion

configured to contact directly the palpation region of the housing.

8. The apparatus of claim 1, wherein:

the manipulandum has a first configuration and a second configuration different
from the first configuration,

the first configuration of the manipulandum configured to simulate a dissector

endoscope device associated with a vein harvesting medical procedure,
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the second configuration of the manipulandum configured to simulate an

electrocautery endoscope device associated with the vein harvesting medical procedure.

9. An apparatus, comprising:

a housing having a palpation region and an interface region different from the
palpation region;

a manipulandum having a first portion and a second portion, the first portion of
the manipulandum coupled to the interface region of the housing, the second portion of
the manipulandum being spaced apart from the palpation region of the housing and
being moveable such that a force is translated to the palpation region of the housing
when the manipulandum is moved; and

an actuator coupled to the manipulandum, the actuator configured to send haptic

output to the manipulandum.

10.  The apparatus of claim 9, further comprising;:

a first sensor coupled to the palpation region of the housing, the first sensor
configured to send a signal based on a palpation of the palpation region of the housing,

a second sensor coupled to the manipulandum, the second sensor configured to
send a signal based on a position of the manipulandum, and

the actuator configured to send the haptic output to the manipulandum based on

the signal from the first sensor and the signal from the second sensor.

11.  The apparatus of claim 9, the actuator being a first actuator, the apparatus further
comprising:

a sensor coupled to the manipulandum, the sensor configured to send a signal
based on a position of the second portion of the manipulandum; and

a second actuator coupled to the palpation region of the housing, the second
actuator configured to send haptic output to the palpation region of the housing based on

the signal.

12.  The apparatus of claim 9, wherein:
the second portion of the manipulandum has an expandable portion configured

to contact directly the palpation region of the housing.
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13, The apparatus of claim 9, the manipulandum being a simulated medical device,
the palpation region of the housing being a simulated tissue, the apparatus further
comprising:

a sensor coupled to the palpation region of the simulated tissue, the sensor
configured to send a signal based on a palpation of the simulated tissue; and

a processor configured to provide signals associated with display of a virtual
environment, the signals associated with the virtual environment being based on a
position of the simulated medical device and the signal from the sensor associated with

the palpation of the simulated tissue.

14.  The apparatus of claim 9, the manipulandum being a simulated medical device,
the palpation region of the housing being a simulated tissue, the apparatus further
comprising:

a sensor coupled to the palpation region of the simulated tissue, the sensor
configured to send a signal based on a palpation of the simulated tissue; and

a processor configured to provide signals associated with display of a virtual
environment, the signals associated with the virtual environment being based on a
position of the simulated medical device and the signal from the sensor associated with
the palpation of the simulated tissue,

the virtual environment having an interior view of a virtual body portion
associated with the simulated tissue, the virtual environment including a virtual medical
device and the virtual body portion, movement of the virtual medical device being based
on movement of the simulated medical device, movement of the virtual body portion

being based on palpation of the simulated tissue.

15.  The apparatus of claim 9, the manipulandum being a simulated medical device,
the palpation region of the housing being a simulated tissue, the apparatus further
comprising:

a sensor coupled to the palpation region of the simulated tissue, the sensor
configured to send a signal based on a palpation of the simulated tissue; and

a processor configured to provide signals associated with display of a virtual
environment, the signals associated with the virtual environment being based on a
position of the simulated medical device and the signal from the sensor associated with

the palpation of the simulated tissue,
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the virtual environment having an interior view of a virtual body portion
associated with the simulated tissue, the virtual environment including a virtual medical
device and the virtual body portion, movement of the virtual medical device and
movement of the virtual body portion being based on movement of the simulated

medical device and palpation of the simulated tissue.

16.  The apparatus of claim 9, wherein:

the manipulandum has a first configuration and a second configuration different
from the first configuration,

the first configuration of the manipulandum configured to simulate a dissector
endoscope device associated with a vein harvesting medical procedure,

the second configuration of the manipulandum configured to simulate an

electrocautery endoscope device associated with the vein harvesting medical procedure.

17. A method, comprising:

receiving a first signal associated with a position of a manipulandum disposed
within an interface region of a housing, the housing having a palpation region different
from the interface region;

receiving a second signal associated with a palpation of the palpation region of
the housing; and

sending a third signal to an actuator coupled to the manipulandum based on the
first signal and the second signal, the actuator configured to send a haptic force to the

manipulandum based on the third signal.

18.  The method of claim 17, the actuator being a first actuator, the method further
comprising:

sending a signal to a second actuator coupled to the palpation region of the
housing based on the first signal, the second actuator configured to send a haptic force

to the manipulandum based on the signal sent to the second actuator.

19.  The method of claim 17, further comprising:
sending signals associated with display of a virtual environment based on the

first signal and the second signal.

20.  The method of claim 17, the manipulandum being a simulated medical device,

the housing being a simulated tissue, the method further comprising:
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sending signals associated with display of a virtual environment based on the
first signal and the second signal such that the virtual environment has an interior view
of a virtual body portion associated with the simulated tissue, the virtual environment
including a virtual medical device and the virtual body portion, movement of the virtual
medical device being based on the first signal, movement of the virtual body portion

being based on the second signal.

21.  Anapparatus, comprising:

a housing having a first region and a second region spaced apart from the first
region;

a sensor coupled to the second region, the sensor configured to send a signal
based on a palpation of the first region of the housing; and

an actuator coupled to the second region, the actuator configured to send haptic

output to the second region of the housing based on the signal.

22, The apparatus of claim 21, wherein:

the first region of the housing is moveable such that a force is translated to the second
region of the housing when the first region is palpated; and

the second region of the housing is moveable such that a force is translated to the first

region of the housing when the second region is palpated.

23.  The apparatus of claim 21, further comprising:

a manipulandum having a first portion and a second portion, the first portion of
the manipulandum coupled to the second region of the housing, the second portion of
the manipulandum being spaced apart from the first region of the housing and being
moveable such that a force is translated to the first region of the housing when the
manipulandum is moved, the actuator being configured such that when the actuator
sends haptic output to the second region of the housing, haptic output is sent to the

manipulandum.
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