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HAPTIC FEEDBACK DEVICES AND METHODS FOR
SIMULATING AN ORIFICE

Background

The present invention relates generally to haptic feedback devices and more
particularly to systems and methods for simulating an orifice.

Known virtual surgery systems allow the simulation of a surgical procedure in
conjunction with image data of a patient. Such a surgical procedure typically involves the
simulation of an orifice and the interaction of a surgical instrument or a device simulating
a surgical instrument with that simulated orifice. In other words, simulated surgical
instruments or certain actual surgical instruments a doctor would use in an actual
procedure are typically inserted into and moved within a simulated orifice of known
virtual surgery systems.

These known virtual surgery systems, however, are generally limited to devices
having a uniform cross-section such as for example an endoscope or a similar tube-like
structure. These limited devices are typically sufficient for providing a simulation
involving a surgical instrument having a uniform cross-section or involving a device
having a uniform cross-section that simulates a virtual surgical instrument.

Such devices having a uniform cross-section, however, provide tactile feedback
that is insufficiently accurate. Alternatively, such devices having a uniform cross-section
involve an undesired level of complexity and cost to provide accurate tactile feedback.
Thus, improved systems and methods are needed.

Summary of the Invention

An apparatus comprises an input device and an actuator. The input device has an
interface portion. The interface portion defines a selectively adjustable orifice having a
range of sizes. The interface portion defines a plane and a longitudinal axis. An actuator
is coupled to the interface portion of the input device. The actuator is configured to apply
a haptic feedback force inwardly with respect to the longitudinal axis within the plane to at
least three locations of the interface portion when a change in a size of an object disposed
within the interface portion is sufficient to adjust the size of the orifice.

Brief Description of the Drawings
FIGS. 1 and 2 show a schematic of a haptic device that simulates an orifice,

according to an embodiment of the invention.
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a surgical instrument with that simulated orifice. In other words, simulated surgical
instruments or certain actual surgical instruments a doctor would use in an actual
procedure are typically inserted into and moved within a simulated orifice of known
virtual surgery systems.

These known virtual surgery systems, however, are generally limited to devices
having a uniform cross-section such as for example an endoscope or a similar tube-like
structure. These limited devices are typically sufficient for providing a simulation
involving a surgical instrument having a uniform cross-section or involving a device
having a uniform cross-section that simulates a virtual surgical instrument.

Such devices having a uniform cross-section, however, provide tactile feedback
that is insufficiently accurate. Alternatively, such devices having a uniform cross-section
involve an undesired level of complexity and cost to provide accurate tactile feedback.
Thus, improved systems and methods are needed.

Summary of the Invention

An apparatus comprises an input device and an actuator. The input device has an
interface portion. The interface portion defines a selectively adjustable orifice having a
range of sizes. The interface portion defines a plane and a longitudinal axis. An actuator
is coupled to the interface portion of the input device. The actuator is configured to apply
a haptic feedback force inwardly with respect to the longitudinal axis within the plane to at
least three locations of the interface portion when a change in a size of an object disposed
within the interface portion is sufficient to adjust the size of the orifice.

Brief Description of the Drawings
FIGS. 1 and 2 show a schematic of a haptic device that simulates an orifice,

according to an embodiment of the invention.
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FIGS. 3 and 4 show a cross-section of a side view and a top view, respectively, of
the haptic device shown in FIGS. 1 and 2 with an object disposed within the orifice of the
haptic device.

FIG. 5 shows a cross-sectional cross view of the haptic device shown in FIGS. 1
through 4 where the object is disposed within the orifice without being aligned with the
longitudinal axis of orifice.

FIG. 6 shows an assembly view of a haptic device that simulates an orifice,
according to another embodiment of the invention.

FIGS. 7 and 8 show a perspective view and a top view, respectively, of the
interface portion of the haptic device shown in FIG. 6.

FIG. 9 shows a top view of a crank arm of the interface portion and the object
shown in FIGS. 7 and 8.

FIGS. 10 and 11 show a perspective view and a top view, respectively, of the
interface portion of the haptic device shown in FIG. 6 with a larger object than that shown
in FIG. 7.

' : FIG. 12 shows a top view of a crank arm of the interface portion and the object
shown in FIGS. 10 and 11.

FIG. 13 shows a perspective view of one crank arm of the interface portion of the
haptic device shown in FIG. 6.

FIG. 14 shows a top view of a haptic device, according to another embodiment of
the invention.

FIGS. 15 and 16 show top views of a haptic device for two different orifice sizes,
according to another embodiment of the invention.

FIG. 17 shows an example of spring rate, k, as a function of r, where the orifice of
a haptic device can operate based on the spring rate.

FIG. 18 shows a flow chart for controlling the orifice size of a haptic device,
according to an embodiment of the invention.

FIG. 19 shows a flow chart for controlling the orifice size of a haptic device,
according to another embodiment of the invention.

Detailed Description

Virtual surgery systems simulate the portion of the body upon which the surgical

procedure relates. One recurring issue in virtual surgery systems is the insertion of

medical instruments into tissues by, for example, as puncturing tissue or entering existing
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natural openings. Often, virtual surgery involves introducing into orifices progressively
larger tools, for example, for large gauge needles, large gauge catheters, endocscopic
instruments or gynecological instruments. New physicians undergo a substantial amount
of learning relating to the feel of these interactions.

Simulating an orifice can present a particular challenge: an orifice of a body
involves a complex set of characteristics and behaviors. For example, an orifice (a natural
orifice or a created orifice such as a tissue tear) typically resists penetration and expansion
of the orifice size. As an object (e.g., a medical instrument) is passed through an orifice,
the object typically experiences some amount of surface friction in the direction of
movement and a greater amount of radial resistance if the object has an increasing cross-
sectional size. This radial resistance to expansion can be, for example, a function of time
and orifice size. A subsequent contraction of the orifice can also be, for example, a
function of time. Such contraction can be due to, for example, the removal of the object or
the decrease in the object size as the object is moved through the orifice. Consequently, a
device for simulating an orifice should replicate some or all of these orifice characteristics
and behaviors as well.

Embodiments described herein replicate many of the characteristics and behaviors
of a body orifice. For example, in one embodiment, a haptic device comprises an input
device and an actuator. The input device has an interface portion. The interface portion
defines a selectively adjustable orifice having a range of sizes. The interface portion
defines a plane and a longitudinal axis. An actuator is coupled to the interface portion of
the input device. The actuator is configured to apply a haptic feedback force inwardly
with respect to the longitudinal axis within the plane to at least three locations of the
interface portion when a change in a size of an object disposed within the interface portion
is sufficient to adjust the size of the orifice.

This haptic feedback force can result in a user experiencing tactile feedback when
the object being moved within the orifice has an increasing or decreasing size. In some
embodiments, the user also experiences a nominal tactile feedback (e.g., due to surface
friction) when the object portion has uniform size. Thus, when a change in the size of an
object moved through the orifice is sufficient to adjust the size of the orifice, a haptic
feedback force is produced thereby simulating the tactile feel of a biological orifice having
its size changed by an inserted object. Similarly, when the size of the object being moved

within the orifice is unchanged, the user experiences only nominal tactile feedback. In an
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alternative embodiment, rather than providing nominal tactile feedback when the object
portion has uniform size, a greater amount of haptic feedback force can be provided. In
such an embodiment, actuators can be configured to provide a haptic feedback force
having a component in the inward direction combined with a component in longitudinal
direction.

In some embodiments, a haptic feedback force in the inward direction can be
applied not only when an object is inserted into the orifice of the input device, but also
when in connection with the removal of the object. For example, where an object has a
bulb like shape, the haptic feedback force can be applied to resist the removal of the object
corresponding to the increased size of the object for the bulb-like portion. In such
embodiments, actuators can be configured to provide a haptic feedback force having a
component in the inward direction and/or a component in longitudinal direction to
simulate resistance to the object removal.

The term “orifice” of a haptic device is used herein to mean any type of opening
through which an object can be passed. Such an orifice can have one or more shapes and
can simulate one or more shapes such as a circular opening, an oval opening or an opening
having a non-circular or non-oval shape. The particular measure of the range of sizes for a
given orifice will typically depend on the orifice’s shape. For example, where the orifice
of the input device has a circular shape, the corresponding range of sizes can be circular
and the diameter of the orifice can be referred to for convenience. Alternatively, where
the orifice of the input device has a non-circular shape, the corresponding range of sizes
can be expressed in terms of the orifice perimeter, the orifice area, or any other appropriate
term.

FIGS. 1 and 2 show a schematic of a haptic device that simulates an orifice,
according to an embodiment of the invention. In particular, FIG. 1 includes a cross-
sectional view of the input device of the haptic device; FIG. 2 shows a top view of the
input device of the haptic device.

Haptic device 100 includes an input device 110, actuator 120, and processor 130.
Input device 110 includes members 113a, 113b and 113c, and interface portion 117. A
distal end of each member 113a, 113b and 113c¢ includes interface portion 117a, 117b and
117¢, respectively. Interface portion 117 defines orifice 115, which is selectively
adjustable. Interface portion 117 also defines longitudinal axis 102 and plane 104.

Although plane 104 is shown in FIG. 1 as a transverse plane with respect to longitudinal
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axis 102, in other embodiments, plane 104 can be a substantially transverse plane with
respect to longitudinal axis 102 or a plane not transverse to longitudinal axis 102.

As shown in FIG. 1, actuator 120 is coupled to member 113a, thereby moving
member 113a along a radial direction with respect to longitudinal axis 102. This can
allow the selective adjustment of the size of the orifice 115. Actuator 120 can be for
example, an elastic member, voice coil or a motor such as a direct current (DC) motor. In
certain embodiments for example where the actuator is a motor, processor 130 can control
the actuator. In other embodiments for example where the actuator is an elastic member,
the processor need not be present.

Although FIGS. 1 and 2 show a single actuator 120 coupled to member 113a, other
embodiments are possible where additional actuators are present. For example, each
member 113a, 113b and 113c can be associated with its own actuator. In such an
embodiment, the size of the orifice can be selectively adjusted through the coordinated
activation of all three actuators.

Similarly, although only three members 113a, 113b and 113c are shown in FIGS. 1
and 2, the interface portion of the input device can have more than three members that
collectively define the orifice. In such embodiments, an equal number of actuators can
each be uniquely associated with a member of the interface portion. Alternatively, a fewer
number of actuators (e.g., as few as one actuator) can be associated with a respective
member of the interface portion of the input device.

Although actuator 120 is configured to move member 113a along a radial direction
with respect to longitudinal axis 102, actuator 120 can be combined with other actuator(s)
configured to provide haptic feedback along a longitudinal direction with respective to
longitudinal axis 102. Such an embodiment can include at the interface portion, for
example, a roller the rotation of which is controlled by an actuator. In other words,
actuators can be configured to provide a haptic feedback force having a component in the
inward direction combined with a component in longitudinal direction.

FIGS. 3 and 4 show a cross-section of a side view and a top view, respectively, of
the haptic device shown in FIGS. 1 and 2 with an object disposed within thé orifice of the
haptic device. As shown in FIGS. 3 and 4, object 200 is disposed within orifice 115 of the
interface portion 117. In the example shown in FIGS. 3 and 4, object 200 has a circular
cross-section with a varied diameter: object portion 202 has a range of diameters and

object portion 204 has a uniform diameter greater than the diameters of object portion 202.
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Although object 200 is described as having a particular shape with a circular cross-
section, various types and shapes of objects can be used with haptic device 100. For
example, objects having non-circular cross-sections are possible. Such objects can have
sizes that the increase and/or decrease along the longitudinal axis of the object. Objects
having the same axis of symmetry throughout their lengths and objects having different
axes of symmetry throughout their lengths are also possible. In addition to different
shapes and cross-sections, such objects can be, for example, actual surgical instruments,
replicas of surgical instruments or simulated surgical instruments. Simulated surgical
instruments each can have, for example, one end for the user closely resembling the actual
surgical instrument and the other end having a shape unrelated to the actual surgical
instrument. This other end, for example, can be disposed within interface portion of the
input device in such a way that it is unobservable to the user.

As shown in FIG. 4, when object 200 is disposed within orifice 115, object 200
contacts interface portion 117 within plane 104 and at locations 119a, 119b and 119c.
Upon contacting interface portion 117, object 200 imparts a normal force 210 at locations
119a, 119b and 119¢c. As shown with respect to location 119a, force 210 can be resolved
into two orthogonal components 211 and 212. Component 212 is aligned with
longitudinal axis 102, and component 214 is aligned with a lateral axis, which can
coincide with plane 104 when it is transverse to longitudinal axis 102. Thus, upon the
application of force 210, component 212 engages location 119a with a surface friction that
allows object 200 to move through orifice 115 and component 214 engages orifice 115 in
a outwardly lateral direction.

Haptic device 100 can provide to object 200 a haptic feedback force inwardly with
respect to longitudinal axis 102. More specifically, actuator 120 provides the haptic
feedback force in a direction opposite of force component 214. Consequently, although
force component 214 is applied thereby tending to increase the size of the orifice 115, the
haptic feedback force applied by actuator 120 is applied to object 200 thereby tending
resist the increase of the size of the orifice 115.

The particular manner in which actuator 120 applies haptic feedback force can
affect the tactile feel of object 200 by a user. For example, where actuator 120 is an
elastic member that applies a force corresponding to a spring constant, the haptic feedback
force inwardly applied will be a function of the size of the orifice 115. Thus, the

movement of object portion 202 within orifice 115 along longitudinal axis 102 results in a
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haptic feedback force being applied to resist the increasing diameter of object 200. The
movement of object portion 204 within orifice 115 along longitudinal axis results in a
constant applied force. By configuring interface portion 113 so that the surface friction is
applied to force component 212, the resulting tactile feel is that of a haptic feedback force
being applied as object portion 202 is being moved through orifice 115 and a minimal
haptic feedback force being applied as object portion 204 is being moved through orifice
115. In other words, a user experiences tactile feedback when the object portion being
moved within the orifice has an increasing or decreasing size and the user experiences a
nominal tactile feedback when the object portion has uniform size. Said another way,
when a change in the size of an object moved through the orifice is sufficient to adjust the
size of the orifice, a haptic feedback force is produced thereby simulating the tactile feel of
a biological orifice having its size changed by an inserted object.

Although object 200 was described above in reference to movement through
orifice 115 along the longitudinal axis 102 of the orifice 115, haptic device 100 is
configured such that an object can be moved through orifice 115 while being moved in a
direction different from longitudinal axis 102 of the orifice 115. More specifically,
because the object engages the interface portion 117 of the haptic device 100 at three or
more locations, which define a plane, the object can be disposed within the orifice without
being aligned with the longitudinal axis 102 of orifice 115. For example, FIG. 5 shows a
cross-sectional cross view of the haptic device shown in FIGS. 1 through 4 where the
object is disposed within the orifice in a direction different from the longitudinal axis of
orifice.

As shown in FIG. 5, object 200 has its own longitudinal axis 206 and contacts
interface portion 117 at three locations that define plane 106. In this configuration,
longitudinal axis 206 does not coincide with orifice longitudinal axis 102, and plane 106
does not coincide with transverse plane 104. In the example of FIG. 5, object portion 204
has a constant diameter while moving through orifice 115. Object 200 imparts a normal
force 220, which can be resolved into two orthogonal components 222 and 224.
Component 222 is aligned with orifice longitudinal axis 102, and component 224 is
aligned with transverse plane 104. In this example, component 222 engages object 200
with a surface friction that allows object 200 to move through orifice 115, and component
224 engages object 200 in an outwardly lateral direction such that the size of orifice 115 is

maintained.
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FIG. 6 shows an assembly view of a haptic device that simulates an orifice,
according to another embodiment of the invention. As shown in FIG. 6, haptic device 300
includes input device 310 and actuator 320. Input device 310 includes crank arms 313a,
313b and 313c, and interface portion 317, which is defined by rollers 317a, 317b and
317c. Interface portion 317 defines orifice 315, which is selectively adjustable. Interface
portion 317 also defines longitudinal axis 302 and plane 304.

Haptic device 300 also includes housing 330, crank gear 340, pinion 350, bearings
360, end cap 370 and sensor 380. Housing 330 supports pivot pins (not shown) on which
crank arms 313a, 313b and 313c pivot. Housing 330 also generally covers or retains the
remaining components of haptic device 300. Actuator 320 drives pinion 350, which in
turn drives crank gear 340 and provides a squeeze amplification through a transmission
ratio. Bearings 360 support crank gear 340 within housing 330. Crank gear 340 supports
the drive pins (not shown) that actuate crank arms 313a, 313b and 313c in unison thereby
selectively adjusting the size of the aperture 315 and providing the haptic feedback force,
for example, in the radial direction. In other embodiments, the crank gear and pinion can
be substituted with a friction drive pair, cable drive, tape drive or similar arrangement.

End cap 370 encloses the components of haptic device 300 while preloading
bearings 360. End cap 370 also supports actuator 320 with respect to crank gear 340
(fixes the center distance) and provides crank gear 340 hard stops and supports the
mounting of sensor 390. Sensor 390 detects the characteristics of interface portion 317
such as, for example, the orifice size. Sensor 390 allows closed loop control of interface
portion 317 and the inward haptic feedback force applied by actuator 320. In addition,
sensor 390 can be used in conjunction with a processor (not shown in FIG. 6) to provide
complex control of the haptic feedback force applied to interface portion 317, as described
in greater detail below in connection with FIGS. 17-19.

FIGS. 7 and 8 show a perspective view and a top view, respectively, of the
interface portion of the haptic device shown in FIG. 6. As shown in FIGS. 7 and 8, while
object 400 is disposed within orifice 315, three locations 319a, 319b and 319c¢ of interface
portion 310 contact object 400.

FIG. 9 shows a top view of crank arm 313a of interface portion 317 and object 400
shown in FIGS. 7 and 8. The other two crank arms 313b and 313c are not shown in FIG. 9
to simplify the figure. As FIG. 9 shows, force component 311 shows the direction of the

force imparted on crank arm 313a by the insertion of object 400. In other words, object
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400 being disposed within orifice 315 results in object 400 imparting a force that is
translated via crank arm 313a to force component 311. Accordingly, actuator 320 imparts
a force to crank arm 313a that results in force 312 being imparted to object 400. Actuator
320 similarly imparts forces to crank arms 313b and 313c (not shown in FIG. 9) so that the
haptic feedback force can be collectively imparted to object 400.

FIGS. 10 and 11 show a perspective view and a top view, respectively, of the
interface portion of the haptic device shown in FIG. 6 with a larger object than that shown
in FIG. 7. As shown in FIGS. 10 and 11, while object 410 is disposed within orifice 315,
three locations 319a, 319b and 319c of interface portion 310 contact object 410. For
illustrative purposes, object 410 is larger than object 400 shown in FIGS. 7 through 9.

FIG. 12 shows a top view of crank arm 313a of interface portion 317 and object
410 shown in FIGS. 10 and 11. The other two crank arms 313b and 313c are not shown in
FIG. 12 to simplify the figure. As FIG. 12 shows, force component 311’ shows the
direction of the force imparted on crank arm 313a by the insertion of object 410.
Accordingly, actuator 320 imparts a force to crank arm 313a that results in force 312’
being imparted to object 410.

Several features of this embodiment are evident. First, haptic device 300 is self-
centering: regardless of the size of the object (e.g., object 400 or object 410), the position
of the object relative to orifice 315 is maintained within the center of orifice 315. Second,
the volume of haptic device 300 is minimized regardless of the size of the object disposed
within orifice 315.

This minimal volume is due to the nested and interlocking arrangement of crank
arms 313a, 313b and 313c. For example, FIG. 13 shows a perspective view of one crank
arm of the interface portion of the haptic device shown in FIG. 6. As shown in FIG. 13,
crank arm 313a includes three portions, each of which are disposed within different
planes. More specifically, crank arm 313a includes portions 313a’, 313a’* and 313a’”’
each of which are disposed at different positions along longitudinal axis 302. Each of the
portions 313a’, 313a’” and 313a’”’ can nest and interlock with the similar portions of crank
arms 313b and 313c. This allows the haptic device 300 is use a similar, minimal volume
when relatively small objects (e.g., object 400) and relatively large objects (e.g., object
410) are disposed within orifice 315 of haptic device 300. For example, as the top views
of FIGS. 8 and 11 show, the volume of haptic device 300 is maintained regardless of the
size of objects 400 and 410.
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FIG. 14 shows a top view of a haptic device, according to another embodiment of
the invention. As shown in FIG. 14, a haptic device includes input device 510. Input
device 510 includes crank arms 513a, 513b and 513c, and interface portion 517, which is
defined by rollers 517a, 517b and 517c. Interface portion 517 defines orifice 515, which
is selectively adjustable. Input device 510 can be included with a haptic device by
substituting it for the input device of the haptic device shown in FIG. 6.

Crank arms 513a, 513b and 513c can be configured as planetary crank arms that
are actuated via sun member 590. More specifically, crank arms 513a, 513b and 513c are
driven near pivot via gears, friction amplification, a cable or a tape drive (not shown). In
this embodiment, because crank arms 513a, 513b and 513c are not nested or interlocking,
input device 510 can be a flatter structure than input device 310 described above.

FIGS. 15 and 16 show top views of a haptic device for two different orifice sizes,
éccording to another embodiment of the invention. As shown in FIGS. 15 and 16, haptic
device 600 includes an input device 610 and an actuator 620. In this embodiment, the
input device 610 is a helical spring defining a torus having an opening defined by interface
portion 617. Interface portion 617 defines orifice 615. Actuator 620 includes a member .
such as a string, wire or cable, the tension of which can control the haptic feedback force
applied to an object within orifice 615. More specifically, as the tension on actuator 620 is
increased or decreased, the haptic feedback force applied to interface portion 617 is
increased or decreased, respectively. This will affect the user’s tactile feel of the object.
FIG. 16 illustrates the situation where an object is not disposed within orifice 615: as the
tension of actuator 620 is increased, the size of orifice 615 is decrease relative to the size
of orifice shown in FIG. 15.

Input device 610 can be configured to be stationary or mobile within a housing
(not shown). In other words, input device 610 can be fixedly mounted within a housing
while providing a minimal amount of surface friction to an object passing through orifice
615. Alternatively, input device 610 can be moveably retained within a housing, thereby
allowing input device 610 to roll within the housing while an object passes through orifice
615. This also can allow a minimal amount of surface friction to an object passing
through orifice 615.

As discussed above, the actuator of a haptic device can be driven in such a way as
to provide specific haptic feedback force. This, for example, allows the haptic device to

simulate a particular characteristic or behavior of specific biological orifices. Generally
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speaking, this can be accomplished by determining the size of the orifice (e.g., via a sensor
performing measurements of the interface portion), calculating a desired haptic feedback
force and then driving the actuator accordingly. Although the following examples relate
to the cervix in the context of simulating a hysteroscopy, the general principles can be
applied to other biological orifices and related surgical procedures.

For a specific example, the actuator can drive the interface portion with a spring
constant. In such an embodiment, the orifice to be simulated can have an initial closed
size, e.g., initial closed radius, ro. Thus, when the interface portion has a size, e.g., radius,
r, less than rg, then no haptic force is applied to the interface portion. When the interface
portion has a size greater than ro, then the applied haptic force, F, is described by the
equation: F =k (r - rp).

In an alternative embodiment, the spring rate can be varied as a function of the
current size of the orifice of the interface portion. Such a spring rate can simulate, for
example, different tissues involved with a biological orifice or damage to a biological
orifice. In this embodiment, when the interface portion has a size less than ro, no haptic
force is applied to the interface portion. When the interface portion has a size greater than
ro, then the applied haptic force, F, is described by the equation: F =k (r, t) (r — ro), where
the spring rate, k, is a function of r and/or time, t. FIG. 17 shows an example of spring
rate, k, as a function of r. The spring rate, k, as a function of time, t, can have a similar or
different shaped curve.

In yet another embodiment, the spring set point can vary, for example, in response
to a forced expansion of an object within the orifice or a simulated biological process such
as a muscular response. In such an embodiment, the current nominal orifice size (also
reference to as the set point) could lag the present size of the expanded orifice. This
embodiment can simulate the situation where the orifice closes somewhat after the
withdrawal on an object, but the size of the orifice remains larger than prior to insertion of
the object. FIG. 18 shows a flow chart for controlling the orifice size of a haptic device,
according to this embodiment.

The method shown in FIG. 18 can be performed, for example, by a processor
coupled to an actuator of a haptic device. As shown in FIG. 18, at step 700, the orifice set
point, roy, is initialized to zero. At step 710, the size of the orifice of the haptic device is
determined. A sensor coupled to the interface portion of a haptic device, for example, can

measure the size of the orifice. At conditional step 720, a determination is made as to
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whether an object has been removed from the orifice of the haptic device. The sensor
coupled to the interface portion of the haptic device can also make this determination. If
the object is not being removed from the orifice, then the process proceeds to step 750. If
the object is being removed from the orifice, then the process proceeds to conditional step
730.

At conditional step 730, a determination is made as to whether the object removal
is being detected for the first time. If the object removal is not being detected for the first
time, then the process proceeds to step 750. If the object removal is being detected for the
first time, then the process proceeds to step 740. At step 740, the orifice set point, roy, is
set to a predetermined value (e.g., a value one half of the current size of the orifice).

At step 750, the haptic force, F, is calculated. If the interface portion has a size, r,
less than ry + gy, then no haptic force is applied to the interface portion. If the interface
portion has a size greater than ro, then the haptic force, F, is described by the equation: F
=k (r-ro - rgz). At step 760, a control signal associated with the calculated haptic force, F,
is sent to the actuator of the haptic device.

.:-Although FIG. 18 is described in reference to spring constant and two set points,
more complex behavior can be simulated. For example, two set points combined with a
spring rate as a function of orifice size and time can be simulated. Such a simulation can
be reflective of, for example, gynecology where the time behavior of a cervix is of
interest. A biological cervix will close following dilation at a rate that is dependent, for
example, on age, condition and number of previous births. The simulation of this behavior
of the cervix can be helpful in the context of hysteroscopy or other interventions, for
example, where a seal is created around a probing instrument for the purpose of
maintaining distension by saline or other media. Such a simulation can reproduce the
behavior of a cervix by simulating its closing at a preset rate such as for example a first
order law.

FIG. 19 shows a flow chart for controlling the orifice size of a haptic device,
according to this embodiment. As shown in FIG. 19, step 800, the size of the orifice of the
haptic device is determined. A sensor coupled to the interface portion of a haptic device,
for example, can measure the size of the orifice. At conditional step 810, a determination
is made as to whether an object has been removed from the orifice of the haptic device.
The sensor coupled to the interface portion of the haptic device can also make this

determination. If the object is being removed from the orifice, then the process proceeds
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to step 820. Ifthe object is not being removed from the orifice, then the process proceeds
to conditional step 830.

At step 820, the haptic force, F, is calculated so that the interface portion has a
decreasing size according to the following equation: r = (| - ro) exp(-ka(t ~ to)), where
is the orifice radius when the object removal is first detected, k; is the dilation constant
and t, is the initial time when the object removal is detected. The dilation constant, ks, can
be predetermined as a function of age, condition and number of previous birth.

At step 830, the haptic force, F, is calculated such that if the interface portion has a
size, r, less than r, then no haptic force is applied to the interface portion. If the interface
portion has a size greater than ro, then the haptic force, F, is described by the equation: F
=k (r-ro-ro2). Atstep 840, a control signal associated with the calculated haptic force, F,
is sent to the actuator of the haptic device.

Conclusion

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 limitation.
Thus, the breadth and scope of the invention should not be limited by any of the above-
described embodiments, but should be defined only in accordance with the following
claims and their equivalents.

The previous description of the embodiments is provided to enable any person
skilled in the art to make or use the invention. 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:

an input device having an interface portion, the interface portion defining a
selectively adjustable orifice having a range of sizes, the interface portion defining a plane
and a longitudinal axis; and

an actuator coupled to the interface portion of the input device, the actuator
configured to apply a haptic feedback force inwardly with respect to the longitudinal axis
within the plane to at least three locations of the interface portion when a change in a size
of an object disposed within the interface portion is sufficient to adjust the size of the

orifice.

2. The apparatus of claim 1, wherein:

the interface portion of the input device is configured to accept into the orifice of
the interface portion the object having a first portion with its own longitudinal axis and a
second portion with its own longitudinal axis different from the longitudinal axis of the

first portion.

3. The apparatus of claim 2, wherein:

the interface portion of the input device is configured to have a first size from the
range of sizes when the first portion of the object is disposed within the orifice of the
interface portion of the input device; and

the interface portion of the input device is configured to have a second size from
the range of sizes when the second portion of the object is disposed within the orifice of

the interface portion of the input device.

4. The apparatus of claim 1, wherein:

the input device has a plurality of members each having a first end and a second
end, the first end of each member from the plurality of members being pivotable, the
second end of each member from the plurality of members collectively defining the
interface portion of the input device, the plurality of members including a first member;

and
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the actuator is coupled to the first member and configured to apply the haptic force

via the second end of the first member.

5. The apparatus of claim 1, wherein:

the input device has a first member, a second member and a third member, each of
which is uniquely associated with a location from the at least three locations of the
interface portion of the input device; and

the actuator is configured to apply the haptic force via the first member, the second

member and the third member.

6. The apparatus of claim 1, wherein:

the user device has a first member, a second member and a third member each of
which is uniquely associated with a location from the at least three locations of the
interface portion of the input device,

the first member, the second member and the third member each is interlocking

and nested with the remaining members.

7. The apparatus of claim 1, wherein:
the user device has a helical spring defining a torus having an opening, the opening
of the torus corresponding to the interface portion of the user device; and

the actuator including a member disposed around the opening of the torus.

8. The apparatus of claim 1, wherein:
the actuator is configured to receive a control signal, the actuator configured to

apply the haptic feedback force based on the control signal.

9. The apparatus of claim 1, further comprising:

a processor coupled to the actuator, the processor is configured to send a control
signal to the actuator,

the actuator configured to apply the haptic feedback force based on the control

signal.
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10.  An apparatus, comprising:

an input device having a reconfigurable interface portion defining an orifice having
a range of sizes; and

an actuator coupled to the interface portion of the input device, the actuator
configured to apply a haptic feedback force in a substantially radial direction to the
interface portion of the input device in response to an object having at least two portions

with different cross-sections being inserted into the interface portion of the input device.

11.  The apparatus of claim 10, wherein:

the input device defines a plane; and

the actuator is configured to apply the haptic feedback force to at least three
locations of the interface portion of the input device, the at least three locations of the
interface portion of the input device being disposed within the plane defined by the

interface portion of the input device.

12.  The apparatus of claim 10, wherein:

the interface portion of the input device is configured to accept, into the orifice of
the interface portion, the object having a first portion its own longitudinal axis and a
second portion with its own longitudinal axis different from the longitudinal axis of the

first portion.

13.  The apparatus of claim 10, wherein:

the input device has a plurality of members each having a first end and a second
end, the first end of each member from the plurality of members being pivotable, the
second end of each member from the plurality of members collectively defining the
interface portion of the input device, the plurality of members including a first member;
and

the actuator is coupled to the first member and configured to apply the haptic

feedback force via the second end of the first member.
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14. The apparatus of claim 10, wherein:

the input device has a first member, a second member and a third member, each of
which is uniquely associated with a location from the at least three locations of the
interface portion of the input device; and

the actuator is configured to apply the haptic feedback force via the first member,

the second member and the third member.

15.  The apparatus of claim 10, wherein:

the input device has a first member, a second member and a third member, each of
which is uniquely associated with a location from the at least three locations of the
interface portion of the input device,

the first member, the second member and the third member each is interlocking

and nested with the remaining members.

16.  The apparatus of claim 10, wherein:
the input device has a helical spring deﬁniﬁg a torus having an opening, the
opening of the torus corresponding to the interface portion of the input device; and

the actuator including a member disposed around the opening of the torus.

17.  The apparatus of claim 10, wherein:
the actuator is configured to receive a control signal, the actuator is configured to

apply the haptic feedback force based on the control signal.

18.  The apparatus of claim 10, further comprising:

a processor coupled to the actuator, the processor being configured to send a
control signal to the actuator,

the actuator being configured to apply the haptic feedback force based on the

control signal.

19. A method for simulating an interface portion defining an orifice, comprising:
receiving, at the interface portion, a force having a first component parallel to an

axis and a second component perpendicular to the axis, the second component of the

17



WO 2004/046873 PCT/US2003/036790

10

15

20

25

30

received force having a first direction, the orifice defining a plane, the axis being
substantially perpendicular to the orifice plane; and

applying, to the interface portion, a force having a component perpendicular to the
axis in a second direction, substantially opposite from the first direction, in response to the

received force.

20. The method of claim 19, wherein:
the received force is based on an object being disposed within the orifice of the
interface portion, the object having a range of sizes corresponding to a range of
longitudinal positions of the object disposed within the orifice of the interface portion; and
the component of the applied force is a constant value independent of the

longitudinal position of the object within the orifice of the interface portion.

21. The method of claim 19, wherein:

the received force is based on an object being diqused within the orifice of the
interface portion, the object having a range of sizes correspox{ding to a range of
longitudinal positions of the object disposed within the orifice of the interface portion; and

the component of the applied force is a first value in response to an increasing size
of the object disposed within the orifice of the interface portion, the component of the
applied force is a second value in response to a decreasing size of the object disposed
within the orifice of the interface portion, the first value being different from the second

value.

22. The method of claim 19, wherein:
the received force is based on an object being disposed within the orifice of the
interface portion, the object having a range of sizes corresponding to a range of
longitudinal positions of the object disposed within the orifice of the interface portion; and
the component of the applied force has a range of values based on the size of the

orifice of the interface portion.
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23.  The method of claim 19, wherein:
the received force is based on an object being disposed within the orifice of the
interface portion, the object having a range of sizes corresponding to a range of
longitudinal positions of the object disposed within the orifice of the interface portion; and
5 the component of the applied force has a range of values based on at least one of a
simulated patient age, a simulated patient cervix condition and a simulated patient prior

number of births.
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