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(57) ABSTRACT

An interface device providing haptic feedback to a user is in
communication with a host computer. The device includes a
housing, at least one sensor for detecting user input, and an
actuator assembly. The actuator assembly includes a
grounded flexure suspension coupled to an inertial mass
which moves when the actuator assembly is energized to
cause inertial sensations. The inertial mass includes a pole
piece surrounding a magnet, and a grounded coil between
magnet and pole piece causes the motion of the inertial mass
when current is flowed therethrough. Another embodiment
provides directional haptic feedback to a user and includes
at least two actuator assemblies oriented such that the
inertial masses oscillate substantially orthogonally, and can
be controlled to output the inertial sensations approximately
along a single axis having a desired orientation.
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ACTUATOR FOR PROVIDING TACTILE
SENSATIONS AND DEVICE FOR DIRECTIONAL
TACTILE SENSATIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority based on parent
application Ser. No. 09/967,494, entitled “Actuator For
Providing Tactile Sensations And Device For Directional
Tactile Sensations” in the name of inventors David F.
Moore, Erik J. Shahoian, and Bruce M. Schena, filed on Sep.
27, 2001, which claims the benefit of U.S. Provisional
Application No. 60/236,417, filed Sep. 28, 2000, and
entitled, “Providing Directional Tactile Feedback and Actua-
tor for Providing Tactile Sensations,” which is incorporated
herein by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] The present invention relates generally to interface
devices for allowing humans to interface with computer
systems, and more particularly to computer interface devices
that allow the user to provide input to computer systems and
allow computer systems to provide haptic feedback to the
user.

[0003] A user can interact with an environment displayed
by a computer to perform functions and tasks on the com-
puter, such as playing a game, experiencing a simulation or
virtual reality environment, using a computer aided design
system, operating a graphical user interface (GUI), etc.
Common human-computer interface devices used for such
interaction include a mouse, joystick, trackball, steering
wheel, stylus, tablet, pressure-sensitive sphere, or the like,
that is connected to the computer system controlling the
displayed environment. Typically, the computer updates the
environment in response to the user’s manipulation of a
physical manipulandum such as a joystick handle or mouse,
and provides visual and audio feedback to the user utilizing
the display screen and audio speakers. The computer senses
the user’s manipulation of the user manipulandum through
sensors provided on the interface device that send locative
signals to the computer. For example, the computer displays
a cursor or other graphical object in a graphical environ-
ment, where the location of the cursor is responsive to the
motion of the user manipulandum.

[0004] In some interface devices, force feedback or tactile
feedback is also provided to the user, more generally known
herein as “haptic feedback.” These types of interface devices
can provide physical sensations which are felt by the user
manipulating a user manipulandum of the interface device.
One or more motors or other actuators are coupled to the
joystick, mouse, or other device and are connected to the
controlling computer system. In kinesthetic force feedback
systems, the computer system controls forces on the move-
ment of the joystick or mouse in conjunction and coordi-
nated with displayed events and interactions by sending
control signals or commands to the actuators. For example,
the Logitech Wingman Force Feedback Mouse allows a user
to experience force sensations associated with interacting a
cursor with graphical objects in a GUI or web page.

[0005] Many low-cost haptic devices provide inertially-
grounded tactile feedback, in which forces are transmitted to
a housing or portion thereof with respect to an inertial mass
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and felt by the user, rather than kinesthetic feedback, in
which forces are output directly in the degrees of freedom of
motion of the interface device with respect to a physical
(earth) ground. For example, many -currently-available
gamepad controllers include a spinning motor with an
eccentric mass, which outputs force sensations to the hous-
ing of the controller in coordination with events occurring in
a game. In some haptic mouse devices, pins; buttons, or the
housing of the mouse can be actuated in accordance with
interaction of a controlled cursor with other graphical
objects, which the user feels by touching those housing
areas.

[0006] One problem with such inexpensive haptic control-
lers is their limited ability to convey different types of force
sensations to the user. A device that provides more flexibility
in tuning and adjusting the feel of haptic sensations is more
desirable. In addition, inertial controllers currently available
can only provide output pulses and vibrations in the general
directions of the rotating mass. The sensations thus feel to
the user as if they are not output in any particular direction,
but are simply output on the housing of the device. However,
many events in games and other computer-implemented
environments are direction-based. However, the inertial hap-
tic devices currently available do not allow such directional
output of vibrations.

SUMMARY OF THE INVENTION

[0007] The present invention is directed toward providing
a low-cost actuator and directional haptic feedback for a
haptic feedback interface device.

[0008] More particularly, an interface device of the
present invention providing haptic feedback to a user and is
in communication with a host computer. The device includes
a housing, e.g. a handheld housing or a mouse housing
movable in planar degrees of freedom, at least one sensor for
detecting user input, and an actuator assembly. The actuator
assembly includes a grounded flexure suspension and an
inertial mass coupled thereto, said inertial mass moving
when the actuator assembly is energized to cause inertial
sensations the housing. The inertial mass includes a pole
piece surrounding a magnet, and a grounded coil is posi-
tioned between the magnet and the pole piece and causes the
motion of the inertial mass when current is flowed there-
through, and the flexure suspension biases the inertial mass
to an original position. In some embodiments, the flexure
suspension includes an inner ring and an outer ring, one of
the rings grounded to the housing, the other ring coupled to
and moving with the inertial mass. The inner ring can be
coupled to the outer ring by at least one flexible member.

[0009] In another aspect of the present invention, an
interface device provides directional haptic feedback to a
user and is in communication with a host processor. The
device includes a housing physically contacted by the user,
at least one sensor for detecting user input, and at least two
actuator assemblies coupled to the housing. Each of the
actuator assemblies includes a grounded flexure suspension
and an inertial mass coupled to the flexure suspension that
oscillates linearly. The actuator assemblies are oriented such
that the inertial masses oscillate substantially orthogonally
to each other when the actuator assemblies are energized to
cause inertial sensations on the housing, wherein the output
of the actuator assemblies can be controlled to output the
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inertial sensations approximately along a single axis having
a desired orientation. Each of the actuator assemblies can be
harmonically controlled by a separate control signal. A
method of the present invention similarly outputs directional
inertial sensations.

[0010] The present invention advantageously provides a
device including a low-cost actuator that provides tactile
feedback sensations for a tactile feedback device using low
cost actuators and tunable components such as a low-cost
flexure suspension. The present invention also provides
directional tactile sensations, which allow for a much greater
variety of sensations in tactile devices, e.g. allowing the
experience of playing a game or interacting with other types
of computer applications to be more fulfilling for the user.

[0011] These and other advantages of the present inven-
tion will become apparent to those skilled in the art upon a
reading of the following specification of the invention and a
study of the several figures of the drawing.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1A is a perspective view of a haptic feedback
mouse interface system suitable for use with the present
invention;

[0013] FIG. 1B is a perspective view of a haptic feedback
gamepad interface system suitable for use with the present
invention;

[0014] FIG. 2 is a perspective view of one embodiment of
the mouse device of FIG. 1A for providing tactile inertial
sensations to a user according to the present invention;

[0015] FIG. 3 is an exploded perspective view of the
mouse device of FIG. 2;

[0016] FIG. 4 is a perspective view of an actuator assem-
bly of the mouse device of FIG. 3;

[0017] FIG. 5 is a perspective view of a flexure suspen-
sion of the actuator assembly of FIG. 4;

[0018] FIG. 6 is a perspective cross-sectional view of the
actuator assembly of FIG. 4;

[0019] FIGS. 7A and 7B are perspective views of an
alternate embodiment of the actuator assembly of the present
invention for producing tactile sensations to a user;

[0020] FIG. 8 is a side elevational view of the actuator
assembly of FIGS. 7A and 7B;

[0021] FIGS.9A, 9B, and 9C are perspective and top plan
views of an actuator system that can be used in an inertial
tactile interface device to output directional inertial force
sensations;

[0022] FIGS. 10A-10D are graphs illustrating harmonic
control signals for the actuator assemblies of FIGS. 9A-9C
and resultant forces output by the device;

[0023] FIG. 11 is a graph illustrating a control signal
waveform for driving inertial actuator assemblies to provide
a force approximately in one direction; and

[0024] FIG. 12 is a block diagram illustrating one
embodiment of a haptic feedback system suitable for use
with the present invention.

Aug. 31,2006

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0025] The present invention is addressed to inertial haptic
feedback in interface devices. A mouse and a gamepad,
described below in FIGS. 1a and 15, are just two of the
possible interface devices that can be used with the present
invention.

[0026] FIG. 1A is a perspective view of a haptic feedback
mouse interface system 10 suitable for use with the present
invention and capable of providing input to a host computer
based on the user’s manipulation of the mouse and capable
of providing haptic feedback to the user of the mouse system
based on events occurring in a program implemented by the
host computer. Mouse system 10 includes a mouse 12 and a
host computer 14. It should be noted that the term “mouse”
as used herein, indicates an object generally shaped to be
grasped or contacted from above and moved within a
substantially planar workspace (and additional degrees of
freedom if available). Typically, a mouse is a smooth or
angular shaped compact unit that snugly fits under a user’s
hand, fingers, and/or palm, but can also be implemented as
a grip, finger cradle, cylinder, sphere, planar object, etc.

[0027] Mouse 12 is an object that is preferably grasped,
gripped or otherwise contacted and is manipulated by a user.
For example, a user can move mouse 12 to provide planar
two-dimensional input to a computer system to correspond-
ingly move a computer generated graphical object, or to
control a virtual character, vehicle, or other entity in a game
or simulation. In addition, mouse 12 can include one or more
buttons to allow the user to provide additional commands to
the computer system. In some embodiments, the top portion
of the mouse housing can be tilted or pivoted to provide
additional commands to the host computer, similarly to a
button.

[0028] Mouse 12 preferably includes an actuator assembly
which is operative to produce forces on the mouse 12. This
operation is described in greater detail below with reference
to FIG. 2.

[0029] Mouse 12 rests on a ground surface 22 such as a
tabletop or mousepad. A user grasps the mouse 12 and
moves the mouse in a planar workspace on the surface 22 as
indicated by arrows 24, as is well known in the art. Mouse
12 also preferably includes a sensor system for sensing
motion of the mouse in its planar degrees of freedom, e.g.
along the X and Y axes. The sensing system can include a
standard mouse ball, an optical sensor, or other sensors as is
well known in the art. Mouse 12 can be a “relative” device,
which, as referenced herein, is a device that reports a change
in position of the device to the host computer rather than an
absolute position in a fixed reference frame; or the mouse
can be an absolute device if preferred.

[0030] Mouse 12 is coupled to the computer 14 by a bus
20, which communicates signals between mouse 12 and
computer 14 and may also, in some preferred embodiments,
provide power to the mouse 12. Components such as the
actuator assembly (described below) require power that can
be supplied from an interface such as a USB or Firewire
(IEEE 1394) bus. In other embodiments, signals can be sent
between mouse 12 and computer 14 by wireless transmis-
sion/reception. In some embodiments, the power for the
actuator can be supplemented or solely supplied by a power
storage device provided on the mouse, such as a capacitor or
one or more batteries.
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[0031] Host computer 14 is a computing device that can
take a wide variety of forms. For example, computer 14 can
be a personal computer or workstation, such as a PC
compatible computer or Macintosh personal computer, or a
Sun or Silicon Graphics workstation. Such a computer 14
can operate under the Windows™, MacOS™, Unix, MS-
DOS, or other operating system. Alternatively, host com-
puter system 14 can be one of a variety of home video game
console systems commonly connected to a television set or
other display, such as systems available from Nintendo,
Sega, Sony, or Microsoft. In other embodiments, host com-
puter system 14 can be a “set top box”, a “network-" or
“internet-computer”, a portable computer or game device,
PDA, arcade machine, etc. Host computer preferably
includes a host microprocessor, random access memory
(RAM), read only memory (ROM), input/output (I/0) cir-
cuitry, disk drives, and other components of computers
well-known to those skilled in the art.

[0032] Host computer 14 preferably implements a host
application program with which a user is interacting via
mouse 12 and other peripherals, if appropriate, and which
may include haptic feedback functionality. For example, the
host application program can be a drawing/CAD program,
video game, word processor or spreadsheet, Web page or
browser that implements HTML or VRML instructions,
scientific analysis program, virtual reality training program
or application, or other application program that utilizes
input of mouse 12 and outputs force feedback commands to
the mouse 12. Herein, for simplicity, operating systems such
as Windows™, MS-DOS, MacOS, Linux, Be, etc. are also
referred to as “application programs.” In one preferred
embodiment, an application program utilizes a graphical
user interface (GUI) to present options to a user and receive
input from the user. Herein, computer 14 may be referred as
providing a “graphical environment,”, which can be a
graphical user interface, game, simulation, or other visual
environment. The computer displays “graphical objects” or
“computer objects,” which are not physical objects, but are
logical software unit collections of data and/or procedures
that may be displayed as images by computer 14 on display
screen 26, as is well known to those skilled in the art. The
host application program checks for input signals derived
from the electronics and sensors of mouse 12, and outputs
force values and/or commands to be converted into forces
output for mouse 12. Suitable software drivers which inter-
face software with haptic feedback devices are available
from Immersion Corporation of San Jose, Calif.

[0033] Display device 26 can be included in host computer
system 14 and can be a standard display screen (LCD, CRT,
flat panel, etc.), 3-D goggles, or any other visual output
device. Typically, the host application provides images to be
displayed on display device 26 and/or other feedback, such
as auditory signals.

[0034] The haptic feedback system 10 can include a wide
variety of architectures. For example, in some embodiments,
the host computer 14 controls the output of actuators on the
mouse 12 directly by streaming force values to the mouse
12. In other embodiments, a local microprocessor on the
mouse 12 can receive high level commands from the host 14
and provide the force values to the actuator based on the host
commands and local force processes. These implementa-
tions, and variations thereof, are described in U.S. Pat. No.
6,211,861, incorporated herein by reference in its entirety.
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[0035] In other embodiments, many other types of inter-
face or control devices may be used with the present
inventions described herein. For example, a force feedback
trackball, a joystick handle, steering wheel, knob, or other
device can benefit from inertial force sensations. In addition,
handheld devices are quite suitable for use with the pres-
ently-described inventions, such as handheld remote control
device, gamepad controller for video games or computer
games, or handheld electronic device or computer can be
used with the haptic feedback components described herein.
Handheld devices are not constrained to a planar workspace
like a mouse but can still benefit from the sensations
described herein which, for example, can be output perpen-
dicularly from a device’s surface or which can be output on
a joystick handle, trackball, stylus, grip, wheel, or other
manipulatable object on the device, or in a desired direction.

[0036] FIG. 1B is a perspective view of another embodi-
ment of an interface device which can be used with the
present invention, a gamepad system 10'. System 10'
includes a gamepad interface device 12' and a host computer
14. Gamepad device 12' is in the form of a handheld
controller, e.g. of similar shape and size to many gamepads
currently available for video game console systems. A
housing 15 of the interface device 10 is shaped to easily
accommodate two hands gripping the device at the gripping
projections 27a and 27b. In the described embodiment, the
user accesses the various controls on the device 12' with his
or her fingers.

[0037] A direction pad 30 can be included on device 12' to
allow the user to provide directional input to the host
computer 14. One or more finger joysticks 32 can be
included that project out of a surface of the housing 15 to be
manipulated by the user in one or more degrees of freedom.
In some embodiments, additional linear or spin degrees of
freedom can be provided for the joystick, and/or a sphere
can be provided instead of or in addition to the joystick 32
to provide directional input. Buttons 33 allow additional
input. Other controls may also be placed within easy reach
of the hands grasping the housing 15. For example, one or
more trigger buttons can be positioned on the underside of
the housing and can be pressed by the fingers of the user.
Other controls can also be provided on various locations of
the device 12, such as a dial or slider for throttle control in
a game, a four- or eight-way hat switch, knobs, trackballs, a
roller or sphere, etc. Inertial haptic sensations provided on
the housing are described in greater detail below.

[0038] Interface device 12' can coupled to host computer
14 by a bus 34, which can be similar to the connection bus
described above for FIG. 1A. Host computer 14 is prefer-
ably a video game console, personal computer, workstation,
or other computing or electronic device as described above.
Display device 26 can be included in host computer 14 and
can be a standard display screen (LCD, CRT, flat panel, etc.),
3-D goggles, projection display device (e.g., projector or
heads-up display in a vehicle), or any other visual output
device, as described above.

[0039] FIG. 2 is a perspective view of one embodiment of
mouse device 12 for providing tactile inertial sensations to
a user of a mouse or other interface device contacted by the
user according to the present invention.

[0040] FIG. 3 is an exploded perspective view of mouse
device 12 of FIG. 2.
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[0041] Mouse device 12 includes a housing 40 that
includes a base portion 52 and a top portion 54. A harmonic
actuator assembly 50 is coupled to the base portion to
provide inertial haptic sensations to a user contacting the
housing of the mouse device. Harmonic actuator assembly
50 can alternatively be positioned in a housing of other types
of devices, such as gamepads, trackballs, joysticks, steering
wheels, remote controls, portable electronic devices, etc.

[0042] Base portion 52 is the bottom portion of the mouse
housing and is a substantially flat member. The base 52 can
include a raised inner rim 53 on which a printed circuit board
(PCB) 56 is positioned. The rim 53 allows the PCB 56 to be
supported a small distance above the bottom surface of the
base portion 52.

[0043] An actuator assembly 50 is coupled to the PCB 56
and outputs inertial forces which are transmitted through the
PCB 56 to the base 52 and from there to the housing of the
device. In the embodiment shown, actuator assembly 50 is
positioned at the back end of the mouse device 12, where the
user’s palm is typically positioned when operating the
device. The assembly 50 can be positioned in other areas of
the mouse housing in other embodiments.

[0044] In the described embodiment, harmonic actuator
assembly 50 includes a molded flexure suspension 60, a pole
piece 62, a ring magnet 64, and a coil 66. Flexure suspension
60 is coupled to the PCB 56, and the pole piece 62 is coupled
to the interior wall of the flexure suspension 60 so that the
suspension 60 surrounds the pole piece. The ring magnet 64
is coupled to the pole piece 62, where the pole piece
surrounds the magnet 64 and a central projecting member 68
of the pole piece extends through the center of the magnet
64. The pole piece can be made of a material such as
magnetic iron or steel. The pole piece 62 and ring magnet 64
together form an inertial mass that is moved by the present
invention to provide inertial sensations to the user of the
mouse device.

[0045] A top portion 54 is the upper portion of the device
housing on which the user’s hand rests. In one embodiment,
the entire top piece 54 can tilt to engage contacts and provide
a button signal to the host computer; in other embodiments,
separate buttons can be placed on or coupled to the top
portion 54. The coil 66 is coupled to the underside of the top
portion 54 at ridges 70 and is therefore grounded with
respect to the other components of the actuator assembly 50.
The coil 66 is positioned surrounding the ring magnet and is
surrounded by the walls of the pole piece 62.

[0046] An inertial mass of the actuator assembly 50 is
oscillated in a degree of freedom to provide inertial forces
that are experienced as tactile feedback by the user. In a
mouse embodiment, as shown, inertial forces are preferably
directed along a z-axis that is approximately perpendicular
to the planar degrees of freedom of mouse movement and
the support surface on which the mouse rests. Tactile sen-
sations can be applied at a perceptually strong level for the
user along the z-axis without impairing the ability to accu-
rately position a user controlled graphical object in the X and
Y axes. Furthermore, since the tactile sensations are directed
in a third degree of freedom relative to the two-dimensional
mouse planar workspace and display screen, jolts or pulses
output along the Z-axis feel much more like three-dimen-
sional bumps or divots to the user, increasing the realism of
the tactile sensations and creating a more compelling inter-
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action. For example, an upwardly-directed pulse that is
output when the cursor is moved over a window border
creates the illusion that the mouse is moving “over” a bump
at the window border.

[0047] The actuator assembly is operative to oscillate the
inertial mass quickly along the axis Z. Thus, inertial forces
produced by the moving mass are transmitted to the housing
through the grounded portion of the actuator assembly and
felt by the user. These forces are substantially directed along
the Z axis. Preferably, the mass has an origin position that is
positioned between the extremes of the range of motion of
the mass. Other embodiments, such as floating handheld
devices or moveable objects such as joystick handles or
trackball spheres, may include an inertial mass that is moved
in other directions than the z-axis. In addition, some embodi-
ments can provide simultaneously-operating multiple actua-
tor assemblies 50 to allow enhanced tactile feedback. A
variety of tactile sensations can be output to the user, many
of which are described in U.S. Pat. No. 6,211,861. That
patent also describes several advantages to the z-axis direc-
tion of inertial forces in a mouse embodiment.

[0048] In addition, it is preferred that the mouse rest on a
flexible or semi-flexible surface, such as a standard mouse
pad. This type of flexible surface increases the transmissi-
bility of the inertial forces from the actuator to the housing
and allows the inertial sensations to be amplified, rather than
countered by normal forces applied by a hard surface such
as a table surface. The flexible surface can alternatively be
provided as a compliant layer (e.g., made of rubber or foam)
provided between the actuator-coupled portion of the mouse
housing and a rigid support surface on which the mouse
rests. For example, the compliant layer can be provided on
the bottom of the mouse housing and coated with a smooth
material or surface to allow the mouse to slide on a support
surface such as a table or desk; or a compliant layer can be
provided between a base portion of the mouse housing and
a top portion of the housing contacted by the user.

[0049] FIG. 4 is a perspective view of the actuator assem-
bly 50 of the mouse device 12. As shown, the coil 66 is
positioned around the magnet 64 that is positioned at the
center. A bobbin 67 is coupled to and provides a backing for
the coil 66 to protect and maintain the integrity of the coil.
The pole piece 62 is positioned surrounding the coil 66.

[0050] FIG. 5 is a perspective view of the flexure suspen-
sion 60. Suspension 60 includes an outer ring 76, an inner
ring 78, and a number of connecting flexing members 80 that
join the inner ring to the outer ring. Three flexing members
80 are shown in the described embodiment, spaced evenly
around the flexure; a different number of flexing members
can be used in other embodiments. The outer ring 76 is
coupled to the PCB (or to some other support or to the
housing of the mouse) and is therefore grounded, while the
pole piece 62 is coupled to the inner ring 78. The flexing
members 80 are compliant to allow the inner ring 78 to move
along the axis Z extending perpendicularly to the plane in
which the flexure approximately lies, thus allowing the pole
piece 62 and the magnet 64 to move with the inner ring 78.
The flexure suspension 50 is a single, unitary piece that can
be manufactured as such, thereby greatly reducing manu-
facturing costs. Since the suspension is a single piece, the
inner ring 78 and outer ring 76 are made of the same material
as the flexing members 80. However, since the inner and
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outer rings preferably do not flex, they are made thicker in
the flexing direction (along the Z axis) than the flexing
members 80.

[0051] In one embodiment, the flexing suspension 60 can
provide about 1 millimeter of movement of the inner ring
with respect to the outer ring in each direction from the
center (origin) position shown in FIG. 6, as indicated by
arrows 82. Other embodiments can included different
amounts of flex displacement. The inner ring 78, pole piece
62, and magnet 64 are oscillated within the desired range of
motion (e.g. 2 mm) to provide tactile sensations on the
housing of the mouse and to the user contacting the housing.
The flexing members 80 also each include an inherent
mechanical centering spring, so that the inner ring is biased
to move back to the origin position when it is moved in
either direction. This allows the inner ring, pole piece, and
magnet to be oscillated more efficiently, with the centering
spring providing much of the force to return the inertial mass
back from either extreme position in the range of movement
of the mass. In any of the actuator assembly embodiments
described herein, the assembly can also include a damper to
provide damping in addition to the centering spring force.
Damper elements could include members or layers such as
foam, or materials such as oil, to dampen the highest
magnitude forces.

[0052] In other embodiments, other types or forms of
flexure suspensions can be used in the present invention to
cause or allow the pole piece and mass to move in a
z-direction. One example of an alternate flexure is described
below with reference to FIGS. 7A and 7B. In other embodi-
ments, for example, a speaker suspension can be used. Most
audio speakers include a flexible circular accordion-type
suspension that allows the speaker diaphragm to move and
produce sound, and such a suspension can be used in the
present invention to allow the inertial mass to move along
the Z-axis.

[0053] FIG. 6 is a perspective cross-sectional view of the
actuator assembly 50 of FIG. 4. Flux lines 84 indicate a path
of magnetic flux caused when current is flowed in the coil 66
(the lines may go in either direction, depending on the
direction of the current). A small gap 86 is provided between
the magnet 64 and the coil 66, preferably about 0.25 to 0.5
mm. Another gap is also provided between then coil 66 and
the pole piece 62, preferably larger than the gap 86 so that
if any of the moving parts touch, the bobbin 67 will be
impacted instead of the coil 66.

[0054] This view also shows that the ring magnet 64
preferably extends flush with the top of the pole piece 62
down to a middle portion of the projecting member 68 of the
pole piece and not the entire length of the projecting member
68. This allows the flux 84 to have a narrower path through
the coil, increasing the force derived from the magnetic
properties of the magnet and coil. Alternatively, the magnet
64 can cover some other portion of the projecting member
68 to narrow the flux path.

[0055] FIGS. 7A and 7B are perspective views of an
alternate embodiment 100 of the actuator assembly of the
present invention for producing tactile sensations to a user.

[0056] FIG. 7C is an exploded perspective view of the
major components of the assembly. Assembly 100 is similar
to assembly 58 in that a magnet and pole piece are moved
linearly with respect to a grounded coil using a flexure
suspension.
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[0057] Flexure suspension 102 is grounded to PCB 56 or
other grounded portion of the device 12 such as the housing.
A flexing portion 104 of the suspension 102 is coupled to the
grounded portion 106 of the suspension 102 by flex joints
108, where multiple flex joints are spaced about the circum-
ference of the suspension 102. The flexing portion 104 is
coupled to a return path piece 110 which is shown as a
cylindrical, hollow shell and provides a return path for the
magnetic flux. A cylindrical magnet 112 is coupled to the
return path piece 110 at the top of the magnet 112 and is a
smaller diameter than the return path piece so that a gap is
provided between the magnet and return path piece on all
sides of the magnet. A pole piece 114 is also coupled at the
end of the magnet 112 opposite its coupling to the return
path piece 110 to provide a complete flux return path and
channeling of magnetic flux, as explained with reference to
FIG. 8.

[0058] Coil 116 is positioned between the magnet 112 and
the return path piece 110. Coil 116 is coupled directly to the
grounded portion 106 of the suspension 102 and thus is
grounded with respect to the pole piece and magnet.

[0059] As described with reference to FIG. 2, the return
path piece 110, magnet 112, and moving portion 104 are
used as an inertial mass that is oscillated or pulsed along the
z-axis to provide tactile feedback to the user of the device.
A range of motion of about 1-3 mm can be used in the
present embodiment. The flex joints 108 preferably include
an inherent mechanical spring return force that causes the
inertial mass to move back to its origin position without the
need for outputting a magnetic force.

[0060] FIG. 8 is a side elevational view of the actuator
assembly 100. The return path piece 110 surrounds the
cylindrical magnet 112 and the coil 116. The pole piece 114
is positioned on one side of the magnet 112. As shown by
arrows 120, the magnetic flux preferably follows a path
through the pole piece and pole piece 114. The pole piece is
preferably made narrow to allow a greater channeling of flux
and a greater force on the inertial mass.

[0061] FIGS.9A, 9B, and 9C are perspective and top plan
views of an actuator system 200 that can be used in an
inertial tactile interface device to output directional inertial
force sensations. System 200 is suitable for use in many
types of tactile devices, including mice, gamepads, handheld
steering wheels, fishing-type controllers, joysticks, track-
balls, grips, remote controls, handheld devices, flat screens,
styluses, etc. Actuator system 200 preferably includes actua-
tor assemblies 202 and 204, which can be similar to the
linear actuator assemblies described above.

[0062] System 200 includes a grounded support 206
which is coupled to the housing of the interface device.
Actuator assembly 202 is coupled to a surface 208 of the
support 206 provided in the y-z plane. Actuator assembly
202 includes a return path piece 210 which can be a hollow,
cylindrical shell. A cylindrical magnet 212 is coupled to the
return path piece 210 at a flat end of the magnet and is a
smaller diameter than the return path piece so that a gap is
provided between magnet and return path piece. A pole piece
214 is coupled to the end of the magnet 212 opposite its
coupling to the return path piece 210, as described above
with reference to FIGS. 7a and 74. A coil 216 is positioned
between the magnet 212 and return path piece 210 and is
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coupled directly to the grounded support 206. The coil 216
can be positioned on a bobbin 217 that provides a backing
to the inside of the coil.

[0063] The return path piece 210 is also coupled to a
spring member 218, and the spring member is compliantly
coupled to the support 206. The spring member 218 is
operative to flex in the direction perpendicular to the surface
208 of the support 206. This is the direction of movement of
the pole piece 210 and magnet 212 when a current is flowed
through the coil 216. Thus, when the actuator assembly 202
is energized, the return path piece 210 and magnet 212 move
along the x-axis with respect to the grounded coil 206. By
providing an oscillating current (such as a sine or other
periodic waveform), the return path piece 210 and magnet
212 can be made to oscillate along the x-axis to provide
inertial forces on the housing of the interface device.

[0064] Actuator assembly 204 is preferably made similar
to actuator assembly 202. As shown in FIG. 9B, actuator
assembly 204 can include a return path piece 220, magnet
222, pole piece 224, coil 226, bobbin 227, and spring
member 228 which operate similarly to these components of
actuator 202. Coil 226 of actuator assembly 204 is grounded
to a surface 209 of support 206, where surface 209 is
oriented in the x-z plane. Thus, the spring member 228
flexes along the y-axis and allows the return path piece 220
and magnet 222 to oscillate along the y-axis to provide
inertial forces along that axis.

[0065] Since the actuator assemblies 202 and 204 are
oriented in orthogonal directions, the inertial forces that each
actuator assembly outputs is distinct from the inertial forces
output by the other actuator assembly. If inertial forces are
desired along the x-axis, then actuator assembly 202 is
oscillated, and if inertial forces are desired along the y-axis,
then actuator assembly 204 is oscillated. If inertial forces are
desired in an intermediate direction, then both the actuator
assemblies 202 and 204 can be energized simultaneously.
The resultant force will have a direction and a magnitude
dependent on the magnitude of each of the forces output by
the actuator assemblies 202 and 204. The force output by the
actuator assemblies 202 and 204 is in turn dependent on the
control current signals input to those actuator assemblies.
Various directional force outputs and control signals are
described in greater detail below with respect to FIGS.
10A-10D and 11.

[0066] The x-axis and y-axis shown in FIGS. 9A-9C can
be oriented in any desired plane of the interface device. For
example, the system 200 can be positioned on the interior
bottom, top, or side surface of the device housing. In many
handheld embodiments, the system 200 can be positioned so
that the x- and y-axes are oriented in the horizontal plane of
the device when it is held normally by the user.

[0067] In alternate embodiments, different components
can be used. For example, the spring member 228 is shown
as a leaf spring, but can be implemented with other com-
pliant structures. One embodiment can use a flexure similar
to flexure 102 of FIG. 7A or flexure 60 of FIG. 4 in place
of the spring member 228 to provide the compliance and
spring return force. It should also be noted that other types
of flexures, actuators, and devices that produce a linear,
oscillatory motion of a mass can be used to produce the
inertial forces along the x-axis and along the y-axis. For
example, actuator assemblies that can be used in place of
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actuator 202 or 204 are described in copending patent
applications Ser. No. 09/585,741, filed Jun. 2, 2000, and
60/236,558, filed Sep. 28, 2000, and entitled, “Device and
Assembly for Providing Linear Inertial Tactile Sensations”
both incorporated herein by reference in their entireties,
which describes motors and flexures that causes inertial
forces via linear oscillatory motion of a mass (or motion of
the motor itself as the mass).

[0068] FIGS. 10A-10D are graphs illustrating harmonic
control signals for the actuator assemblies 202 and 204 of
the actuator system 200 described above, and resultant
forces output by the device. Other types of actuators or
actuator assemblies outputting a linear oscillating inertial
force can also be used in this aspect of the invention. To
achieve a force purely along the x-axis or the y-axis, the
appropriate actuator assembly 202 or 204 is energized while
the other actuator is turned off. To output forces along other
axes and in other directions between these x- and y-direc-
tions, both actuator assemblies are operated simultaneously,
as described below.

[0069] FIG. 10A illustrates graphs 250 and 252 showing
the control signal waveform 254 for actuator assembly 202
and the control signal waveform 256 for actuator assembly
204 (commanded current vs. time graphs). Graph 250 shows
the control signal for the x-axis (actuator assembly 202) and
graph 252 shows the control signal for the y-axis (actuator
assembly 204). The waveforms 254 and 256 are sine waves
that oscillate about zero to drive the mass of the actuator
assemblies in both directions. In FIG. 10A, waveforms 254
and 256 are in phase and have the same magnitude. Thus, the
force magnitude output by each actuator assembly is equal
at each point in time, leading to the resultant force shown in
diagram 258. The resultant force is an oscillatory force
having a maximum magnitude of about 1.4 times the maxi-
mum magnitude of each waveform 254 and 256, and is
directed along an axis oriented at about 45 degrees from a
purely x-axis or purely y-axis force.

[0070] In FIG. 10B, graph 260 shows a waveform 264
controlling the actuator assembly 202 for the x-axis, and
graph 262 shows a waveform 266 controlling the actuator
assembly 204 for the y-axis. Here, the control waveforms
have the same magnitude but are 180 degrees out of phase.
This causes a oscillatory resultant force as shown in diagram
268, where the resultant force has a maximum magnitude of
about 1.4 times the waveform magnitudes, and is oriented
along an axis that is spaced 90 degrees from the resultant
force shown in diagram 258, i.e. at —45 degrees.

[0071] In FIG. 10C, graph 270 shows a waveform 274
controlling the actuator assembly 202 for the x-axis, and
graph 272 shows a waveform 276 controlling the actuator
assembly 204 for the y-axis. Here, waveform 274 has a
greater magnitude than the waveform 276, but the wave-
forms are in phase. This causes a resultant vibration force as
shown in diagram 278, where the axis is oriented closer to
the x-axis due to the waveform 274 having a greater mag-
nitude. Other directions positioned between the x- and
y-axes can be similarly achieved by altering the magnitude
of the waveform 274 or 276 appropriately. The relationship
between the angle 6 of the resultant vector and the magni-
tudes of the forces along the x- and y-axes is a simple
tangent, tan 0=y/x.

[0072] In FIG. 10D, graph 280 shows a waveform 284
controlling the actuator assembly 202 for the x-axis, and
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graph 282 shows a waveform 286 controlling the actuator
assembly 204 for the y-axis. Here, waveform 284 has a
greater magnitude than the waveform 276, and the wave-
forms are 180 degrees out of phase. This causes a resultant
vibration force as shown in diagram 288, where the axis of
vibration is located in the other two quadrants not covered
by the vibration in diagram 278 and is oriented closer to the
x-axis due to the waveform 284 having a greater magnitude.
Other directions positioned between the x- and y-axes can be
similarly achieved by altering the magnitude of the wave-
form 284 or 286 appropriately.

[0073] In other embodiments, a force not as directed along
a single axis can be provided by providing a different phase
difference between the x and y waveforms. For example, a
30 degree phase difference would cause a roughly “oval”
force to be output, where the inertial force direction would
not be changing along a single axis, but would shift in a
wider pattern like an oval.

[0074] FIG. 11 is a graph 290 illustrating a control signal
waveform 292 for driving actuator assembly 202 and/or
actuator assembly 204 (or any other harmonic actuator
described or referenced herein) to provide a force approxi-
mately in one direction rather than an oscillatory force along
an axis. The waveform 292 is shaped like a sawtooth, where
the waveform increases in magnitude in one direction
steeply, and after reaching the peak, is moved in the other
direction gradually. Thus, waveform 292 increases posi-
tively at a steep rate, then more gradually falls back toward
zero and into the negative portion of the graph. The wave-
form can be again increased steeply in the positive direction
if multiple forces in the positive direction are desired. This
has the effect of driving the inertial mass (such as a pole
piece and magnet or other mass) fast and quickly in the
positive direction, and moving the inertial mass more slowly
and gradually in the negative direction, so that the user will
feel a greater acceleration and force in the positive direction
and a much lower-magnitude force in the negative direction.
To output a force in the negative direction and not the
positive direction, the waveform can be reversed so that the
curve increases gradually, then falls steeply.

[0075] FIG. 12 is a block diagram illustrating one
embodiment of a haptic feedback system suitable for use
with the present inventions.

[0076] Host computer system 14 preferably includes a
host microprocessor 300, a clock 302, a display screen 26,
and an audio output device 304. The host computer also
includes other well known components, such as random
access memory (RAM), read-only memory (ROM), and
input/output (I/O) electronics (not shown). Display screen
26 displays images of a game environment, operating sys-
tem application, simulation, etc. Audio output device 304,
such as speakers, is preferably coupled to host micropro-
cessor 300 via amplifiers, filters, and other circuitry well
known to those skilled in the art and provides sound output
to user when an “audio event” occurs during the implemen-
tation of the host application program. Other types of
peripherals can also be coupled to host processor 300, such
as storage devices (hard disk drive, CD ROM drive, floppy
disk drive, etc.), printers, and other input and output devices.

[0077] The interface device 12, such as a mouse, game-
pad, etc., is coupled to host computer system 14 by a
bi-directional bus 20 The bi-directional bus sends signals in
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either direction between host computer system 14 and the
interface device. Bus 20 can be a serial interface bus, such
as an RS232 serial interface, RS-422, Universal Serial Bus
(USB), MIDI, or other protocols well known to those skilled
in the art; or a parallel bus or wireless link. For example, the
USB standard provides a relatively high speed interface that
can also provide power to the actuator of actuator assembly
54.

[0078] Device 12 can include a local microprocessor 310.
Local microprocessor 310 can optionally be included within
the housing of device 12 to allow efficient communication
with other components of the mouse. Processor 310 is
considered local to device 12, where “local” herein refers to
processor 310 being a separate microprocessor from any
processors in host computer system 14. “Local” also pref-
erably refers to processor 310 being dedicated to haptic
feedback and sensor /O of device 12. Microprocessor 310
can be provided with software instructions to wait for
commands or requests from computer host 14, decode the
command or request, and handle/control input and output
signals according to the command or request. In addition,
processor 310 can operate independently of host computer
14 by reading sensor signals and calculating appropriate
forces from those sensor signals, time signals, and stored or
relayed instructions selected in accordance with a host
command. Suitable microprocessors for use as local micro-
processor 310 include the MC68HC711E9 by Motorola, the
PIC16C74 by Microchip, and the 82930AX by Intel Corp.,
for example, as well as more sophisticated force feedback
processors such as the Immersion Touchsense Processor.
Microprocessor 310 can include one microprocessor chip,
multiple processors and/or co-processor chips, and/or digital
signal processor (DSP) capability.

[0079] Microprocessor 310 can receive signals from sen-
sor(s) 312 and provide signals to actuator assembly 54 in
accordance with instructions provided by host computer 14
over bus 20. For example, in a local control embodiment,
host computer 14 provides high level supervisory commands
to microprocessor 310 over bus 20, and microprocessor 310
decodes the commands and manages low level force control
loops to sensors and the actuator in accordance with the high
level commands and independently of the host computer 14.
This operation is described in greater detail in U.S. Pat. Nos.
5,739,811 and 5,734,373, both incorporated by reference
herein. Force commands are output from the host computer
to microprocessor 310 and instruct the microprocessor to
output a force or force sensation having specified charac-
teristics. The local microprocessor 310 reports locative and
button data to the host computer. Actuator signals are
provided from the microprocessor 310 to actuator assembly
334 and sensor signals are provided from the sensor 312 and
other input devices 318 to the microprocessor 310. Herein,
the term “haptic sensation” or “tactile sensation” or “force
sensation” refers to either a single force or a sequence of
forces output by the actuator assembly 54 which provide a
sensation to the user. The microprocessor 310 can process
inputted sensor signals to determine appropriate output
actuator signals by following stored instructions. The micro-
processor may use sensor signals in the local determination
of forces to be output on the user object, as well as reporting
locative data derived from the sensor signals to the host
computer.
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[0080] In yet other embodiments, other simpler hardware
can be provided locally to device 12 to provide functionality
similar to microprocessor 310. For example, a hardware
state machine incorporating fixed logic can be used to
provide signals to the actuator assembly 334 and receive
sensor signals from sensors 312, and to output tactile signals
according to a predefined sequence, algorithm, or process.

[0081] In a different, host-controlled embodiment, host
computer 14 can provide low-level force commands over
bus 20, which are directly transmitted to the actuator assem-
bly 54 via microprocessor 310 or other (e.g. simpler) cir-
cuitry. Host computer 14 thus directly controls and processes
all signals to and from the device 12, e.g. the host computer
directly controls the forces output by actuator assembly 54
and directly receives sensor signals from sensors 312 and
input devices 318. This embodiment may be desirable to
reduce the cost of the haptic feedback device yet further,
since no complex local microprocessor 310 or other pro-
cessing circuitry need be included in the mouse. Further-
more, since one actuator is used with forces not provided in
the primary sensed degrees of freedom, the local control of
forces by microprocessor 310 may not be necessary in the
present invention to provide the desired quality of forces due
to their simpler nature.

[0082] Inthe simplest host control embodiment, the signal
from the host to the device can be a single bit that indicates
whether to pulse the actuator at a predefined frequency and
magnitude. In a more complex embodiment, the signal from
the host could include a magnitude, giving the strength of
the desired pulse. In yet a more complex embodiment, the
signal can include a direction, giving both a magnitude and
a sense for the pulse. In still a more complex embodiment,
a local processor can be used to receive a simple command
from the host that indicates a desired force value to apply
over time. The microprocessor then outputs the force value
for the specified time period based on the one command,
thereby reducing the communication load that must pass
between host and device. In an even more complex embodi-
ment, a high-level command with tactile sensation param-
eters can be passed to the local processor on the device
which can then apply the full sensation independent of host
intervention. Such an embodiment allows for the greatest
reduction of communication load. Finally, a combination of
numerous methods described above can be used for a single
mouse device 12.

[0083] Local memory 322, such as RAM and/or ROM, is
preferably coupled to microprocessor 310 in mouse 12 to
store instructions for microprocessor 310 and store tempo-
rary and other data. For example, force profiles can be stored
in memory 322, such as a sequence of stored force values
that can be output by the microprocessor, or a look-up table
of force values to be output based on the current position of
the user object. In addition, a local clock 324 can be coupled
to the microprocessor 310 to provide timing data, similar to
the system clock of host computer 12; the timing data might
be required, for example, to compute forces output by
actuator assembly 54 (e.g., forces dependent on calculated
velocities or other time dependent factors). In embodiments
using the USB communication interface, timing data for
microprocessor 310 can be alternatively retrieved from the
USB signal.

[0084] For example, host computer 14 can send a “spatial
representation” to the local microprocessor 310, which is
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data describing the locations of some or all the graphical
objects displayed in a GUI or other graphical environment
which are associated with forces and the types/characteris-
tics of these graphical objects. The microprocessor can store
such a spatial representation in local memory 322, and thus
will be able to determine interactions between the user
object and graphical objects (such as the rigid surface)
independently of the host computer. In addition, the micro-
processor can be provided with the necessary instructions or
data to check sensor readings, determine cursor and target
positions, and determine output forces independently of host
computer 14. The host could implement program functions
(such as displaying images) when appropriate, and synchro-
nization commands can be communicated between the
microprocessor and host 14 to correlate the microprocessor
and host processes. Also, the local memory can store pre-
determined force sensations for the microprocessor that are
to be associated with particular types of graphical objects.
Alternatively, the computer 14 can directly send force feed-
back signals to the device 12 to generate tactile sensations.

[0085] Sensors 312 sense the position or motion of the
device and/or one or more manipulandums and provides
signals to microprocessor 310 (or host 14) including infor-
mation representative of the position or motion. Sensors
suitable for detecting planar motion of a mouse include
digital optical encoders, optical sensor systems, linear opti-
cal encoders, potentiometers, optical sensors, velocity sen-
sors, acceleration sensors, strain gauge, or other types of
sensors can also be used, and either relative or absolute
sensors can be provided. Optional sensor interface 314 can
be used to convert sensor signals to signals that can be
interpreted by the microprocessor 310 and/or host computer
system 14, as is well known to those skilled in the art.

[0086] One or more actuator assemblies 334 transmit
forces to the housing of the device as described above in
response to signals received from microprocessor 310 and/or
host computer 14. Actuator assembly 334 is provided to
generate inertial forces by moving an inertial mass, and/or
contact forces by moving a contact member if desired, as
described in detail above.

[0087] The actuator described herein has the ability to
apply short duration force sensation on the handle or hous-
ing of the device with respect to an inertial mass. This short
duration force sensation is described herein as a “pulse.” In
progressively more advanced embodiments, the magnitude
of'the “pulse” can be controlled; the sense of the “pulse” can
be controlled, either positive or negative biased; a “periodic
force sensation” can be applied on the handle of the mouse
with respect to the inertial mass, where the periodic sensa-
tion can have a magnitude and a frequency, e.g. a sine wave;
the periodic sensation can be selectable among a sine wave,
square wave, saw-toothed-up wave, saw-toothed-down, and
triangle wave; an envelope can be applied to the period
signal, allowing for variation in magnitude over time; and
the resulting force signal can be “impulse wave shaped” as
described in U.S. Pat. No. 5,959,613. There are two ways the
period sensations can be communicated from the host to the
device. The wave forms can be “streamed” as described in
U.S. Pat. No. 5,959,613 and pending patent application Ser.
No. 09/687,744, both incorporated herein by reference in
their entireties. Or the waveforms can be conveyed through
high level commands that include parameters such as mag-
nitude, frequency, and duration, as described in U.S. Pat. No.
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5,734,373. These control schemes can also apply when
providing contact forces using a moveable member; for
example, a pulse can be simply moving a cover portion to
momentarily contact the user’s hand. The cover potion can
also be moved according to an open-loop position control
scheme, where a commanded output force magnitude over-
comes the centering spring force of the system to produce a
desired position or displacement of a cover portion or other
contact element in its degree of freedom. A pulse command
signal can also be used in those embodiments outputting
both inertial and contact forces to move both the inertial
mass and the contact member to provide simultaneous pulse
sensations; or, the inertial mass can be controlled to output
one sensation and the contact member can be simultaneously
controlled to output a different sensation, such as a pulse of
a different duration or magnitude, a vibration of a different
frequency, a texture of a different spacing, etc.

[0088] Because of power constraints in some embodi-
ments, secondary actuators can be passive (i.e., it dissipates
energy). The passive actuator can be a brake, e.g., a brake
employing a very low power substrate such as a magneto-
rheological fluid. Alternatively, it can be a more traditional
magnetic brake. For example, the passive braking means can
be employed through a frictional coupling between a mouse
housing and a table surface. For example, a friction roller in
the mouse housing base can engage the table surface. The
roller can spin freely when the mouse is moved by the user
so long as the passive brake is not engaged. When the brake
is engaged, the user can feel the passive resistance to motion
of the mouse (in one or two of the planar degrees of freedom
of the mouse). The passive resistance can allow additional
feel sensations that supplement the “pulse” and “vibration”
sensations described above (described with reference to
FIG. 14). A different embodiment is described in U.S. Pat.
No. 6,166,723, incorporated herein by reference in its
entirety. Other types of devices, such as joysticks, steering
wheels, trackballs, etc., can provide additional actuators as
well.

[0089] Actuator interface 316 can be optionally connected
between actuator assembly 334 and microprocessor 310 to
convert signals from microprocessor 310 into signals appro-
priate to drive actuator assembly 54. Interface 516 can
include power amplifiers, switches, digital to analog con-
trollers (DACs), analog to digital controllers (ADCs), and
other components, as is well known to those skilled in the
art. It should be noted that circuitry should be provided to
allow the actuator to be driven in two directions, since the
preferred embodiment does not allow full revolutions of the
actuator shaft, as described above. Circuitry for such bi-
directional (harmonic) operation are well known to those
skilled in the art and are also described in copending U.S.
patent application Ser. No. 09/608,125, incorporated herein
by reference in its entirety.

[0090] Other input devices 318 are included in device 12
and send input signals to microprocessor 310 or to host 14
when manipulated by the user. Such input devices include
buttons 16 and can include additional buttons, dials,
switches, scroll wheels, or other controls or mechanisms.

[0091] Power supply 320 can optionally be included in
device 12 coupled to actuator interface 316 and/or actuator
assembly 334 to provide electrical power to the actuator, or
be provided as a separate component. Alternatively, and
more preferably, power can be drawn from a power supply
separate from device 12, or power can be received across a
USB or other bus. Also, received power can be stored and
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regulated by device 12 and thus used when needed to drive
actuator assembly 54 or used in a supplementary fashion.
Because of the limited power supply capabilities of USB, a
power storage device may be required in the mouse device
to ensure that peak forces can be applied (as described in
U.S. Pat. No. 5,929,607, incorporated herein by reference).
For example, power can be stored over time in a capacitor
or battery and then immediately dissipated to provide a jolt
sensation to the device. Alternatively, this technology can be
employed in a wireless mouse, in which case battery power
is used to drive the tactile actuator. In one embodiment, the
battery can be charged by an electric generator on board the
mouse, the generator driven by the user’s motions of the
device. For example, a mouse ball or cylinder can turn a
frictional roller or shaft that is coupled to and recharges the
generator.

[0092] A safety switch 332 can optionally be included to
allow a user to deactivate actuator assembly 334 for safety
reasons. If, at any time, the safety switch is deactivated
(opened), power from power supply 320 is cut to actuator
assembly 54 (or the actuator is otherwise disabled) as long
as the safety switch is opened. Embodiments include an
optical switch, an electrostatic contact switch, a button or
trigger, a hand weight safety switch, etc.

[0093] A variety of tactile sensations which can be output
on the interface device using the inventions disclosed herein
are described in U.S. Application Ser. Nos. 09/570,361 and
09/504,201, and U.S. Pat. Nos. 5,734,373, 6,211,861, 6,169,
540, and 6,184,868, all incorporated herein by reference.

[0094] While this invention has been described in terms of
several preferred embodiments, it is contemplated that alter-
ations, permutations and equivalents thereof will become
apparent to those skilled in the art upon a reading of the
specification and study of the drawings. For example, many
different embodiments of haptic feedback devices can be
used to output the tactile sensations described herein, includ-
ing joysticks, steering wheels, gamepads, and remote con-
trols. Furthermore, certain terminology has been used for the
purposes of descriptive clarity, and not to limit the present
invention.

What is claimed is:

1. An interface device providing haptic feedback to a user,
said interface device in communication with a host com-
puter, the device comprising:

a housing physically contacted by said user and movable
in two planar degrees of freedom;

at least one sensor for detecting user input from said user,
including motion of said housing in said planar degrees
of freedom; and

an actuator assembly coupled to said housing, said actua-
tor assembly including a grounded flexure suspension
and an inertial mass coupled to said flexure suspension,
said inertial mass moving substantially in a z-direction
perpendicular to said planar degrees of freedom when
said actuator assembly is energized to cause inertial
sensations on said housing, wherein said inertial mass
includes a pole piece surrounding a magnet, wherein a
grounded coil is positioned between said magnet and
said pole piece and causes said motion of said inertial
mass when current is flowed therethrough, said flexure
suspension biasing said inertial mass toward an original
position.



