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ABSTRACT

The present invention provides haptic sensations for a haptic
feedback device and especially for a rotational device such
as a knob. Force effects such as a hill force effect and barrier
force effect allow easier selection of menu items, menus,
values, or other options by the user. Force models are also
described to allow greater selection functionality, such as a
scrolling list with detents and rate control borders, a jog
shuttle, a push-turn model, a double-push model, and a cast
control model.
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HAPTIC FEEDBACK EFFECTS FOR CONTROL
KNOBS AND OTHER INTERFACE DEVICES

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of pending U.S.
application Ser. No. 09/783,936, filed Feb. 14, 2001, which
is a continuation-in-part of pending U.S. applications:

[0002] application Ser. No. 09/680,408, filed Oct. 2,
2000, which is a continuation of U.S. application Ser.
No. 09/179,382, now U.S. Pat. No. 6,154,201, filed
Oct. 26, 1998;

[0003] application Ser. No. 09/678,110, filed Oct. 2,
2000, which is a continuation of U.S. application Ser.
No. 09/049,155, now U.S. Pat. No. 6,128,000, filed
Mar. 26, 1998;

[0004] application Ser. No. 09/160,985, filed Sep. 24,
1998, which is a continuation of application Ser. No.
08/756,745, now U.S. Pat. No. 5,825,308, filed on
Nov. 26, 1996; and this application claims the benefit
of U.S. Provisional Application No. 60/182,557,
filed Feb. 15, 2000;

[0005] all of which are incorporated herein by reference in
their entirety.

NOTICE OF COPYRIGHT PROTECTION

[0006] A section of the disclosure of this patent document
and its figures contain material subject to copyright protec-
tion. The copyright owner has no objection to the facsimile
reproduction by anyone of the patent document, but other-
wise reserves all copyright rights whatsoever.

BACKGROUND OF THE INVENTION

[0007] This invention relates generally to knob control
devices, and more particularly to control knob devices
including force feedback and/or additional input function-
ality.

[0008] Control knobs are used for a variety of different
functions on many different types of devices. Often, rotary
control knobs offer a degree of control to a user that is not
matched il11 other forms of control devices, such as button
or switch controls. For example, many users prefer to use a
rotating control knob to adjust the volume of audio output
from a stereo or other sound output device, since the knob
allows both fine and coarse adjustment of volume with
relative ease, especially compared to button controls. Both
rotary and linear (slider) knobs are used on a variety of other
types of devices, such as kitchen and other home appliances,
video editing/playback devices, remote controls, televisions,
computer interface controllers, etc. There are also many
types of knobs that allow push-in or pull-out functionality to
allow the user additional control over a device.

[0009] Some control knobs have been provided with force
(kinesthetic) feedback or tactile feedback, which is collec-
tively referred to herein as “haptic feedback.” Haptic feed-
back devices can provide physical sensations to the user
manipulating the knob. Typically, a motor is coupled to the
knob and is connected to a controller such as a micropro-
cessor. The microprocessor receives knob position and
direction signals from the knob sensor and sends appropriate
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force feedback control signals to the motor so that the motor
provides forces on the knob. In this manner, a variety of
programmable feel sensations can be output on the knob,
such as detents, spring forces, or damping. One problem
occurring in control knobs of the prior art is that many of the
well known force feedback sensations, such as detents, are
applied in simple ways that are often inadequate for dealing
with some of the selection functions required from a knob,
where often complex control over functions and options
must be provided with limited knob motion. For example,
selecting options from a menu and navigating between
menus can be difficult for a user when only simple detents
are output. The user may accidentally skip menus or selec-
tions or may have to move a cursor through many undesired
selections to reach a desired selection.

SUMMARY OF THE INVENTION

[0010] The present invention provides haptic sensations
for a rotational haptic feedback device such as a knob.
Described haptic sensations take advantage of the limited
motion of a rotational device such as a knob and provide
greater control over selection and other operations.

[0011] More particularly, in one embodiment a method for
providing a hill force effect for use with a force feedback
device includes outputting a resistive force on a user
manipulandum, such as a knob, contacted by a user and
moveable in a degree of freedom. The resistive force is
output when the user moves the knob in a particular direc-
tion toward a division between knob selections or menus.
The resistive force is initially low in magnitude and
increases in magnitude the further the knob is moved. As the
knob is continues to move in the particular direction, the
resistive force is removed and an assistive force is output on
the knob. The division can be between two menus, for
example, each menu having menu items selectable by the
knob, said resistive force being output when the user moves
between different menus.

[0012] In another aspect of the present invention, a
method for providing a scrolling list for use with a force
feedback device includes causing a display of a menu on a
display device, the menu including menu items, where at
least one menu item is not displayed concurrently with other
menu items. A cursor is displayed for highlighting one of the
menu items, which can be selected using a manipulandum.
The manipulandum, such as a knob, is moved to a border of
the menu, and a spring force is output-resisting motion of the
knob out of the menu. A rate control mode is entered when
the knob is moved to the border of the menu, where at least
one undisplayed menu item is scrolled onto the display
device at a rate determined by a distance that the knob is
moved past the menu border. A detent force can be output
when the cursor moves from one menu item to a different
menu item. A jolt or detent output force can be output on the
knob when each of the undisplayed items is scrolled onto the
display screen.

[0013] In another aspect of the present invention, a
method for providing a barrier force effect for use with a
force feedback device includes sensing motion of a user ¢
manipulandum, determining that a barrier force is to be
applied to the manipulandum in a particular direction begin-
ning at a particular position, and outputting the barrier force
that resists manipulandum motion in the particular direction.
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The barrier force increases in magnitude the further that the
manipulandum is moved, the magnitude having a lower rate
of increase in an initial region and a higher rate of increase
past the initial region. For example, the magnitude increase
can follow an exponential relationship. An initial oscillating
force and/or a damping force can also be applied.

[0014] In another aspect of the present invention, a
method for providing a jog shuttle control using force
feedback includes outputting a first spring force on a rotary
knob over an entire range of motion of the knob. The first
spring force with a first stiffness biases the knob to an origin
position. A second spring force has a second stiffness greater
than the first stiffness and the second spring force biases the
knob to the origin position. The second spring force is only
output on the knob when the knob is in a particular range
centered around the origin position. Preferably, a value or
function implemented by a microprocessor is changed
according to a rate control paradigm, where a rate of the
change is determined by a distance of the knob from the
origin position.

[0015] Other control models for a rotatable knob using
haptic feedback are also described. For example, in one
control model, a resistive force resists the turning of the
knob unless the user moves the knob along the axis of
rotation, e.g. the user pushes the knob. The resistive force is
then ceased, allowing the user to rotate the knob while the
knob has been pushed. In another control model, a first
resistive spring force resists a rotation of the knob, and a
second resistive force is instead output when the knob
reaches a selection point in a direction against the first spring
force. The second spring force can have a greater stiffness
than the first spring force. A cast control model can provide
a first force resisting a rotation of the knob in a first
direction. An adjustment of a value or position is made when
the user rotates the knob in the first direction to a first
position and then rotates the knob in a second direction
opposite to the first direction.

[0016] The present invention provides a variety of force
models and force effects, which are suitable for, use with
haptic feedback devices, especially haptic feedback rotary
devices such as control knobs. Many of the force effects and
models allow a user of a control knob to make selections of
menu items, menus, and other options, as well as adjust
values, in easier fashion than with control knobs of the prior
art. The force effects of the present invention also reduce the
amount of overshooting, unintentional selection, and other
undesired motions that can occur with prior art haptic and
non-haptic control knobs.

[0017] 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

[0018] FIG. 1 is a perspective view of one embodiment of
a device including a control knob suitable for use with the
present invention;

[0019] FIG. 2 is a perspective view of one embodiment of
a mechanism for implementing the control knob device
suitable for use with the present invention;

[0020] FIG. 3 is a block diagram of a control system
suitable for use with the control device of FIGS. I and 2;
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[0021] FIGS. 4a, 4b, 4c and 4d are graphs illustrating
different embodiments of hill force effect profiles;

[0022] FIG. 4e is a diagrammatic illustration of multiple
menus or lists and the movement between menus;

[0023] FIG. 5a is a graph illustrating a linear barrier force
effect;

[0024] FIG. 5b is a graph illustrating a non-linear barrier
force effect of the present invention;

[0025] FIG. 6 is a block diagram of one example of a
control architecture for the haptic feedback system for the
present invention;

[0026] FIG. 7 is a diagrammatic illustration of a scrolling
list force model of the present invention;

[0027] FIG. 8 is a diagrammatic illustration of a jog
shuttle force model of the present invention;

[0028] FIG. 9 is a diagrammatic illustration of a “push-
push” force model of the present invention; and

[0029] FIG. 10 is a diagrammatic illustration of a cast
force model of die present invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0030] FIG. 1 is a perspective view of an example of a
control panel 12 for an electronic device, the control panel
including a control knob of the present invention. The
control knob is manipulated by the user to control various
functions of the device. In the described embodiment, the
device is a controller for various automobile systems, e.g., a
controller that controls audio output functions from speakers
that are connected to the device, environmental functions for
the automobile (air conditioning, heat, etc.), mechanical
functions for adjusting and moving automobile components
(mirrors, seats, sunroof, etc.), visual functions that can be
used within the automobile (map display, vehicle status
display, menu or list selection, web page display and navi-
gation, etc.), and other functions, such as a security or alarm
system for the automobile. For example, a common function
of the device is to play sound from one or more media or
signals, such as cassette tapes, digital audio transmission
(DAT) tapes, compact discs (CD’s) or other optical discs, or
radio or other signals transmitted through the air from a
broadcasting station or wireless network link. The device
can include the ability to display information from and/or
influence such other systems in a vehicle.

[0031] Alternatively, the controlled device can be a variety
of other electronic or computer devices. For example, the
device can be a home appliance such as a television set, a
microwave oven or other kitchen appliances, a washer or
dryer, a home stereo component or system, a home com-
puter, personal digital assistant, cellular phone, a set top box
for a television, a video game console, a remote control for-
any device; a controller or interface device for a personal
computer or console games, a home automation system (to
control such devices as lights, garage doors, locks, appli-
ances, etc.), a telephone, photocopier, control device for
remotely-controlled devices such as model vehicles, toys, a
video or film editing or playback system, etc. The device can
be physically coupled to the control panel 12, or the panel
12 can be physically remote from the device and commu-
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nicate with the device using signals transferred through
wires, cables, wireless transmitter/receiver, etc. The device
can be used in an environment such as a vehicle, home,
office, laboratory, arcade, hospital, or other setting.

[0032] The control panel 12 is accessible by the user to
manipulate the functions of the controlled device. Panel 12
can be mounted, for example, on the interior of a vehicle,
such as on or below the dashboard, on the center console of
the automobile, or in some other convenient area. Alterna-
tively, the panel 12 can be the surface of the external housing
of the controlled device itself, such as a stereo unit.

[0033] A display 14 can be coupled to the controlled
device and/or panel 12 to show information to the user
regarding the controlled device or system and/or other
systems connected to the device. For example, options or
modes 20 can be displayed to indicate which function(s) of
the device are currently selected and being adjusted through
manipulation of the knob. Such options can include “audio,
”“map,”“Internet,”“telephone,” power, etc., and selection of
one mode can lead to a menu of sub-modes. Other infor-
mation 22, such as the current audio volume, audio balance,
radio frequency of a radio tuner, etc., can also be displayed.
Furthermore, any information related to additional function-
ality of the device can also be displayed, such as a list 24 of
items from which the user can select by manipulating the
control panel 12. In some embodiments, a map or similar
graphical display can be shown on display 14 to allow the
user to navigate the vehicle. In other embodiments, display
14 can be a separate monitor displaying a graphical user
interface or other graphical environment as controlled by a
host computer. Display 14 can be any suitable display
device, such as an LED display, LCD display, gas plasma
display, CRT, or other device. In some embodiments, display
14 can include a touch-sensitive surface to allow a user to
“touch” displayed images directly on the surface of the
display 14 to select those images and an associated setting
or function.

[0034] Control knob 26 allows the user to directly manipu-
late functions and settings of the device. Knob 26, in the
described embodiment, is approximately a cylindrical object
engageable by the user. The knob 26 can alternatively be
implemented as a variety of different objects, including
conical shapes, spherical shapes, dials, cubical shapes, rods,
etc., and may have a variety of different textures on their
surfaces, including bumps, lines, or other grips, or projec-
tions or members extending from the circumferential sur-
face. In addition, any of variety of differently-sized knobs
can be provided; for example, if high-magnitude forces are
output on the knob, a larger-diameter cylindrical knob is
often easier for a user to interface with device. In the
described embodiment, knob 26 rotates in a single rotary
degree of freedom about an axis extending out of the knob,
such as axis A, as shown by arrow 28. The user preferably
grips or contacts the circumferential surface 30 of the knob
26 and rotates it a desired amount. Force feedback can be
provided in this rotary degree of freedom in some embodi-
ments, as described in greater detail below. Multiple knobs
26 can be provided on panel 12 in alternate embodiments,
each knob providing different or similar control functional-

1ty.

[0035] Furthermore, the control knob 26 of the present
invention allows additional control functionality for the user.
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The knob 26 is preferably able to be moved by the user in
one or more directions in a plane approximately perpen-
dicular (orthogonal) to the axis A of rotation (“transverse” or
“lateral” motion). Arrows 32 indicate this transverse motion.
For example, the knob 26 can be moved in the four orthogo-
nal and four diagonal directions shown, or may be moveable
in less or more directions in other embodiments, e.g. only
two of the directions shown, etc. In one embodiment, each
transverse direction of the knob is spring loaded such that,
after being moved in a direction 32 and once the user
releases or stops exerting sufficient force on the knob, the
knob will move back to its centered rest position. In other
embodiments, the knob can be provided without such a
spring bias so that the knob 26 stays in any position to which
it is moved until the user actively moves it to a new position.

[0036] This transverse motion of knob 26 can allow the
user to select additional settings or functions of the con-
trolled device. In some embodiments, the additional control
options provided by knob 26 allow the number of other
buttons and other controls to be reduced, since the functions
normally assigned to these buttons can be assigned to the
knob 26. For example, the user can move a cursor 34 or other
visual indicator on display 14 (e.g. pointer, selection box,
arrow, or highlighting of selected text/image) to a desired
selection on the display.

[0037] Besides such a cursor positioning mode, the trans-
verse motion of knob 26 can also directly control values or
magnitudes of settings. For example, the left motion of knob
26 can decrease a radio station frequency value or adjust the
volume level, where the value can decrease at a predeter-
mined rate if the user continually holds the knob 26 in the
left direction. The right motion of the knob 26 can similarly
increase a value. In another example, once one of the
information settings is selected, a sub menu can be displayed
and the directions 32 of knob 26 can adjust air temperature,
a timer, a cursor on a displayed map, etc.

[0038] In another implementation, each of eight directions
corresponds to a sub-menu category, and each lateral direc-
tion is only used for new menu selection, while knob
rotation is used for selecting options within the selected
menu. For example, categories such as “audio”, “map”,
“temperature” and “cellular phone” can be provided in an
automobile context and assigned to the lateral directions.
Once the knob is moved in one of the lateral directions, the
sub-menu category is selected and, for example, the knob
can be rotated to move a cursor through a list, select a
function and adjust a value, etc. Other control schemes can
also be used. In one embodiment, the knob can travel a small
distance laterally from the center position in each of the
eight directions. Other travel distances can be implemented
in other embodiments.

[0039] Different modes can also be implemented; for
example, the default mode allows the user to control cursor
34 using the directions 32 of the knob. Once the cursor is
located at a desired setting, such as the volume setting, the
user can switch the mode to allow the directions 32 to
control the setting itself, such as adjusting the value. To
switch modes, any suitable control can be used. For
example, the user can push the knob 26 to select the mode.
In other embodiments, the user can push a separate button to
toggle a mode, or some or all of the directions 32 can be used
to select modes. For example, the down direction might
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switch to “volume” mode to allow the user to rotate the knob
to adjust volume; the up direction can switch to “adjust radio
frequency” mode, and the left direction can switch to
“balance” mode (for adjusting the speaker stereo balance for
audio output with rotation of knob 26).

[0040] In addition, the control knob 26 is preferably able
to be pushed (and/or pulled) in a degree of freedom along
axis A (or approximately parallel to axis A) and this motion
is sensed by an axial switch or sensor. This provides the user
with additional ways to select functions or settings without
having to remove his or her grip from the knob. For
example, in one preferred embodiment, the user can move
cursor 34 or other indicator on the display 14 using the
transverse directions 32 or rotation of the knob 26; when the
cursor has been moved to a desired setting or area on the
display, the user can push the knob 26 to select the desired
setting, much like a mouse button selects an icon in a
graphical user interface of a computer. Or, the push or pull
function can be useful to control the modes discussed above,
since the user can simply push the knob and rotate or move
the knob while it is in the pushed mode, then release or move
back the knob to select the other mode. Pushing or pulling
the knob 26 can also toggle the modes discussed above. The
push and/or pull functionality of the knob 26 can be pro-
vided with a spring return bias, so that the knob returns to
its rest position after the user releases the knob. Alterna-
tively, the knob can be implemented to remain at a pushed
or pulled position until the user actively moves the knob to
a new position.

[0041] The knob 26 is preferably provided with force
feedback in at least the rotary degree of freedom of the knob.
One goal of the haptic knob interface described herein is to
allow the user to intuitively control several interface modes
with a single haptic knob. That is, by adjusting the feel of the
knob to clearly correspond to the context of the user inter-
face, users may more easily navigate through complex
menus and modes. For example, some interface modes may
have the tactile feel of detents; while other modes may have
the spring centered feel of a jog-shuttle. By providing
familiar haptic metaphors, this variable feedback affords a
cleaner, richer user experience.

[0042] Additional control buttons (not shown) or other
control devices may also be provided on the panel 12 to
allow the user to select different functions or settings of the
device, including dials, knobs, linear slider knobs, hat
switches, etc. Such additional controls may also be used in
conjunction with the control knob 26 to provide additional
selection and adjustment functionality.

[0043] One embodiment of the present invention provides
any of the implementations of the haptic knob described
herein in conjunction with voice recognition and command
functionality. Voice recognition/interpretation software/
firmware can run on one or more processors of the device or
interface, as is well known to those of skill in the art. Some
types of functions can be very well suited for control with a
combination of voice and haptic-enhanced touch. For
example, a mode, such as audio mode, temperature control
mode, etc., can be selected with voice. Then, however, the
user can use the haptic knob to adjust a value of a function,
such as a radio volume, a temperature setting, etc. This
embodiment acknowledges that some selections or adjust-
ments are easier to make with voice, while others are
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typically easier to make using a manual control. In addition,
such an embodiment can optimize control over a device
while diverting a user’s attention from other tasks, such as
driving, by a very small amount.

[0044] The sensor used for the knob has two primary
purposes: to provide position and direction information
(and, in some embodiments, velocity and/or acceleration
information) to a local or host processor in order to create
realistic haptic effects (for those effects that are position
based); and to communicate knob position information to
the host computer or processor for selections and manipu-
lation in the host-implemented environment. The haptic
effects perform best when a high-resolution sensor is used,
e.g. at least 1000 counts per full rotation. Since the knob is
preferably a continuous rotational device having an infinite
range of rotational motion, an encoder, rather than continu-
ous turn potentiometer, is a suitable sensor due to the
encoder’s accuracy and lower errors when transitioning
between maximum and minimum values. Other types of
sensors can, of course, be used in other embodiments,
including magnetic sensors, analog potentiometers, etc. In
some embodiments, a high-amplification transmission can
be used to provide greater resolution, such as a belt drive,
capstan drive, etc., as described below with reference to
FIG. 2.

[0045] One example of a knob mechanism that can be
used with the present invention is shown with reference to
FIG. 2. FIG. 2 is an exploded perspective view of a
mechanism 80 for the knob 26. Mechanism 80 implements
a direct drive motor for reduced friction and higher fidelity.

[0046] Knob 26 that is contacted by the user is directly
coupled to a knob pulley 82, which is in turn directly
coupled to a rotating shaft 86 of an actuator 84, such as a DC
motor or other type of actuator. A select switch 88 is
provided in a switch bracket 90 provided between knob
pulley 82 and motor 84; the pulley 82 closes the select
switch 88 when the user pushes on the knob and moves it
linearly along the axis of rotation so that the controlled
device can detect when the knob is pushed. The select switch
88 preferably provides a spring centering force on the axial
motion of the knob.

[0047] An encoder drive belt 92 is coupled to the knob
pulley and drives an encoder pulley disk 94, which is rotated
between an emitter and detector on a grounded encoder
printed circuit board (PCB) assembly 96. A top slider 98 is
positioned around the housing of actuator 84 and includes a
gate 100 facing down, which is mated with a plunger 102.
The plunger 102 is preferably spring loaded in an aperture
in the bottom case 104, and a bottom slider 106 is positioned
between the bottom case 104 and the top slider 98. The
bottom slider 106 and top slider 98 slide transversely with
respect to each other to allow the knob 26 and actuator 84
to together be moved in eight lateral directions (perpendicu-
lar to the axis of rotation of the knob). The engagement of
slots 101 and keys 103 in the slider members and in the
bottom case 104 allow this transverse motion, where the
slots and keys permit transverse motion. The plunger 102
and gate 100 interaction also confines the knob to desired
lateral directions, since the gate 100 is preferably grooved in
the desired directions, confining the plunger 102 to those
directions.

[0048] The plunger 102 and gate 100 are offset from the
center axis of rotation of the mechanism. In some embodi-



US 2004/0032395 Al

ments, the offset nature of these components can introduce
some rotational play of the knob about the center of the gate.
In such embodiments, it is preferred that a second gate and
spring-loaded plunger 105 be provided on the opposite side
of the sliders 98 and 106 to the existing gate and plunger to
provide greater stability and less play and vibration in the
mechanism. In a preferred embodiment, only one of the
gates includes grooves for guiding purposes; the other gate
can have a smooth, concave or cone-shaped underside.

[0049] Atop case 108 can be positioned wider the knob 26
and can be coupled to the bottom case 104 to provide a
housing around much of the mechanism. In a preferred
embodiment, the top slider 98 includes rounded surfaces on
projecting members 109, where the rounded surfaces contact
the underside of top case 108 to provide stability for the
sliding lateral motion of the knob mechanism.

[0050] A main PCB assembly 110 can be used to hold
circuitry and other needed electronic components for the
mechanism 80. In addition, a lateral sensor for sensing the
motion of the knob in the eight lateral directions can take the
form of a compact stick controller 112. Controller 112
includes a base that is coupled to the grounded PCB assem-
bly 110 and a stick portion that extends into a receptacle in
the top slider 98. As the top slider 98 moves in the eight
lateral directions, the stick of the controller 112 moves in
corresponding directions and a sensor within the controller
112 senses this motion. In other embodiments, other types of
sensors can be used for lateral sensors, such as optical beam
sensors, contact switches or sensors, Hall effect sensors,
optical encoders, etc.

[0051] Tt should be noted that the embodiment described
above is not the only embodiment that can be used with the
present invention. For example, some embodiments may
only include the transverse motion of knob 26 and not the
push and/or pull functionality nor the force feedback func-
tionality. Yet other embodiments may only include force
feedback with transverse knob motion, or force feedback
with push and/or pull functions. Other embodiments may
employ other user manipulandums, such as joysticks, mice,
trackballs, steering wheels, grips, etc.

[0052] The above embodiment and other suitable embodi-
ments for the present invention are described in greater
detail in copending patent application Ser. No. 09/637,513,
filed Aug. 11, 2000, which is incorporated herein by refer-
ence in its entirety.

[0053] FIG. 3 is a block diagram illustrating an electro-
mechanical system 200 suitable for use with the device
controlled by a knob of the present invention. A haptic
feedback system including many of the below components
is described in detail in U.S. Pat. No. 5,734,373, which is
incorporated by reference herein in its entirety.

[0054] In one embodiment, the controlled device includes
an electronic portion having a local microprocessor 202,
local clock 204, local memory 206, sensor interface 208, and
actuator interface 210.

[0055] Local microprocessor 202 is considered “local” to
the device, where “local” herein refers to processor 202
being a separate microprocessor from any other micropro-
cessors, such as in a controlling host computer (see below),
and refers to processor 202 being dedicated to force feed-
back and/or sensor I/O for the knob 26. In force feedback
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embodiments, the microprocessor 202 reads sensor signals
and can calculate appropriate forces from those sensor
signals, time signals, and force processes selected in accor-
dance with a host command, and output appropriate control
signals to the actuator. Suitable microprocessors for use as
local microprocessor 202 include the 8X930AX by Intel, the
MC68HC711E9 by Motorola and the PIC16C74 by Micro-
chip, for example. Microprocessor 202 can include one
microprocessor chip, or multiple processors and/or co-pro-
cessor chips, and can include digital signal processor (DSP)
functionality. Microprocessor 202 can also include “haptic
accelerator” chips dedicated to calculating velocity, accel-
eration, and/or other force-related data. Or, the processor
202 can be fixed digital logic, an ASIC, state machine, or
other type of controller.

[0056] A local clock 204 can be coupled to the micropro-
cessor 202 to provide timing data, for example, to compute
forces to be output by actuator 216. Local memory 206, such
as RAM and/or ROM, is preferably coupled to micropro-
cessor 202 to store instructions for microprocessor 202,
temporary and other data, calibration parameters, adjust-
ments to compensate for sensor variations can be included,
and/or the state of the device. Display 14 can be coupled to
local microprocessor 202 in some embodiments. Alterna-
tively, a different microprocessor or other controller can
control output to the display 14.

[0057] Sensor interface 208 may optionally be included in
to convert sensor signals to signals that can be interpreted by
the microprocessor 202. For example, sensor interface 408
can receive signals from a digital sensor such as an encoder
and convert the signals into a digital binary number. An
analog to digital converter (ADC) can also be used. Alter-
nately, microprocessor 202 can perform these interface
functions. Actuator interface 210 can be optionally con-
nected between the actuator and microprocessor 402 to
convert signals from microprocessor 202 into signals appro-
priate to drive the actuators. Actuator interface 210 can
include power amplifiers, switches, digital to analog con-
trollers (DACs), and other components. In alternate embodi-
ments, actuator interface 210 circuitry can be provided
within microprocessor 202 or in the actuator(s).

[0058] A power supply 212 can be coupled to the actuator
and/or actuator interface 210 to provide electrical power. In
a different embodiment, power can be supplied to the
actuator 216 and any other components (as required) by an
interface bus. Power can also be stored and regulated by the
device and thus used when needed to drive the actuator.

[0059] The mechanical portion of the system can include
some or all of the components needed for rotational motion
of knob 26, transverse motion of knob 26, the push and/or
pull motion of knob 26, and haptic feedback in any or all of
these degrees of freedom of the knob, as described above.
Sensors 214 sense the position, motion, and/or other char-
acteristics of knob 26 along one or more degrees of freedom
and provide signals to microprocessor 202 including infor-
mation representative of those characteristics. Typically, a
sensor 214 is provided for each degree of freedom along
which knob 26 can be moved, or, a single compound sensor
can be used for multiple degrees of freedom. Examples of
suitable sensors include optical encoders, analog sensors
such as potentiometers, Hall effect magnetic sensors, optical
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sensors such as a lateral effect photo diodes, tachometers,
and accelerometers. Furthermore, both absolute and relative
sensors may be used.

[0060] In those embodiments including force feedback,
actuator 216 transmits forces to knob 26 in one or more
directions in a rotary degree of freedom in response to
signals output by microprocessor 202 or other electronic
logic or device, i.e., it is “electronically controlled.” The
actuator 216 produces electronically modulated forces,
which means that microprocessor 202, or other electronic
device controls the application of the forces. Typically, an
actuator 216 is provided for each knob 26 that includes force
feedback functionality. In some embodiments, additional
actuators can also be provided for the other degrees of
freedom of knob 26, such as the transverse motion of the
knob 26 and/or the push or pull motion of the knob. Actuator
216, can be an active actuators, such as a linear current
control motor, stepper motor, pneumatic/hydraulic active
actuator, a torquer (motor with limited angular range), voice
coil actuator, etc. Passive actuators can also be used, includ-
ing magnetic particle brakes, friction brakes, or pneumatic/
hydraulic passive actuators, and generate a damping resis-
tance or friction in a degree of motion.

[0061] Mechanism 218 is used to translate motion of knob
26 to a form that can be read by sensors 214, and, in those
embodiments including force feedback, to transmit forces
from actuator 216 to knob 26. Examples of mechanism 218
are shown above. Also, a drive mechanism such as a belt
drive, gear drive, or capstan drive mechanism can be used to
provide mechanical advantage to the forces output by actua-
tor 216.

[0062] Other input devices 220 can be included to send
input signals to microprocessor 202. Such input devices can
include buttons or other controls used to supplement the
input from the panel to the controlled device. Also, dials,
switches, voice recognition hardware (e.g. a microphone,
with software implemented by microprocessor 202), or other
input mechanisms can also be included to provide input to
microprocessor 202 or to the actuator 216. A deadman
switch can be included on or near the knob to cause forces
to cease outputting when the user is not contacting the knob
as desired to prevent the knob from spinning on its own
when the user is not touching it, e.g. contact of a user’s digit
(finger, thumb, etc.) with the knob can be detected, pressure
on the knob 26 from the user can be detected.

[0063] Other microprocessor 224 can be included in some
embodiments to communicate with local microprocessor
202. Microprocessors 202 and 224 are preferably coupled
together by a bi-directional bus 226. Additional electronic
components may also be included for communicating via
standard protocols on bus 226. These components can be
included in the device or another connected device. Bus 226
can be any of a variety of different communication busses.
For example, a bi-directional serial or parallel bus, a wire-
less link, a network architecture (such as CANbus), or a
unidirectional bus can be provided between microprocessors
224 and 202.

[0064] Other microprocessor 224 can be a separate micro-
processor in a different device or system that coordinates
operations or functions with the controlled device. For
example, other microprocessor 224 can be provided in a
separate control subsystem in a vehicle or house, where the
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other microprocessor controls the temperature system in the
car or house, or the position of mechanical components (car
mirrors, seats, garage door, etc.), or a central display device
that displays information from various systems. Or, the other
microprocessor 224 can be a host microprocessor or cen-
tralized controller for many systems including the controlled
device. The two microprocessors 202 and 224 can exchange
information as needed to facilitate control of various sys-
tems, output event notifications to the user, etc. For example,
if other microprocessor 224 has determined that the vehicle
is overheating, the other microprocessor 224 can commu-
nicate this information to the local microprocessor 202,
which then can output a particular indicator on display 14 to
warn the user. Or, if the knob 26 is allowed different modes
of control, the other microprocessor 224 can control a
different mode. Thus, if the knob 26 is able to control both
audio stereo output as well as perform temperature control,
the local microprocessor 202 call handle audio functions but
can pass all knob sensor data to other microprocessor 224 to
control temperature system adjustments when the device is
in temperature control mode.

[0065] In other embodiments, other microprocessor 224
can be a host microprocessor, for example, that commands
the local microprocessor 202 to output force sensations by
sending host commands to the local microprocessor. The
host microprocessor can be a single processor or be provided
in a computer such as a personal computer, workstation,
video game console, portable computer or other computing
or display device, set top box, “network-computer”, etc.
Besides microprocessor 224, the host computer can include
random access memory (RAM), read only memory (ROM),
input/output (I/O) circuitry, and other components of com-
puters well-known to those skilled in the art. The host
processor can implement a host application program with
which a user interacts using knob 26 and/or other controls
and peripherals. The host application program can be
responsive to signals from knob 26 such as the transverse
motion of the knob, the push or pull motion, and the rotation
of the knob (e.g., the knob 26 can be provided on a game
controller or interface device such as a game pad, joystick,
steering wheel, or mouse that is connected to the host
computer). In force feedback embodiments, the host appli-
cation program can output force feedback commands to the
local microprocessor 202 and to the knob 26. In a host
processor embodiment or other similar embodiment, micro-
processor 202 can be provided with software instructions to
wait for commands or requests from the host processor,
parse/decode the command or request, and handle/control
input and output signals according to the command or
request.

[0066] For example, in one force feedback embodiment,
host microprocessor 224 can provide low-level force com-
mands over bus 226, which microprocessor 202 directly
transmits to the actuators. In a different force feedback local
control embodiment, host microprocessor 224 provides high
level supervisory commands to microprocessor 202 over bus
226, and microprocessor 202 manages low level force
control loops to sensors and actuators in accordance with the
high level commands and independently of the host com-
puter. In the local control embodiment, the microprocessor
202 can independently process sensor signals to determine
appropriate output actuator signals by following the instruc-
tions of a “force process” that may be stored in local
memory 206 and includes calculation instructions, formulas,
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force magnitudes (force profiles), and/or other data. The
force process can command distinct force sensations, such as
vibrations, textures, jolts, or even simulated interactions
between displayed objects. Such operation of local micro-
processor in force feedback applications is described in
greater detail in U.S. Pat. No. 5,734,373.

[0067] In an alternate embodiment, no local microproces-
sor 202 is included in the interface device, and a remote
microprocessor, such as microprocessor 224, controls and
processes all signals to and from the components of the
interface device. Or, hardwired digital logic can perform any
input/output functions to the knob 26.

Force Sensations for Rotational Devices

[0068] A number of force sensations are now described
which are suitable for use with rotational force feedback
devices. For example, these force sensations can be used
with rotational manipulandums such as knobs, steering
wheels, or rotary scroll wheels on mice. Where applicable,
these force sensations can also be used in with other types
of devices and/or in non-rotational contexts, e.g. a joystick,
mouse, linear-moving knob, etc.

[0069] A preferred implementation for controlling force
sensations utilizes a host controller, such as a host micro-
processor, and a local processor, such as a microprocessor,
as described above. The host microprocessor can implement
the environment, application, and/or the device functions
with which the user is interacting, such as a displayed
interface menu, the operation of controlled functions, etc.
The host microprocessor can send high-level commands to
the local microprocessor to output a particular force effect.
The local microprocessor can access local memory and
implement a force effect independently of the host processor
once the command has been given. The host can issue a
command to stop the effect at a later time, if necessary (or
the original command can include a duration parameter or
the like). Alternatively, the host processor can control force
output from the actuator(s) directly by sending force values
to the actuator (a local microprocessor, if present, and/or
other interface components can convert the values to signals
usable by the actuator).

Force Effects

[0070] Force effects provide individual force sensations to
a user. Force effects can be combined in various ways with
functional behavior to provide a force model or “machine,”
which is described below. In one preferred implementation,
the local microprocessor implements force effects after
receiving one or more high level commands from the host
processor, as explained above. A command can include a
command identifier and one or more (or zero) effect param-
eters that characterize a force effect.

[0071] For example, the host can define a force effect and
organize the effect parameters into serial packets. Once the
effect is received by the local microprocessor and the local
microprocessor is commanded to start output, the local
processor is entirely responsible for playing the effect.
Meanwhile, the host processor can acquire position infor-
mation of the knob from the local processor, or query the
status of the local processor’s effect output. In one embodi-
ment, the host processor can keep track of the local proces-
sor’s memory to determine how to manage local effect
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storage. For example, the local memory may only be able to
hold eight effects at once, requiring the host processor ‘to
manage when to send new effects or instruct the deletion of
previously-sent effects. Aspects of such memory manage-
ment are described in copending application Nos. 09/305,
872, incorporated herein by reference in its entirety.

[0072] Awvailable force effects can include springs, damp-
ers, textures, vibrations, detents, jolts or pulses, textures,
inertia, friction, obstructions (barriers), or dynamic force
effects. Many of these effects are described in other appli-
cations, such as applications Nos. 60/149,781 and 60/159,
930 and U.S. Pat. Nos. 5,734,373; 6,147,674; 6,154,201; and
6,128,006, all incorporated herein by reference in their
entirety. These sensations can also enable or aid particular
control schemes for an electronic device, such as isometric
and isotonic control modes, as described in the incorporated
applications and patents. The force sensations can be inte-
grally implemented with the control functions performed by
the knob.

[0073] A basic force sensation is force detents that are
output at particular predefined or regularly-spaced rotational
positions of the knob to inform the user how much the knob
has rotated and/or to designate a particular position of the
knob. The force detents can be simple jolts or bump forces
to indicate the detent’s position, or the detents can include
forces that attract the knob to the particular rotational detent
position and/or resist movement of the knob away from that
position. For example, a force profile showing a line
upwardly sloped and crossing through the origin is a stan-
dard detent. This and other types of detents are described in
U.S. Pat. No. 6,154,201. Force feedback “snap-to” detents
can also be provided, where a small force biases the knob to
the detent position when it is just outside the position. Also,
the magnitude of the force deternts car, differ based on the
value being controlled. In some embodiments, the user can
also change the magnitude of force detents associated with
particular values or actions. Also, different sets of detent
force profiles can be stored in a memory device on the
device and a particular set can be provided on the knob 26
by a microprocessor or other controller in the device.

[0074] Another type of force sensation that can be output
on knob 26 is a spring force. The spring force can provide
resistance to rotational movement of the knob in either
direction to simulate a physical spring on the knob. This can
be used, for example, to “snap back” the knob to its rest or
center position after the user lets go of the knob, e.g. once
the knob is rotated pasta particular position, a function is
selected, and the user releases the knob to let the knob move
back to its origin position. A damping force sensation can
also be provided on knob 26 to slow down the rotation of the
knob, allowing more accurate control by the user. Further-
more, any of these force sensations can be combined
together for a single knob 26 to provide multiple simulta-
neous force effects.

[0075] The spring return force provided in the rotary
degree of freedom of the knob 26 can also be used to
implement a rate control paradigm. “Rate control” is the
control of a rate of a function, object, or setting based on the
displacement of the knob 26 from a designated origin
position. The further the knob is moved away from the origin
position, the greater the rate of change of controlled input.
For example, if a rate control knob 26 with a spring return
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force is used to control a radio frequency, then the further the
knob is moved from the center origin position, the faster the
radio frequency will change in the appropriate direction. The
frequency stops changing when the knob is returned to the
origin position. The spring force is provided so that the
further the user moves the knob away from the origin
position, the greater the force on the knob in the direction
toward the origin position. This feels to the user as if he or
she is inputting pressure or force against the spring rather
than rotation or displacement, where the magnitude of
pressure dictates the magnitude of the rate. However, the
amount of rotation of the knob is actually measured and
corresponds to the pressure the user is applying against the
spring force. The displacement is thus used as an indication
of input force.

[0076] This rate control paradigm differs from “position
control”, where the input is directly correlated to the position
of the knob in the rotary degree of freedom. When providing
position control, in the radio frequency example, if the user
moves the knob to a particular position, the radio frequency
is set to a particular value corresponding to that rotary
position of the knob and does not change further. Force
detents are more appropriate for such a paradigm. In con-
trast, in the rate control example, moving the knob to a
particular position causes the radio frequency to continue
changing at a rate designated by the position of the knob.

[0077] A single knob 26 can provide both rate control and
position control over functions or graphical objects in dif-
ferent modes. One example of a force feedback device
providing both rate control (isometric input) and position
control (isotonic input) is described in greater detail in U.S.
Pat. No. 5,825,308, incorporated herein by reference. Such
rate control and position control can be provided in the
rotary degree of freedom of the knob 26. Also, if knob 26 is
provided with force feedback in the transverse degrees of
freedom or in the push/pull linear degree of freedom, then
the rate control and position control modes can be provided
in those degrees of freedom.

[0078] In haptic knob implementations, when determining
the desired force levels to be output on the knob 26, the
strength of the stiffest haptic effect should be referenced.
Given that the specific force levels vary with every effect, it
has been assumed that a barrier effect (end stopping force in
the rotation of the knob) will require the highest sustained
torque levels. One method, which can be used, is to provide
a momentary force level above the highest level that can be
maintained, as described below with reference to the barrier
force effect.

[0079] The actuator used is preferably designed to provide
maximum torque while taking into consideration the voltage
and current limitations of the power electronics and ampli-
fiers driving the actuator. Often, strictly adhering to a
minimum torque requirement may result in an “over-de-
signed” knob; although it play be desirable to maximize
torque to simulate stiff barriers, most effects can be com-
municated with much less torque. An intermediate torque
level that represents a reasonable compromise of the various
conflicting constraints of size, weight, torque and friction is
often adequate for realistic force feedback.

Other Force Effects

[0080] Hill Force Effect: One force effect that is suitable
for rotational devices is a “hill” effect. One example of a hill
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force profile 300 is shown in FIG. 4a, where the horizontal
axis represents the position of the knob (or other manipu-
landum) and the vertical axis represents the force magnitude
on the knob in the rotary degree of freedom. The force
direction is indicated by the curve’s position above or below
the horizontal axis, and is also indicated by arrows 302.
Thus, when the knob is moved from a origin position O to
a position P1, a resistive force on the knob towards the origin
O gets progressively stronger the further from the origin the
knob is rotated. Preferably, the magnitude roughly follows
an S-shaped curve as shown, but can be provided in other
shapes in other embodiments. However, once the knob is
past the position P1 (the selection point or division between
menus or other items), the force changes direction to bias the
movement of the knob towards the position P2, ie. an
assistive force. The force magnitude decreases the further
the knob is moved toward the position P2; preferably, the
assistive force also roughly follows an S-shaped curve, but
can be provided in other shapes in other embodiments.
Similarly, if the knob is moved in the opposite direction,
represented as right to left, a resistive force from P2 to P1
is output, which switches to an assistive force once the knob
is moved past P1 toward origin O. Preferably, a selection or
switching of options or menus is implemented once the
selection point P1 is reached by the knob.

[0081] A different example of a hill force effect is shown
in the force profile 301 of FIG. 4b. In this diagram, the force
that is output always resists motion of the knob. If the knob
is moved in a first direction, represented as motion left to
right in the force profile, then a resistive force is output,
indicated by curve 305 and arrow 3034, which resists motion
of the knob in that direction. The magnitude of the resistive
force slopes up to a peak, then slopes back down. The
sloping down of the resistive force allows the user to ease
the knob through the remaining hill force and, for example,
into the next menu. Similarly, a resistive force shown by
curve 307 and arrow 303b is provided when the user moves
the knob in an opposite direction, represented as right-to-left
in the profile 301. The resistive force slopes to a peak and
then back down, similarly to the curve 305.

[0082] Another example of a hill force effect is shown in
FIG. 4c. In this profile 309, the hill force curves are
overlapped; only one of the curves is in effect at any one
time, depending on the direction of the knob. If the knob is
moved from left to right, an increasing resistive force is
output, shown by the upper curve. When the knob is moved
to an endpoint P, the force becomes assistive, as shown by
the remainder of the lower curve to the right of point P.
However, the assistive force at point P is not at as high a
magnitude as the resistive force was, allowing a more
gradual motion towards the right. A similar resistive and
assistive force is provided in moving the knob in the
opposite direction. This is in contrast to the profile of FIG.
4a, in which, the assistive force at point PI is at the same
magnitude as the former resistive force; in some embodi-
ments, this can cause the user to unintentionally move the
knob farther than intended due to the change over to a high
magnitude assistive force. The profile of FIG. 4c avoids
some of these problems.

[0083] Yet another example of a hill force effect is shown
in FIG. 44. In this profile, the knob can be moved toward
position P1 from either side. Before reaching position PI, the
knob experiences an increasing resistive force represented
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by curve 312 or 314. After the knob reaches the peak point
T at either side, the resistance force reduces in magnitude
until it reaches zero at or just before the selection or division
position P1. If the knob is continues to move past the
position P1, it experiences an assistive force that increases
to point T and then reduces to zero. This profile thus
provides a stable point at position PI if the knob is halted at
the position P1; some embodiments can provide a greater
dead zone shown as distance d if a larger stable zone is
desired. The effect biases the knob to move into the next
selection once point P1 is passed.

[0084] The hill force effect can be useful in several con-
texts. In basic operation, the hill effect can be used to
haptically indicate divisions between screens, objects,
menus, menu items, values, device functions, or other types
of selections, and reduce undesired selection or movement
between those selections. One example is shown in FIG. 4e.
A display screen 304 might display multiple different menus
or lists 306, each menu having several items. For example,
menu 306a includes items Al-A4, menu 3065 includes
items B1-BS, and menu 306¢ includes items C1-C4. Moving
the knob, e.g. clockwise to move down the list, counter-
clockwise to move up the list, can move a selection cursor
308 to different items. The cursor can be moved to a different
menu when the user continues to rotate the knob past the last
item (or first item) in a menu. For example, when moving the
cursor past item BS, the cursor will move to item C4 in menu
306¢ (or to item C1 in other embodiments). If the cursor is
moved to a position before item B1, the cursor moves to item
A1 (or to item A4 in other embodiments). Moving the cursor
past item C4 can move the cursor to item A4 (or Al), and so
on.

[0085] When selecting an item within a single menu,
standard detent force effects can be output between menu
items to ease the selection of individual menu items, such as
those overlapping detent effects described in U.S. Pat. No.
6,154,201. For example, each successive item in a linear
menu 306 can be provided with a detent, where the detent
force profile overlaps with the beginning of the next item’s
detent force profile as a way to provide a more compelling
feel to the user and, in some cases, to reduce selection
overshoot. The visual aspect of selection can also be corre-
lated with the overlapping detent forces. For example, the
displayed cursor 308 is preferably not moved to an adjacent
menu item until the knob reaches the end of the current force
detent profile, regardless of whether the precise border
position between menu items has already been passed by the
knob.

[0086] When moving from one whole menu 306 to the
next menu 306, a hill force effect can be output to indicate
haptically to the user that whole menus or lists are being
switched. The cursor can be moved to the next menu when
the selection point (P1) is reached by the knob. For example,
the hill force effect can be of much stronger magnitude than
the menu detents and require a significant amount of force
to move the knob “over” the hill, so that the user will not
accidentally switch menus by moving to a border item in the
menu unless he or she really intends to switch. Alternatively
(or additionally), the hill effect can be made much “wider,”
i.e. cover a greater range of rotation of the knob, than the
menu detents to indicate its menu switching function. If
more than two menus are provided in succession, a hill force
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effect can separate each of the successive menus. Thus, the
hill force effect can be provided as indicated by arrows 309.

[0087] The hill force effect can be implemented in many
ways. In one embodiment, a detent force profile (e.g., the
portion of the profile to the left of position P1 in FIG. 4a)
can be phase-shifted to the desired location to provide a hill.
Preferably, a local microprocessor, in communication with a
host microprocessor, can both locally calculate and control
the force effects as well as gate the effects, i.e. determine
when the force effect is to be applied and when it is to be
turned off, based on information such as time (duration)
and/or device position. Alternatively, the host processor can
gate the hill effect and/or implement the hill effect.

[0088] Barrier Force Effect: A barrier effect is preferably
one of the highest-magnitude effects available since its
purpose is to convey to the user that the knob has reached a
limit to its motion.

[0089] One way to implement a barrier effect is to provide
a simple spring force having a high magnitude or “stiffness.”
A spring of the prior art is typically modeled using a
relationship such as F=kx, where the resistive force output
is linearly proportional to the distance that the knob is
moved into the spring. An example of a force profile 350 for
such a linear spring is shown in FIG. 5a. However, this type
of linear spring can present problems 111 some applications.
For example, springs that have a high slope (large k value)
increase the force level to a large extent in a relatively short
amount of knob motion. Barrier forces are often represented
using such springs of high stiffness. However, instability can
develop when the knob is first moved into the barrier force.
The high magnitude can be very sudden and may cause the
knob to back up slightly away from the barrier. This tends to
move the knob completely out of the barrier, so that when
the user again moves the knob into the barrier, the same
events occur, causing a repeating unstable shaking or vibra-
tion of the knob in and out of the barrier force. This tends to
happen only at low force magnitudes since the user is only
applying a small amount of force to the knob at those
outputs, e.g. a light grip. As the user pushes the knob further
into the barrier, the user must apply more force and is thus
“stiffer” arid the motion more stable.

[0090] The present invention solves this problem by
gradually and slowly increasing the resistive force in the
first, low-magnitude section or region of the barrier force,
and then increasing the barrier force at a greater rate in the
deeper distances. One way to provide this type of force is to
use an exponential force profile 360, as shown in FIG. 5b,
such as a squared function. The barrier force is only gradu-
ally increased until about a point XI, where the curve begins
to increase more steeply. The user is presented with a barrier
force that reaches the same magnitude of resistive force in
about the same distance of knob movement; thus the barrier
force feels as realistic as the traditional force of FIG. 5a.
However, the gradual increase of force at the beginning of
the barrier force range increases stability since it allows a
user to move the knob into and out of the barrier force region
with little interference or influence. In other embodiments,
the gradual initial increase can be achieved using force
profiles of different shapes. For example, two linear profiles
can be used in succession, with the first profile (to point XI)
having a lower slope than the later profile (past point X1).

[0091] Another barrier force implementation of the
present invention provides a similar barrier force as shown
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in FIG. 5b (or alternatively as in FIG. 5a). However, in
addition to the above-described barrier force, an impulse
force can be output when the knob is initially moved against
the barrier. The impulse force is preferably a decaying
oscillation of resistive force, such as a vibration, played in
summation with the barrier force; the impulse oscillation
decays down to the level of the normal barrier force. A
representation of an impulse oscillation 365 is shown in
exaggerated frequency; ini actuality, the oscillation is of a
high frequency that is almost imperceptible to the user, and
is summed with the barrier force curve. Preferably, the
oscillation is a time-based vibration that begins once the
knob is moved to the barrier region and which plays out
based on time, not knob position. Preferably, the initial
magnitude of the oscillation force is proportional to the
velocity of the knob as it enters the barrier. Thus, the more
quickly the user moves the knob, the greater the magnitude
of the impulse. The oscillation thus presents a high-fre-
quency vibration in conjunction with the barrier force imme-
diately upon the user’s entry to the barrier. The vibration
provides an enhanced sense of a rigid and solid barrier to the
user. In some cases, the knob may be moved past the impulse
force, but will then meet the more-gradual barrier force.

[0092] Alternatively or in addition to the impulse oscilla-
tion, a damping force can also be provided to resist knob
motion when the knob first enters the barrier region. The
damping force has a magnitude that is directly based on the
current velocity of the knob. Thus, the faster the user moves
the knob into the barrier, the greater the resistive damping
force will be. This entry damping force can be output within
the entire barrier region, or just at an initial area of the
barrier region. In other embodiments, an initial impulse of
force, such as a single pulse, can be output instead of an
oscillation.

[0093] Another feature of a barrier force of the present
invention provides a damping force for motion of the knob
exiting the barrier region. The barrier force of FIG. 5 or
FIG. 6 (as well as the oscillation and entry damping force)
can be used in conjunction with this exit damping force. The
exit damping force is applied in a direction opposite to the
barrier force after the knob is within the barrier force region
and when the knob exits the barrier force region, i.e., the
damping force resists motion of the knob out of the barrier.
The damping force ceases when the knob reaches the
starting point of the barrier. This damping has the beneficial
effect of reducing the amount of overshoot movement of the
knob out of a barrier when the user releases or reduces a grip
on the knob that is in the barrier region. For example, if no
damping is used, the barrier force can sometimes be strong
enough to cause the knob to rotate too far in the direction
opposite to the barrier, causing a knob-controlled cursor to
move too far and even into another menu. The damping
force effectively slows the knob down so that it comes to rest
at or very near the entry point of the barrier, which is
typically what the user expects. If the knob is moving
slowly, the damping force is negligible, and the user feels
little resistance moving the knob out of the barrier.

[0094] Another feature of the barrier force of the present
invention involves providing the maximum amount of force
output allowed by the motor (or other actuator) while
avoiding overheating the motor (this feature can be com-
bined with the features of the barrier force of FIG. 5b or can
be used with the barrier force of FIG. 5a). Every motor has

Feb. 19, 2004

a maximum force output, referred to herein as a “physical
maximum”, which the user can overcome if the user pro-
vides force of a greater magnitude opposing the motor’s
force. The physical maximum 362 is represented as a line in
FIG. 5b, and is based on power dissipation characteristics of
both the motor and the power amplifiers) feeding current to
the motor. The motor cannot maintain force at the physical
maximum without overheating motor components and/or
the amplifiers, so that even if such force maintenance is
tried, the force output will need to drop to a sustainable level
to protect the functionality of the motor and amplifier.

[0095] Typically, barrier forces (and other spring forces
and resistive forces) are assigned a “continuous maximum”
or “saturation level” which is a level of force magnitude
above which the actuator output will not increase. The
continuous maxima 364 and 354 are shown in the profiles
350 and 360. The provider of the haptic feedback device (or
the motor) has assigned the continuous maximum 364 as a
force level at which motor force output can be maintained
indefinitely without overheating the motor. As shown, the
continuous maximum is typically well below the physical
maximum of the motor.

[0096] In the present invention, another force level is
preferably designated, the “instantaneous maximum,”
shown at 356 (in FIG. 5a) and 366 (in FIG. 5b). This force
level is above the continuous maximum 354 or 364, but is
preferably below the physical maximum 362 or 352. The
motor cannot maintain the force level at the instantaneous
level indefinitely, and over time the force level must fall
back to the continuous maximum (or slightly above it) or the
motor and/or amplifier will become damaged. However, the
instantaneous level 362 or 352 can be useful in the output of
barrier force sensations. A force resistance can be output at
the instantaneous maximum when the knob is moved into
the barrier. Since the user rarely maintains pushing the knob
against the barrier force, but usually moves the knob back
out of the barrier, the instantaneous level usually need not be
maintained for very long. The greater magnitude, however,
provides a more compelling barrier force that feels like a
stronger barrier to the user. This feature of allowing greater
force magnitude can also be implemented for other types of
forces, such as vibrations, textures, jolts, etc.

[0097] If the user happens to continue to push the knob
against the barrier force, then after a predetermined time, the
force is preferably ramped smoothly down to a level that can
be maintained indefinitely, such as at the continuous maxi-
mum 364. This ramping down is preferably made to occur
before the motor overheats, as established in preliminary
testing. In some embodiments, the local microprocessor or
host microprocessor can sense motor characteristics to deter-
mine the proper time to ramp the force back down. For
example, if the local microprocessor is given the winding
resistance of the motor and the power dissipation charac-
teristics of the motor amplifier, then the local processor can
determine when to ramp down the force output based on the
duration of force output and the amount of current sourced
to the amplifier and motor. Alternatively, the local processor
(and/or host processor) can examine temperature of the
motor or components from a temperature sensor or other
sensor from which temperature can be derived. The local
microprocessor or host processor can use a variety of
thermal models to determine when to ramp down the output
force.
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[0098] Other force sensations can be output to simulate
ends of travel for the knob 26 or inform the user that the end
of travel has been reached. For example, a jolt force can be
output that is stronger in magnitude than normal detents,
which informs the user that the end of a value range or other
range has been reached. The user can then continue to rotate
the knob in that direction, where a displayed value (such as
a radio frequency) wraps around to the beginning value in
the range.

[0099] State- and Event-Triggered Effects: Force effects
can be triggered by manipulations of the knob by the user.
For example, when the user pushes the knob to make a
selection, a jolt force can be output. Preferably, the host
processor need not command this force each time it is
output; rather, firmware on the local processor monitors
knob position and outputs such a triggered force when
necessary. The local processor preferably implements firm-
ware that can output effects based on the state of the knob,
or based on events (changes in state) of the knob.

[0100] State-triggered effects are those force effects,
which are output during a particular state, such as a state of
a button. Thus, if a user maintained a button in a “pressed”
state, a triggered force effect would be output as long as the
button was maintained in such a state, and turned off when
the button was released to an “unpressed” state. Or, an effect
can be output while the knob was maintained at a particular
position.

[0101] Event-triggered effects are those force effects,
which are output based on a change in state. For example,
such effects would be triggered when a button changes from
a pressed state to an unpressed state, and could be triggered
again when the button changes from an unpressed state to a
pressed state. Such effects can be given a duration, so that if
they are not commanded to cease within the duration, they
are automatically stopped by the local microprocessor (state-
triggered effects can also be assigned durations). Other
changes in state that can trigger such effects include moving
the knob from one detent position to another detent position
when moving a cursor through a list of items.

Force Control Models

[0102] Below are described several force control “mod-
els” that provide particular selection functions when using a
manipulandum, such as a rotatable knob, of a haptic feed-
back device. A “force model” may reference one or more
individual force effects, such as detents, periodic effects,
hills, envelopes, springs, barriers, dampers, and other
effects. Many of these types of effects are described in
greater detail in U.S. Pat. Nos. 5,734,373 and 6,147,674. The
force model also may include behavior or rules for imple-
menting the force effects included in the model based on
conditions such as time, knob position, motion, velocity, etc.

[0103] FIG. 6 is a block diagram of one embodiment of a
haptic feedback system suitable for use with the present
invention, in which force models are implemented. A host
computer or host processor runs an application program 312
and a driver program 314. The application program 312 can
control the images displayed on a display device, storage
devices, and the overall functionality of the haptic feedback
device and its interfacing with device or computer functions.
In a vehicle, for example, the application program can
display a list of items or selections, a map, animations, etc.
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on a display device and control the operation of the vehicular
system selected by the user. In a host computer such as a
personal computer or game console, the application program
can be a game program, word processor, web browser, or
other application.

[0104] The driver 314 can also be running in the host
computer 310, e.g., on the host processor that also runs the
application program 312. The application program 312 can
provide force models to the driver 314. For example, the
application program can define in the force model a scrolling
list model (described below) and the detent force sensations,
spring force sensations, etc. that are used by the scrolling list
model. The driver then can independently handle control of
the scrolling list model without further input from the
application program. The driver 314 also provides position
data or other position-related information based on sensor
data received from the haptic feedback device 316 to the
application program 312, which the application program
uses to update its environment and/or functions. For
example, if a scrolling list is implemented, the driver can
provide the position in the list at which the knob is currently
located.

[0105] The driver 314 controls the force model indepen-
dently of the application program 312. The driver receives
sensor positions from the local processor 202 describing
where the knob (or other manipulandum) is currently posi-
tioned in its degree of freedom (velocity or acceleration data
can also be sent to the driver 314 from the local processor
202, or can be computed by the driver). The driver can
determine, for example, a list position from the sensor data
and send the list position to the application program. The
driver also determines which force effects should be output
depending on the current conditions and dictated by the
active force model (the driver can download the data for the
effects to the local processor). The driver then sends com-
mands to the local processor 202 to control the output of
forces by the actuator 216 based on the received commands.
For example, a “play” command causes the local processor
to output those effects specified by the play command and
stored in its memory.

[0106] Thus, the host computer 310 governs when the
force effects in a force model are output in the described
embodiment. The driver 314 and local processor 202 can
collectively be called a “machine”320 that interfaces with
the application program 312 at a high level. In other embodi-
ments, the application program can perform the driver
functionality. Alternatively, the local microprocessor 202
can be given greater responsibility. For example, the force
model (including all its behaviors and conditions) can be
downloaded to the local microprocessor from the host to be
partially or completely handled by the local microprocessor.

[0107] In some embodiments, an “envelope” can be pro-
vided around particular position ranges in a force model.
Once the cursor or knob has been moved to pierce the border
of the envelope, the driver or local processor knows to
remove (or otherwise change) the force model or force
effects being output. In some cases, the envelope can be a
velocity and/or acceleration envelope, which causes a
change in the output of a force model or effect when the
rotational velocity or acceleration of the knob is outside a
particular, predetermined range. For example, a particular
force model or effects may only play in a desired velocity
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range—this can be useful to stop the output of detents when
the knob reaches a barrier position.

Detent Model

[0108] The host processor implements the detent model by
commanding detent effects to be output by the local pro-
cessor (or directly output in other embodiments not includ-
ing a local processor). This model can act as a base model
for other models described herein. The host processor deter-
mines the shape of detents and their range in the rotational
degree of freedom of the knob device. This determines how
far the knob must be turned to move between detents, e.g.,
from one item in a list to another item. The host processor
sends a command to the local processor indicating the detent
positions and the local processor outputs the detent forces as
appropriate. The host processor receives position informa-
tion about the knob from the local microprocessor, and the
host processor determines the current position of the knob in
relation to the detents being generated on the device. As the
device changes from one detent position to the next, the
cursor position is controlled by the host in the displayed
menu or other screen location. In other embodiments, a more
sophisticated local processor can be provided with the detent
shape and spacing information so that the local processor
can determine the cursor position in the list or menu. The
local processor can then provide this list position to the host
processor, which updates the display.

Scrolling List Model

[0109] A scrolling list force model provides forces that
assist a user in selecting items in a list or menu. FIG. 6
shows a schematic representation 310 of a scrolling list
model of the present invention. The list 312 is represented by
several displayed items Al, A2, A3, etc. in a display window
313, awry one of which can be selected by moving the knob
26 or other manipulandum, which moves a cursor 314
through the list. The cursor is used to highlight a menu item,
where any item can be selected by the user when high-
lighted, e.g. by pushing on the knob. Preferably, each item
has a force detent effect associated with it, where the detent
biases knob motion to the center of the item and away from
the borders between each item.

[0110] Only a number of the items in the list are displayed
at any one time, e.g., only seven items in the scrolling list
312 are displayed (the “visible list”). However, many addi-
tional items are available in the list to be selected; e.g., items
A8-A20. To access the additional items, the user moves the
knob (e.g., clockwise) so that the cursor 314 reaches the
border 316 of the visible list (which is preferably the border
of an envelope that is positioned coextensively with the
visible list portion 313). A spring force, represented by
spring element 318, resists further motion of the knob past
border 316. However, if the user does continue to move the
cursor to compress the spring 318, a rate control mode is
entered, in which the additional items A8-A20 are scrolled
into the visible list 313, one at a time. Since the size of the
visible list 313 is fixed, each new list item displayed in the
visible list causes an old item to moved off the visible list as
the list items are scrolled to the left, e.g., item Al would
disappear as items A2-A7 move left and item A8 appears at
the rightmost position. The further that the user moves the
knob into the spring 318, the greater is the spring force
resistance, and the greater the speed of scrolling new items
into the visible list 313.
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[0111] Preferably, as each item is moved onto the list in
rate control mode, a pop effect (or jolt) is output on the knob.
The pop can be, for example, a single period of a square
wave or other type of wave to provide the force impulse or
jolt. Each jolt indicates to the user that another item has
scrolled onto the list, and also tells the user the critical
information about the current scrolling rate. The user can
feel the rate of pops and correlate this directly with the
scrolling rate, which is essential when operating the knob
device without full attention to the selection process (e.g., as
in a running vehicle).

[0112] In operation, the local microprocessor (or other
controller) provides a fine positioning control and detent
operation while the cursor is in the list 312. When the cursor
moves to a border such as border 316, the processor turns off
the detents and turns on the spring rate control forces. If
envelopes are being used, the local microprocessor can turn
on and off detents; alternatively, the host processor can read
the knob position and turn on and off detents. Preferably, the
host processor controls the pops during rate control mode.
For example, a host processor displays the list 312 and
implements the functions activated by a list selection. The
host processor can provide a “pop” or jolt command to the
local microprocessor each tune a pop is to be output in rate
control mode. This functionality could in other embodi-
ments be vested in the local microprocessor having a local
memory, where the host processor downloads the spacing of
the list items and other information required to output
detents and pops.

Bounded List Model

[0113] Abounded list is similar to a scrolling list in that a
number of successive items are presented for the user to
select via movement of a cursor along the list. However,
instead of providing the rate control borders as in the
scrolling list, hard limits are used at each end of the list (e.g.,
at border 316 in FIG. 6). A barrier force can be output at
each end of the list, such as a very stiff spring force, to
indicate to the user that a limit has been reached. Alterna-
tively, if multiple lists or menus are accessible by further,
rotation of the knob, a hill force effect can be provided at one
or both ends of the list, as explained above. The user can
overcome the hill force to access the next menu.

Slider Model

[0114] This model can be made similar to the bounded list
model. The user controls a value or function by rotating the
knob, such as radio volume, balance of speakers, seat
position in a vehicle, fan speed, etc. The knob’s rotational
range is preferably bounded with barrier forces, such as stiff
springs. In addition, detents can be output at certain posi-
tions in the range of the knob; for example, a detent can be
output at the center of the range to inform the user of the
mid-point in the available range. Detents can also be posi-
tioned at one-quarter, one-eighth, or other divisions in the
range. Furthermore, detents can be centered at user-pre-
ferred positions, such as favorite radio stations or channels.
The host processor can read user preferences and thus
determines which positions in the range are associated with
force detents, and outputs commands to implement the
detents when appropriate. Barriers can also be output at the
ends of the range of rotation, controlled by the local pro-
cessor. In addition, a damping force can be output to provide
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a resistance to the motion of the knob, e.g. to allow for fine
positioning of the knob when the user is precisely control-
ling a value. In some embodiments, such as when control-
ling the speed of a fan in a temperature control unit, a
vibration can be output on the knob, where the frequency
and/or magnitude of the vibration is proportional to the
amount of rotation from the origin position. In still other
embodiments, slider models can be used to control a value
or function that has no bounds and which wraps around to
a beginning value. For example, when tuning a radio, radio
frequencies can wrap from the highest frequency to the
lowest frequency. In such an embodiment, no barrier forces
need be output, although a detent, jolt, or other force effect
can be output to signify to the user of the wrap-around event.

Jog Shuttle Model

[0115] The jog shuttle model allows a user a different
control paradigm for scrolling through a list or controlling a
function or value. The output force effects provide a simu-
lated jog shuttle, in which the knob is provided with a
centering spring force at all points of its rotation, the spring
force biasing the knob toward an origin rest position. Thus,
a spring force is preferably output when the knob is moved
in either direction away from the origin position, and the
spring force is output over the entire movement range of the
knob.

[0116] FIG.7 is a force vs. position profile 390 illustrating
a jog shuttle model of the present invention. To best simulate
a mechanical jog shuttle having mechanical springs, the
force feedback knob is preferably provided with two spring
effects. The first spring effect, shown as curve 392, can be
output over the entire range of the knob, and can have a
medium amount of stiffness. The force resists motion away
from the origin O and increases in magnitude as the knob is
moved away from the origin until the saturation level is
reached, at which point the force is no longer increased in
magnitude but still resists motion away from the origin. The
second spring, shown as curve 394, can overlap the first
spring effect but is only in effect over a small range between
positions —PI and P1 around the origin position. This pro-
vides the perception of a rotational preload. The second
spring is preferably much stiffer than the first spring, requir-
ing a greater amount of force from the user to overcome.
This second spring provides a more “quality” feel to the
knob since the knob is less likely to feel loose to the user
around the origin position (the transition of moving from the
second spring to first spring or vice-versa can be made not
discernible by the user).

[0117] When the user moves the knob, a rate control
paradigm is preferably implemented, where the greater the
amount of rotation away from the origin position, the greater
is the speed or rate of change of the controlled value or
function. The jog shuttle model can be used to scroll through
a list of items or a sequence of items or units, similarly to the
rate control borders of the scrolling list model described
above. In some embodiments, the host processor can output
a pop for each item or division that scrolls by. The user can
also in some embodiments be haptically notified when the
knob is at the origin position by outputting a pop or detent
force at the origin position.

Inertia Model

[0118] The inertial model provides a force on the knob to
give the feeling of weight or heaviness to the knob. The

Feb. 19, 2004

inertial force permits the user to spin the knob with an initial
motion and remove his or her hand from the knob, which
allows the knob to continue to spin freely as if by inertia. Or,
the user can tuna the knob quickly and then stop the knob;
the knob will feel as if it wants to continue rotating due to
the inertia force. To simulate inertia, the acceleration of the
knob typically must be derived from changes in position or
velocity of the knob, as is well known in the art. The inertial
force can be affected by a simulated gravity, simulated
friction, or other factors. The inertial force can also be
enhanced with other forces such as pops or small detents.

Push-Turn Model

[0119] This model allows the user to select or adjust a
function of a device by providing a dual motion: a push of
the knob to translate it along its axis of rotation, combined
with a twist or rotation of the knob. Before the knob is
pushed, a high-magnitude force is preferably output, such as
a barrier force, resisting the knob from turning. Once the
knob is pushed, the host processor turns off the barrier force
and the knob may be turned to make a selection or adjust
some other device function. For example, when the cursor is
over a particular item in a list, a push-turn of the knob can
be required to select the next item rather than a simple turn
of the knob. The pushing motion simulates having to move
the knob “under” a gate or other obstruction. The host
processor preferably monitors the knob for the push and turn
combination in order to determine when to remove or turn
on the barrier force. Preferably, a spring return force is
provided in the translational degree of freedom, so that when
the user stops pushing on the knob (e.g. after the turn of the
knob), it returns to its original translational position before
the push, and the resistive force is again output.

Push-Push Model

[0120] This model allows the user to selector adjust a
function of a device by providing a combination of springs.
An example of a Push-Push profile 400 is shown in FIG. 8.
For example, while rotating the knob clockwise (left to
right), a first spring force at curve 402 is encountered that
resists further clockwise motion. However, when the user
pushes clockwise into the spring a predefined distance to a
selection point P, the first spring is deactivated or the force
is sloped down steeply, as shown. A short distance further
clockwise, a second spring force is activated, shown by
curve 404: The second spring force is preferably much stiffer
(higher magnitude) than the first spring force and in the same
direction as the first spring. When the user moves the knob
to the selection point P, a selection of a function of a device
can be performed. The second spring preferably acts as a
barrier force to further knob motion. The activation of the
second spring and deactivation of the first spring inherently
provides a “click” sensation to the user, as if the knob has
been rotated through a detent.

[0121] The Push-Push Model can be used for making a
single selection, or can be used for other selection methods.
For example, the user might use a push-push selection to
enter a rate control mode. A physical-world analog to the
push-push model is a magnetic cabinet door, which can be
closed by moving the door against a spring magnetic con-
tact. The door is pushed to compress the contact until a
“click” is felt, after which the door reaches a physical barrier
to further motion. This click indicates that the door is now
locked or unlocked.
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Cast Model

[0122] The cast model provides forces that allow the user
to manipulate a knob or other rotational manipulandum to
perform a selection or move a cursor through a list. Prefer-
ably, the model acts so that the knob can simulate casting a
fishing line using a rod and reel. In one embodiment, a light
spring force or inertia force is output to resist motion of the
knob from an origin position, e.g., in the counterclockwise
direction. The user can rotate the knob a particular distance
against this resistive force in a first motion and then can
quickly rotate the knob in the opposite direction (e.g.,
clockwise) with a quick twist or a similar motion, as the
second motion. This motion causes a cursor or other con-
trolled object or value to move a particular distance or at a
particular velocity through a list, across a screen, through a
menu, through a range, etc. In some embodiments, a pop
force can be output as the cursor moves past each item (or
as the cursor moves past every X items, where X is a number
above 1), from which the user can approximately determine
how far through the list the cursor has moved. Thus, the user
preferably makes both motions and continues to hold the
knob as the “cast” is made. Some embodiments can provide
an assistive force to the second motion, such as a spring
force. One example of a cast force profile is shown in FIG.
9, in which a small resistive spring force, shown as curve
412, is provided for the first motion (left of origin O), and
a small assistive force, shown as curve 414, is provided for
the second motion (right of origin O).

[0123] For example, if the cursor is currently positioned
over an “A” entry in an alphabetical list, the user can
perform these motions to “cast” the cursor further into the
list, such as to the letter “M.” The further back the user
moves the knob in the first motion, the further the cursor is
moved, e.g. moving the knob all the way back in the first
motion will move the cursor to the letter “Z.” Alternatively,
or in addition, the further the user moves the knob in the
second motion, the further the cursor moves. The velocity of
the second motion can also affect cursor motion in some
embodiments, with faster motions causing the cursor to be
moved a greater “distance” into the list and/or moved at a
faster rate. This control scheme can also be used to adjust a
value of a device such as volume or temperature, or to select
a different menu or list.

Other Models

[0124] Other simple models can be combined with the
above models or used independently. For example, one
model allows the user to push the knob in or down along the
z-axis, which causes a higher sensing resolution mode to be
active. For example, the user may rotate the knob in its up
or out position to control a cursor or value coarsely. When
the cursor or value nears a desired value or spatial location,
the user can push in the knob to allow finer control. Different
force effects can be output depending on the mode, allowing
the user to distinguish the current mode based on feel. For
example, a different spacing and/or magnitude of detents can
be output for the two different modes which indicates the
current sensing resolution, e.g. a tighter spacing for a higher
sensing resolution.

[0125] A different model provides a “pop” sensation
whenever the user pushes the knob down on the z-axis (in
some embodiments, a pop can also be output when the user
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moves the knob back up or lets it be moved up by a restoring
force). The pop sensation can be output in the rotational
degree of freedom about the rotational axis. The pop is
preferably very short so that no adverse or undesired motion
of the knob in the rotational degree of freedom is caused. For
example, an impulse of force can be output quickly in one
direction, then the opposite direction.

[0126] It should be noted that the force models and effects
described above can be used in a variety of force feedback
devices besides rotational devices like knobs, scroll wheels,
and steering wheels. For example, these effects can be
adapted for use with joysticks, mice, or other interface
devices.

[0127] While this invention has been described in terms of
several preferred embodiments, there are alterations, modi-
fications, and permutations thereof, which fall within the
scope of this invention. It should also be noted that the
embodiments described above can be combined in various
ways in a particular implementation or embodiment. Fur-
thermore, certain terminology has been used for the pur-
poses of descriptive clarity, and not to limit the present
invention. It is therefore intended that the following
appended claims include such alterations, modifications, and
permutations as fall within the true spirit and scope of the
present invention.

1. A method, comprising:

receiving a signal associated with a motion of a manipu-
landum in a degree of freedom;

determining a position and a direction of the motion of the
manipulandum in the degree of freedom based on the
signal;

outputting a first force signal if the determination indi-
cates that the manipulandum moves towards a prede-
termined position in the degree of freedom; and

outputting a second force signal if the determination
indicates that the manipulandum moves away from the
predetermined position in the degree of freedom.

2. A method as recited in claim 1 further comprising
correlating the motion of the manipulandum with a motion
of a cursor displayed in a graphical interface, wherein the
predetermined position of the manipulandum corresponds
with a border between a first feature and a second feature
displayed in the graphical interface, each accessible by the
cursor, and wherein the first force signal is output when the
cursor moves from the first feature towards the border, and
the second force signal is output when the cursor moves
away from the border towards the second feature.

3. A method as recited in claim 2 wherein at least one of
the first and second features comprises one of a screen, a
menu, an object, and a visual function displayed in the
graphical interface.

4. A method as recited in claim 2 wherein the first force
signal is associated with a resistive force, and the second
force signal is associated with an assistive force.

5. A method as recited in claim 4 wherein the resistive
force is characterized by a first force function magnitude that
increases as the position of the manipulandum approaches
the predetermined position, and the assistive force is char-
acterized by a second force function magnitude that
decreases as the position of manipulandum retreats from the
predetermined position.
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6. A method as recited in claim 2 wherein the first force
signal is associated with a first resistive force, and the
second force signal is associated with a second resistive
force.

7. Amethod as recited in claim 6 wherein the resistive first
force is characterized by a first force function magnitude that
increases as the position of the manipulandum approaches
the predetermined position, and the second resistive force is
characterized by a second force function magnitude that
decreases as the position of the manipulandum retreats from
the predetermined position.

8. A method as recited in claim 1 further comprising
correlating the motion of the manipulandum with a motion
of a cursor displayed in a graphical interface, and wherein
the predetermined position of the manipulandum corre-
sponds with a selection point displayed in the graphical
interface, accessible by the cursor, and wherein the first
force signal is output when the cursor moves towards the
selection point, and the second force signal is output when
the cursor moves away from the selection point.

9. A method as recited in claim 8 wherein the selection
point is associated with one of a menu item, an object, a
numeric value, and a visual function displayed in the graphi-
cal interface.

10. A method as recited in claim 1 wherein the degree of
freedom comprises a rotary degree of freedom.

11. A processor-executable program, comprising:

code to display a menu in a graphical interface, the menu
including a displayed section and an undisplayed sec-
tion, each having at least one menu item;

code to correlate a motion of a cursor displayed in a
graphical interface with a motion of a manipulandum;

code to display at least a portion of the undisplayed
section by the cursor; and

code to output a force signal to a haptic actuator coupled
to the manipulandum, when the at least one menu item
in the undisplayed section is displayed.

12. A processor-executable program as recited in claim 12
wherein the force signal is associated with a jolt force.

13. A processor-executable program as recited in claim 12
further comprising code to output a detent force signal when
the cursor moves between two menu items in the displayed
section.

14. A processor-executable program as recited in claim 12
further comprising code to output a resistive force signal to
the haptic actuator, wherein a magnitude of the resistive
force increases with a rate at which the menu items in the
undisplayed section are displayed.

15. A processor-executable program as recited in claim 14
wherein the resistive force comprises a spring force.

16. A processor-executable program as recited in claim 12
further comprising code to output a barrier force signal when
the cursor reaches an end of the undisplayed section.

17. A processor-executable program as recited in claim 12
wherein the manipulandum is movable in a rotary degree of
freedom.
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18. A processor-executable program, comprising:

code to output a force signal, the force signal being
associated with a force for resisting a rotation of a
manipulandum about an axis of rotation;

code to receive an input signal associated with a transla-
tion of the manipulandum along the axis of rotation
relative to a predetermined position; and

code to cease outputting the force signal when the input
signal indicates the translation of the manipulandum
relative to the predetermined position.

19. A processor-executable program as recited in claim 18
wherein the force comprises one of a barrier force and a
spring force.

20. A processor-executable program as recited in claim 18
further comprising code to output a jolt force signal when
the input signal indicates the translation of the manipulan-
dum relative to the predetermined position.

21. A processor-executable program as recited in claim 18
further comprising code to output a spring force signal when
the manipulandum completes a rotation, wherein the spring
force is configured to enable the manipulandum to return to
the predetermined position along the axis of rotation.

22. A processor-executable program as recited in claim 18
further comprising code to correlate the rotation of the
manipulandum with a motion of a cursor displayed in a
graphical interface.

23. A processor-executable program, comprising:

code to receive a signal associated with a displacement of
a manipulandum from a predetermined position in a
degree of freedom;

code to increase a rate of change of a feature displayed in
a graphical interface with the displacement; and

code to output a force signal, the force signal being
associated with a resistive force, and a magnitude of the
resistive force correlated with the displacement.

24. A processor-executable program as recited in claim 23
wherein the feature comprises one of a numeric value and a
function type displayed in the graphical interface.

25. A processor-executable program as recited in claim 23
further comprising code to increase the magnitude of the
resistive force with the displacement.

26. A processor-executable program as recited in claim 25
wherein the resistive force comprises one of a spring force
and a barrier force.

27. A processor-executable program as recited in claim 23
further comprising code to output a barrier force signal when
the feature ceases to change.

28. A processor-executable program as recited in claim 23
wherein the degree of freedom comprises a rotary degree of
freedom.



