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(57) ABSTRACT

[A set of haptic elements (haptels) are arranged in a grid.
Each haptel 1s a haptic feedback device with linear motion

and a touchable surface substantially perpendicular to the
direction of motion. In a preferred embodiment, each haptel
has a position sensor which measures the vertical position of
the surface within 1ts range of travel, a linear actuator which
provides a controllable vertical bi-directional feedback
force, and a touch location sensor on the touchable surface.
All haptels have their sensors and eflectors interfaced to a
control processor. The touch location sensor readings are
processed and sent to a computer, which returns the type of
haptic response to use for each touch 1n progress. The con-
trol processor reads the position sensors, derives velocity,
acceleration, net force and applied force measurements, and
computes the desired force response for each haptel. The
haptels are coordinated such that force feedback for a single
touch 1s distributed across all haptels imnvolved. This enables
the feel of the haptic response to be independent of where
touch 1s located and how many haptels are mvolved 1n the
touch. As a touch moves across the device, haptels are added
and removed from the coordination set such that the user
experiences an uninterrupted haptic effect. Because the
touch surface 1s comprised of a multiple haptels, the device
can provide multiple simultaneous interactions, limited only
by the size of the surface and the number of haptels. The size
of the haptels determines the minimum distance between
independent touches on the surface, but otherwise does not
alfect the properties of the device. Thus, the device 1s a
pointing device for graphical user interfaces which provides
dynamic haptic feedback under application control for mul-
tiple simultaneous interactions.] A set of haptic elements
(haptels) arve arranged in a grid. Fach haptel is a haptic
feedback device with linear motion and a touchable surface
substantially perpendicular to the divection of motion. In a
preferved embodiment, each haptel has a position sensor
which measures the vertical position of the surface within its
range of travel, a linear actuator which provides a control-
lable vertical bi-divectional feedback force, and a touch
location sensor on the touchable surface. All haptels have
their sensors and effectors interfaced to a control processor.
The touch location sensor readings are processed and sent to
a computer, which returns the type of haptic vesponse to use
Jor each touch in progress. The control processor veads the
position sensors, derives velocity, acceleration, net force
and applied force measuvements, and computes the desired
Jorce response for each haptel. The haptels are coordinated
such that force feedback for a single touch is distributed
across all haptels involved. This enables the feel of the hap-
tic response to be independent of where touch is located and
how many haptels are involved in the touch. As a touch
moves across the device, haptels arve added and removed
from the coovdination set such that the user experiences an
uninterrupted haptic effect. Because the touch surface is
comprised of a multiple haptels, the device can provide mul-
tiple simultaneous interactions, limited only by the size of
the surface and the number of haptels. The size of the haptels
determines the minimum distance between independent
touches on the surface, but otherwise does not affect the
properties of the device. Thus, the device is a pointing device
for graphical user interfaces which provides dynamic haptic
feedback under application control for multiple simulta-
neous interactions.

140 Claims, 12 Drawing Sheets
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FORCE FEEDBACK COMPUTER INPUT AND
OUTPUT DEVICE WITH COORDINATED
HAPTIC ELEMENTS

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a continuation of and claims benefit of
priority under U.S. patent application Ser. No. 09/357,727

filed Jul. 21, 1999, now U.S. Pat. No. 6,337,678 and which 1s
incorporated herein by reference 1n 1ts entirety.

BACKGROUND

1. Field of Invention

This invention relates to computer mput and output
devices, specifically to those which provide force feedback,
and to those which can be used as a pointing device for
graphical user interfaces.

2. Description of Prior Art

Computers are becoming increasingly important as a pro-
ductivity tool. They continue to improve dramatically 1n
terms of computational speed, memory, storage and display.
However, the interface between users and the computer has
not changed significantly since the introduction of the mouse
and the graphical user interface. The human-computer inter-
face must be improved for users to increase their productiv-
ity and take better advantage of the new capabilities comput-
ers provide.

Many common computer interface operations are best
performed with a direct manipulation interface. For
example, when using a drawing application, 1t 1s easier for
the user to point at the object they wish to select, rather than
use a voice recognition mterface i which they must describe
the object they wish to select. Typically, direct manipulation
interfaces combine a high-resolution pointing device, used
to move a cursor on the screen, with some way to initiate an
action at the current location. For example, a mouse may
employ rotary optical encoders to measure the distance
moved, and one or more buttons for “clicking” on the object
beneath the cursor (e.g., selecting, actuating, dragging, or
otherwise manipulating an on-screen object.).

While this was a significant improvement over previous
devices, such an interface does not come close to fully
exploiting the abilities people have to mampulate objects
with their hands. Existing devices have one or more of the
tollowing drawbacks:

No Direct Mapping Between the Hand and the Display

Direct mapping 1s used herein to describe the case where a
one-to-one correspondence exists between the position of a
cursor on a screen and the position of a user’s hand, and also
implies that there 1s a unique hand position for every cursor
position. Input devices which do not move, such as
trackballs, joysticks, the IBM TrackPoint™ and the Synap-
tics TouchPad, lack such a direct mapping. No matter where
the cursor 1s, the user’s hand 1s 1n essentially the same loca-
tion. A mouse also lacks a direct mapping, for at least two
reasons. First, there 1s a non-linear relationship between the
speed of the mouse and the speed of the cursor on the screen.
This results 1n a different position depending on how quickly
the mouse 1s moved from one location to another. Second,
the mouse 1s often picked up and moved during use, particu-
larly if the working area 1s limited.
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Direct mapping 1s important because 1t better leverages a
user’s spatial skills. Humans have a keen sense of the posi-
tion of their hands 1n relationship to their body and their
environment. Taking advantage of these spatial skills 1s valu-
able because the cognitive load placed on the user by the
computer interface 1s decreased, leaving the user’s attention
available for performing work. For example, when dragging
an object from one point on the screen to another, a user
must pay close attention to a cursor’s position and look for
visual feedback indicating the cursor 1s positioned properly,
in order to manipulate an on-screen object. During this
process, the user’s attention 1s not available for other tasks
(e.g., reviewing files, program output, and the like). Some
existing mmput devices have a direct mapping between the
hand and the screen, such as touch screens and digitizing
tablets. These devices suffer from other infirmities, as
described below.

Lack of Dynamic Haptic Feedback

Haptic feedback 1s a preferable characteristic for input
devices. The term haptic feedback as used herein means
communicating information to a user through forces applied
to the user’s body. Typically, the position of some portion of
an 1input device changes along at least one degree of freedom
depending on the force applied by the user. For example,
when pressing a button on a mouse, the button does not
move until the applied force reaches a certain threshold, at
which point the button moves downward with relative ease
and then stops (e.g., the sensation of “clicking” a button).
The change 1n the position of the button communicates to the
user through their sense of touch that the mouse click was
successiul. Note that a device with haptic feedback can be an
input device (initiating an action) and an output device
(giving haptic feedback indicating that the action was
initiated) simultaneously.

Input devices that are completely devoid of haptic
teedback, such as membrane keyboards and touch screens,
have not gained widespread acceptance for desktop comput-
ers as a result of this deficiency. Thus when using such 1mput
devices, users are uncertain whether a finger press was reg-
istered by the computer and so must pay special attention to
visual or auditory feedback to get this confirmation. This
decreases data entry rates, making users less productive and
the computer interface less enjoyable to use.

Mice, trackballs, joysticks, and other devices often pro-
vide buttons for initiating actions that provide haptic feed-
back. For example, the stylus used with a graphics tablet has
a spring 1n 1ts tip so the position of the pen relative to the
tablet can vary depending on the applied force. However,
such devices have the same haptic response regardless of the
state of the user interface. For example il a user clicks the
mouse on a graphical button that i1s disabled, the haptic
response of the mouse button 1s no different from that of
clicking a button that 1s enabled, and so 1s misleading to the
user because no action will result from the click. What 1s
needed 1s an mput device which provides dynamic haptic
teedback. Haptic feedback 1s termed herein as being
dynamic to indicate that the haptic feedback can be altered
over time (e.g. by means a software application) 1n order to
provide additional information to a user.

A number of devices having dynamic force feedback
ex1st. Most of these lack a direct mapping between the hand
and the device (e.g. force-feedback joysticks). Others have a
direct mapping but are primarily designed for use 1n three-
dimensional applications such as virtual reality or tele-
operation. Most productive work done on computers 1s two-
dimensional 1n nature, such as spreadsheets and page layout.
These productivity applications would not enjoy significant
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benefits from the use of a three-dimensional 1mput device.
These devices have additional drawbacks, as outlined below.
User Interaction 1s Encumbered or Impeded

Many input devices encumber the user by requiring them
to move at least a portion of the input device during use. For
example, the time it takes to move the cursor across the
screen with a mouse 1s increased because the user must
accelerate and decelerate the mass of the mouse, 1n addition
to the mass of their hand. Other mput devices do not add
inertia but impede the user 1n other ways. With a trackball,
for example, multiple sweeping motions are required to
move the cursor large distances, which 1s awkward and time
consuming. With a joystick, for example, the force applied
relates to the speed of the cursor on the screen, which may
require the user to wait when the cursor 1s moving relatively
large distances.

Any 1nput device which must be located and/or manipu-
lated before use sullers from such problems to at least a
certain extent (e.g., mice and some force reflecting
interfaces, among others). For example, 11 a person not cur-
rently using a computer and wants to press a graphical but-
ton on computer’s display, they must find and grasp the
mouse, move the mouse to position the cursor over the
button, and then click the button. In contrast, a touch screen
leaves the user unencumbered. They can reach out and press
a graphical button on the display directly, with no intermedi-
ate steps. A touch screen, however, suffers from the
previously-described infirmity of lacking haptic feedback.
Insuificient Support for Multiple Interactions

Most mput devices, such as the mouse, trackball, joystick,
the Synaptics TouchPad and the IBM TrackPoint™, only
support a single interaction at a time. However, people have
two hands which they are innately able to use together. Two
single-nteraction devices have been combined to provide
two points of control, but confusion can arise because the
correspondence between screen cursors and pointing devices
1s not apparent. Because these devices lack a direct mapping
to the screen, their physical positions cannot resolve the cor-
respondence between an input device and its cursor.
Moreover, no provision 1s made for the interaction of mul-
tiple users. With a single input device, only a single user may
“own’” the device at any given time, and (given a single input
device) users must take turns interacting with the computer.
This 1s obviously a cumbersome and awkward technique
when multiple users wish to work collaboratively on a given
project.

SUMMARY OF THE INVENTION

Embodiments of the present invention overcomes conven-
tional limitations by providing a device having a direct
mapping, for example, between the touching portion of a
user’s hand and the position of a cursor on a display and an
output in the form of dynamic haptic feedback, without
encumbering or impeding the user and allowing a large num-
ber of simultaneous interactions. The device provides direct
mapping to reduce the conscious eflort required for rela-
tively pedestrian tasks such as interacting with a graphical
user mterface (GUI). The user’s interaction with the device
1s not hampered by a need to laterally move any portion of
the device.

The device provides dynamic haptic feedback. Haptic
teedback 1s termed herein as being dynamic to indicate that
the haptic feedback can be altered over time (e.g. by means a
soltware application) 1n order to provide additional informa-
tion to a user. In the previous example, a disabled button
would have a different feel from that of an enabled button,
allowing a user to discern that a graphical button was not
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enabled, using their sense of touch. The device also supports
multiple interactions. Having more than two points of con-
trol 1s useful when multiple users collaborate at the same
computer. Allowing a large number of interactions at once
allows multiple users to interact with the computer simulta-
neously. Another benefit of having more than two points of
control 1s the ability of a user to employ multiple fingers for
pointing purposes, even 1 combination.

Embodiments of the present invention take the form of an
iput and output device for a processor. In one embodiment,
an put/output device has a horizontal two-dimensional
area which can be touched simultaneously (e.g., with the
hands) 1 multiple places. The location of each touch 1s mea-
sured and the area surrounding each touch moves vertically
and provides dynamic haptic feedback to the user. The
device has a control processor that communicates with
another processor on which software applications are
executed. The control processor continually sends the cur-
rent attributes of all touches 1n progress, and recerves com-

mands which specity the type of haptic response each touch
should exhibit.

The touchable area 1s comprised of a grid of haptic
clements, referred to herein as haptels. Haptel 1s used herein
to describe a haptic feedback device with linear motion hav-
ing a touchable surface substantially perpendicular to the
direction of motion. A haptic feedback device 1s used herein
to describe an 1input and output device with a moving portion
mampulated by a user, one or more sensors that measure the
position and/or various dermvatives of position and/or the
forces applied to the moving portion, one or more elfectors
which can apply forces to the moving portion, and a proces-
sor which measures the sensors, computes a response, and
drives the effectors to create a range of haptic effects.

In one embodiment, each haptel includes a position sensor
to measure the vertical position of the surface within its
range of travel, an electromagnetic linear actuator to provide
a controllable vertical bi-directional feedback force, and a
touch location sensor to measure the coordinates of a single
touch within 1ts bounds. Preferably, the haptel grid 1s cov-
ered by a single sheet of flexible material that protects the
haptels and hides the grid from view.

il

The haptels have their sensors and effectors interfaced to a
control processor. The control processor measures the posi-
tion ol haptel surfaces and allows information such as
velocity, acceleration, and applied force to be derived.
Alternatively, sensors can be included in each haptel to pro-
vide such measurements (and others) directly. The control
processor computes the desired feedback force for each hap-
tel and drives the actuators to generate the appropriate
forces. The haptic response of each haptel may be config-
ured to be essentially arbitrary within a certain range. The
range of available effects depends on the type of sensors
employed, the bandwidth and precision of the sensors and
cifectors, the resolution of the analog-to-digital and digital-
to-analog conversion performed, the amount of available
processing power and the update frequency of the control
loop, among other factors. These tradeoils would be appar-
ent to one skilled 1n the art of force feedback design.

Because the touchable area 1s comprised of many haptels,
cach of which can function independently, the device allows
multiple touches at once. Each haptel responds to only one
touch at a time, so that there 1s a lower bound on the distance
between two touches which do not interfere with each other.
The worst-case value of this minimum distance is approxi-
mately the diagonal size of a haptel. However, in a specific
instance the minimum distance can be substantially smaller
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depending on the locations of the two touches. Smaller hap-
tels allow touches to be closer to one another.

A typical interaction 1s a user pressing a graphical button
displayed as part of a GUI. The finger touches the device,
landing on a specific haptel. The overall location of the touch
1s determined by the touch location sensor of the haptel 1n
combination with the location of that haptel within the hap-
tel grid. The touch location 1s communicated to a processor
(e.g., a computer) which discovers that a graphical button 1s
“underneath” the touch, and therefore communicates this
information to the control processor to use a “button™ haptic
response for this touch. As the user presses down on the
haptel, the control processor responds with a feedback force
which increases as the surface 1s depressed until the position
reaches a certain threshold, at which point the feedback
force 1s quickly reduced. This causes the applied force to
momentarily exceed the feedback force, which results 1n the
quick downward movement of the haptel surface. In this way
a “clicking” sensation 1s conveyed to the user. Preferably, the
computer 1s continually mnformed of the state of the touch so
that when the haptel reaches the bottom of 1ts travel, the
computer executes the action represented by the graphical
button and displays the button 1n 1ts activated state.

If the graphical button 1s disabled, the computer has the
control processor use a “disabled button™ haptic response. In
this response the feedback force increases with position at a
higher rate than the “button” response with no force dropoil.
This creates the sensation of an unyielding surface which
informs the user than the action represented by the graphical

button cannot be 1nitiated.

The preceding descriptions assume that each touch falls
within the bounds of a single haptel, but this need not be the
case. If the touchable area of the device 1s mapped to a GUI
in which interface elements can be placed anywhere, some
will happen to be located on the edge between two haptels or
the vertex where four haptels meet. A touch on such a con-
trol 1s therefore likely land on more than one haptel. Such
“border touches™ can be transparently handled by the device.
The first step 1s to merge related touches. If two touches
appear simultaneously on adjacent haptels a short distance
apart, the device can safely infer that the touches are really a
single touch on the border between those two haptels. Simi-
lar inferences can be made for touches that appear simulta-
neously near the vertex of any number of haptels.

Once the set of haptels 1s determined, the haptels are man-
aged 1n a coordinated fashion. The center of the touch 1is
computed, preferably by weighting each touch location by
the force applied to that haptel, and then dividing by the total
force applied to the haptels involved. Likewise, the collec-
tive surface position, velocity, and acceleration are
computed, preferably by weighted average of the haptels
involved. Other weightings are possible, including equal
welghting of values. The applied force measurements of the
haptels involved may be summed to compute the total force
applied. The haptic response 1s then computed from these
collective measurements 1n much the same way they would
be computed for a single haptel, resulting 1n a collective
teedback force. This feedback force 1s distributed across the
haptels involved 1n the touch in proportion to the amount of
the total applied force lands on each haptel. In addition, a
restoring force pulls the haptels towards the collective posi-
tion to prevent surfaces from drifting apart due to measure-
ment errors and other factors. As a result, the total feedback
torce 1s eflectively distributed across the haptels involved 1n
the touch, and the haptel’s surfaces will have similar
position, velocity, and acceleration. This provides the illu-
sion that a single surface was pressed, making the coordi-
nated nature of the touch undetectable by the user.
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Not only can such device coordinate a fixed set of haptels,
but 1t can also transparently add and remove haptels from the
coordination set over time. This 1s necessary during “drag-
ging’ operations 1in which touches move across the device.
When a touch gets close to another haptel, the newly-added
haptel 1s added to the coordination set. This has the effect of
causing 1ts surface to become flush with the haptels already
involved 1n the touch. Preferably, this 1s done without affect-
ing the feel of the touch in progress. When the touch moves
far enough away from a given haptel, that haptel 1s removed
from the coordination set, leaving it free to participate 1n
another touch.

This coordination effectively makes the haptels” gridded
nature 1nvisible to the user and to software applications. The
computer specifies the response for a touch in a declarative
fashion, and the device ensures that this response will be
generated regardless of where the touch falls, how many
haptels are involved i1n the touch, or whether the touch
moves. Device-specific information provided to the com-
puter might include the minimum allowed distance between
independent touches, so that the computer can separate con-
trols designed for simultaneous use appropniately or give
teedback to the user when one touch ventures too close to
another.

The foregoing 1s a summary and thus contains, by
necessity, simplifications, generalizations and omissions of
detail; consequently, those skilled 1n the art will appreciate
that the summary 1s illustrative only and 1s not intended to be
in any way limiting. Other aspects, inventive features, and
advantages of the present invention, as defined solely by the
claims, will become apparent in the non-limiting detailed
description set forth below.

BRIEF DESCRIPTION OF THE DRAWINGS

The present mvention may be better understood, and 1ts
numerous objects, features, and advantages made apparent
to those skilled 1n the art by referencing the accompanying
drawings. In the drawings, related figures have the same
number but different alphabetic sutlixes.

FIG. 1 1s a schematic exploded perspective representation
ol a portion of one embodiment of the invention, showing
parts which comprise a haptel moving assembly.

FIG. 2 1s a schematic exploded perspective representation
of a portion of one embodiment of the invention, showing a
haptel moving assembly and constraint pins.

FIG. 3 1s a schematic exploded perspective representation
ol a portion of one embodiment of the invention, showing
parts which comprise a haptel stationary assembly.

FIG. 4 1s a schematic exploded perspective representation
of a portion of one embodiment of the invention, showing a
haptel stationary assembly mounted to a support plate.

FIG. SA 1s a schematic exploded perspective representa-
tion of a portion of one embodiment of the invention, show-
ing the parts and assemblies which comprise a haptel.

FIG. 5B i1s a schematic perspective representation of a

portion of one embodiment of the invention, showing a hap-
tel.

FIG. 6A 1s a schematic exploded perspective representa-
tion of one embodiment of the imnvention, showing parts and
assemblies which comprise a haptel grid with a flexible
overlay and a hand rest.

FIG. 6B 1s a schematic perspective representation of a
portion ol one embodiment of the mnvention, showing a hap-
tel grid with a flexible overlay and a hand rest.

FIG. 7 1s a schematic of a circuit for measuring haptel
surface position.
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FIG. 8 1s a schematic of a circuit for driving a haptel
actuator.

FIG. 9 1s a block diagram showing the elements of one
embodiment of the invention.

FIG. 10 1s a tlow chart representation of a method for
controlling the apparatus.

The use of the same reference symbols 1n different draw-
ings indicates similar or identical 1tems.

DETAILED DESCRIPTION OF THE INVENTION

The following 1s intended to provide a detailed description
of an example of the invention and should not be taken to be
limiting of the invention itself. Rather, any number of varia-
tions may fall within the scope of the mvention which 1s
defined 1n the claims following the description. In addition,
the following detailed description has been divided into
sections, subsections, and so on, to highlight the various
subsystems of the invention described herein; however,
those skilled 1n the art will appreciate that such sections are
merely for illustrative focus, and that the invention herein
disclosed typically draws its support from multiple sections.
Consequently, 1t 1s to be understood that the division of the
detailed description 1nto separate sections 1s merely done as
an aid to understanding and i1s 1 no way intended to be
limiting.

Haptel Description

FIG. 1 illustrates various aspects of one embodiment of a
haptel according to the present invention and exemplified by
a haptel 500. Haptel 500 includes, primarily, two assemblies:
a moving assembly 100 and stationary assembly 300. FIG. 1
illustrates an exploded perspective view of the parts of mov-
ing assembly 100.

An XY sensor 116 1s attached to the top of a surface 102,
which 1s 1n turn coupled to a coil holder 104. Edges of XY
sensor 116 are preferably folded around surface 102 and
fixed into place by glue, for example. An XY cable 118 is
provided to couple XY sensor 116 to an XY interface (not
shown), to be described later. XY sensor 116 may be imple-
mented using, for example, a four wire resistive film touch
sensor. An upper bearing 106 and a lower bearing 110 prei-
erably it closely around coil holder 104 and are held 1in by
glue, for example. Upper bearing 106 1s rotationally aligned
with coil holder 104 such that bearing pin holes 106a are
aligned with coil pin holes 104a, constituting constraint pin
holes 100a. Magnet wire 108 1s wound around coil holder
104 between upper bearing 106 and lower bearing 110.
Magnet wire ends 108a are routed through a lower wire hole
104b, through the interior of coil holder 104, and through an
upper wire hole 104¢. Magnet wire ends 108a are electri-
cally coupled to a coil cable 114. Magnet wire ends 108a are
mechanically but not electrically coupled (e.g., non-
consecutively glued) to the top of coil holder 104 for pur-
poses of strain relief.

Surface 102 and a coil holder 104 may be made, for
example, of a non-ferromagnetic material with good heat
conductivity (e.g., 6110-T6 aluminum alloy). Preferably, the
interior sides of coil holder 104 are painted black and the
interior lop 1s painted white. Upper bearing 106 and lower
bearing 110 are made of a low friction material, such as
polytetrafluoroethylene (PTFE). Coil cable 114 and XY
cable 118 may be, for example, high-flexibility multicon-
ductor shielded cables, with jacket and shield removed from
the flexing portion. Magnet wire 108 may be, for example,
standard insulated magnet wire.

FI1G. 2 illustrates an exploded perspective view of moving,
assembly 100 and constraint pins 200. This figure shows
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how constraint pins 200 fit into constraint pin holes 100a.
Constraint pins 200 may be, for example, metal cylinders
with a smooth surface, such as spring steel wire.

FIG. 3 1llustrates an exploded perspective view of station-
ary assembly 300. In the embodiment shown in FIG. 3, a flux
disk 306 i1s attached to a magnet 304, which 1n turn is
attached to a base 302. A proximity sensor 308 is electrically
coupled to a position cable 310, which passes through flux
disk hole 306a, magnet hole 304a and base cable hole 302a.
Position cable 310 couples proximity sensor 308 to a posi-
tion circuit (not shown), to be described later. Position cable
310 1s preferably a shielded four conductor cable.
Preferably, the bottom of proximity sensor 308 1s flush with
the top of flux disk 306 and secured (e.g., glued into place).
A spring 312 1s ailixed to flux disk 306 surrounding proxim-
ity sensor 308. A lower base bearing 314 preferably fits
closely mside a midsection 316, and 1s secured (e.g., glued
into place). Midsection 316 fits around the top of base 302
and 1s rotationally aligned to be square with base 302. Upper
base bearing 318 fits closely 1nside top section 320, and 1s
rotationally aligned such that bearing slots 318a are aligned
with top slots 320a, constituting constraint pin slots 300a.
Top section 320 fits closely around the top of midsection 316
and 1s rotationally aligned to be square with midsection 316
and base 302.

Magnet 304 1s preferably a high-strength permanent mag-
net. Base 302, flux disk 306 and midsection 316 are prefer-
ably made of a ferromagnetic material with good permeabil-
ity (e.g., steel alloy 121.14). The top and sides of flux disk
306 are preferably painted black before assembly. Top sec-
tion 320 1s preferably made of a non-ferromagnetic material
(e.g., 6110-T6 aluminum alloy). Upper base bearing 318 and
lower base bearing 314 are preferably made of a low-Iriction
material (e.g., PIFE). Proximity sensor 308 may be imple-
mented using, for example, a reflective proximity sensor
containing an LED (not shown) and a phototransistor (also
not shown).

FIG. 4 illustrates an exploded perspective view of a haptel
stationary assembly 300 mounted to a support plate 402.
Support plate 402 1s made of a ngid material with good heat
conductivity, such as aluminum plate. It will be noted that
FIG. 4 shows only a portion of support plate 402. Mounting
hardware 404 may consist of two sets ol machine screws,
nuts and washers, for example. In one embodiment, the
machine screws are routed through two diagonally opposite
holes 1n haptel stationary assembly 300 and through support
plate 402, and are fastened securely to the other side using
nuts and washers. Position cable 310 1s routed through a
center hole 1 support plate 402. The hole pattern in support
plate 402 should match the hole pattern 1n base 302.

FIG. 5A 1llustrates an exploded perspective view of the
parts and assemblies of a haptel such as haptel 500. FIG. 5B
illustrates a perspective view of haptel 500. Moving assem-
bly 100 fits inside stationary assembly 300. Moving assem-
bly 100 1s preferably aligned such that constraint pin holes
100a are aligned within constraint pin slots 300a, making,
surface 102 of moving assembly 100 square with stationary
assembly 300. Constraint pins 200 are glued into constraint
pin holes 100a, fitting within, but not aflixed to, constraint
pin slots 200a. Coil cable 114 and XY cable 118 are routed
through the remaining corner holes 1n stationary assembly
300 and support plate 402.

Grid Description

FIG. 6A 1llustrates an exploded perspective view of the
parts included i grnid assembly 600. FIG. 6B illustrates a
perspective view of grid assembly 600.

Unified support plate 602 1s shown 1n FIG. 6A as having
nine haptels (e.g., haptel 500) 1n a 3x3 grid configuration.
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Unified support plate 602 replaces support plate 402 for all
haptels 1n the grid. The rectangularly arranged set of nine
haptels 1s referred to as a haptel grid 604. The bolts, coil
cables, position cables, and XY cables of all haptels go
through appropriately positioned holes 1 unified support
plate 602. In addition, there 1s a hole 1n the unified support
plate beneath each base air hole 302b. Preferably, grid over-
lay 606 1s affixed to haptel grid 604 at the centers of the
haptel surtaces. Grid overlay 606 1s a thin, slick, flexible and
stretchable material, such as 0.010" thick urethane elastomer
sheet with 60 Shore A durometer hardness. Hand rest 608 1s
aifixed to support plate 602 with grid feet 610. Hand rest 608
1s preferably made of injection molded plastic, while grid
teet 610 are preferably plastic with standard screws centrally
embedded therein. The screws projecting from grid feet 610
preferably thread into holes 1n vertical supports 608a. The
height of vertical supports 608a ensures that the upper sur-
face of hand rest 608 1s flush with the upper surface of haptel
orid 604 when assembled.

System Description

FI1G. 9 illustrates a block diagram depicting the functional
clements of an embodiment of the present invention. An
iput/output (I/0) device 900 includes haptels 500(1)—(N).
position circuits 700(1)—(IN), actuator circuits 800(1)—(N).
XY terfaces 912(1)-(N) and a control system 902. Control
system 902 includes an analog input card 906, two serial
cards 910, a digital output card 908, and a control processor
904. Functional elements of haptels 500(1)—(N) are shown
as a group containing magnet wires 108(1)—(IN), proximity
sensors 308(1)-(N) and XY sensors 116(1)—(IN).

It will be noted that the variable identifier “N” 1s used in
several instances 1n FI1G. 9 to more simply designate the final
clement (e.g., haptel 500 (N), XY sensor 116(IN), and so on)
of a series of related or similar elements (e.g., haptels
500(1)—(N), XY sensor 116 (1)-(N), and so on). The
repeated use of such variable identifiers 1s not meant to
imply a correlation between the sizes of such series of
clements, although such series may be equal 1n extent. The
use of such variable i1dentifiers does not require that each
series of elements have the same number of elements as
another series delimited by the same variable identifier.
Rather, 1n each instance of use, the variable identified by “N”
may hold the same or a different value than other instances
of the same variable 1dentifier. For example, haptel S00(IN)
may be the ninth 1n a series of haptels, whereas XY sensor
116(N) may be the forty-eighth XY sensor in a series of XY
sensors. In the preferred embodiment, N equals nine for all
Series.

Each one of haptel proximity sensors 308(1)—(N) 1is
coupled via a corresponding one of position cables
310(1)(N) to a corresponding one of position circuits
700(1)—(N) as described in FI1G. 7. The output of each one of
position circuits 700(1)—(N) 1s coupled to an 1nput of analog,
input card 906, which 1s mstalled 1in control system 902 and
communicates with control processor 904 via a communica-
tions channel such as PCI bus 922. Analog input card 906 1s
preferably a high-speed data acquisition card with a number
ol inputs corresponding to the number of haptels 1n haptel
orid 604 and may employ devices such as those available
from National Instruments of Austin, Tex. under the trade
designation PCI-6023E. Magnet wires 108(1)—(N) couple
their respective haptel via one of coil cables 114 to the out-
puts of a respective one of actuator circuits 800(1)—(IN),
described 1n FIG. 8. The mputs of each of actuator circuits
800(1)—(N) are coupled to the outputs of digital output card
908 which 1s shared by actuator circuits 800(1)—(IN). Digital

output card 908 1s mstalled in control system 902 and com-
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municates with control processor 904 via a communications
channel such as a device PCI bus 922. Digital output card
908 preferably provides at least 14 bits of parallel output,
and may employ devices such as are available under the
trade designation DIO-32HS, from National Instruments.

Each one of haptel XY sensors 116(1)—(IN) 1s coupled via
a corresponding one of XY cables 118(1)-(N) to a corre-
sponding one of XY nterface 912(1)—(N). Each one of XY
interface 912(1)—(N) digitizes readings from a correspond-
ing one of XY sensors 116(1)—(N) and provides an interface
(e.g., RS-232 senial interface) to this data. XY interfaces
912(1)—~(N) may be implemented using devices such as those
under the trade designation CS6000 and available from
CyberTouch of Newbury Park, Calif. The serial port of each
of XY 1nterfaces 912(1)(N) 1s coupled to a corresponding
serial port on senial cards 910. Each serial card has eight
ports, thus two serial cards are required to support the nine
XY mterfaces 1in this embodiment. Serial cards 910 are
installed 1n control system 902 and communicates with con-
trol processor 904 via a communication channel such as PCI
bus 922 using, for example, devices such as the National
Instruments device designated PCI-232/8.

Control processor 904 1s connected via serial link 914 to a
computer 916. Typically, control processor 904 and com-
puter 916 are both appropriately programmed general pur-
pose processors. In one embodiment, computer 916 1s a
computer system such as a personal computer system. Other
embodiments may include different types of computer sys-
tems. Computer systems may be found in many forms
including but not limited to mainframes, minicomputers,
workstations, servers, personal computers, notepads and
embedded systems. A typical computer system includes at
least one processing unit, associated memory and a number
of mput/output (I/0) devices. A computer system processes
information according to a program and produces resultant
output information via the I/0O devices. A program 1s a list of
internally stored instructions such as a particular application
program and/or an operating system. A soltware module
may include a program. The programs that control the opera-
tion of a computer system are commonly referred to as soft-
ware applications or simply software. Preferably, control
processor 904 and computer 916 are implemented using a
processor such as an Intel Pentium III operating at 550 MHz.

Operation

The operation of a device such as I/O device 900 1s now
described. The mechanical operation of a haptel 1s first
described, followed by a description of the operation of a
proximity sensor and actuator. The operation of control sys-
tem 902 1s then described.

Haptel Mechanical Operation

In operation, the top of XY sensor 116 1s pressed with a
pointing element such as a finger or stylus causing moving
assembly 100 to move up and down. Constraint pins 200
limit the vertical travel of moving assembly 100 and keep
moving assembly 100 from rotating relative to stationary
assembly 300. Spring 312 applies an upward force to mov-
ing assembly 100 which returns moving assembly 100 to an
upper limit of travel when not depressed.

When XY sensor 116 1s pressed anywhere other than at
the exact center, a torque 1s applied to moving assembly 100.
This torque causes moving assembly 100 to tilt and applies a
normal force to the bearings that increases friction. To mini-
mize this t1lt, the gap between the inner and outer bearings 1s
kept small, preferably less than a fifth of a millimeter, for
example. The vertical spacing between the upper and lower
set of bearings further reduces the tilt angle. Friction 1s mini-




US RE42,0064 E

11

mized by making the bearings from a material having a very
low coetlicient of friction (e.g., PTFE). Even 1n the case of a
touch at the far corner of surface 102, friction 1s preferably
kept below 10% of the applied force. Minimizing off-axis
friction ensures that the dynamics of I/O device 900 are kept
as independent of touch location as possible.

Haptel 500 1s designed such that moving assembly 100
can move Ireely with little tilt or rotation. This allows adja-
cent haptels to be positioned with mimimal gaps between the
edges of their surfaces and yet avoid contacting one another
during use. Small gaps also tend to make the gaps between
haptels less noticeable to the user. Preferably, base air hole
302b 1s present so air can move more ireely i and out of the
interior of haptel 500 during use. If not included, motion can
be 1impeded as a result of the air escape between the inner
and outer bearings.

When adjacent haptels are touched simultaneously, the
haptels tilt slightly towards one another, but are prevented
from touching due in part to the design and manufacturing
tolerances selected. The seams between the haptel’s surfaces
are preferably such that such seams are largely mvisible to
the user. Grid overlay 606 also helps to make the seams
between the haptels less noticeable. The material of grid
overlay 606 1s preferably somewhat stretchable. This allows
adjacent haptel surfaces (e.g., surface 102) to be at different
heights without the material of grid overlay 606 overly
restricting their motion. The stretchiness required depends 1n
part on the travel of the haptels and the size of their surfaces
(e.g., surface 102).

A vertical travel of a few millimeters 1s adequate to simu-
late the haptic response of a key press, although the travel of
a haptel’s surface can vary from on the order of about 0.1
mm to about 2 ¢cm (or more). The size of surface 102 1s
preferably as small as 1s feasible. This, i part, allows for
more simultaneous touches and a smaller minimum distance
between touches. In one embodiment, the size of surface 102
(for each haptel) preferably corresponds to that of a pixel.
The mass of moving assembly 100 1s preferably minimized
in order to maximize the acceleration for a given actuator
force and enable a greater range of useful haptic effects.

Precise manufacture of the haptel 1s important because the
fingertip 1s very sensitive to shape and texture. The haptel
surfaces are preferably well aligned with each other at both
extents of their travel. Vertical alignment within 0.1 mm 1s
preferred.

In general, the haptel surfaces can be of any size, and need
not be square or even all of the same shape, so long as they
are tiled with minimal gaps between their edges. This
includes, for example, rectangular, triangular or hexagonal
haptels, but other irregular or non-periodic tilings are pos-
sible. The overall shape of the touchable area can be any
shape, such a rounded rectangle, an ellipse, or an 1rregular
shape. Depending on the shape of the haptel surfaces and the
shape of the touchable area, some portion of the haptels on
the edges of the tiling might be unused, and perhaps covered
with the hand rest to prevent use or indicate the touchable
portion.

Preferably, high flexibility wire 1s used for coil cable 114
and XY cable 118 because of the relatively large motion of
the moving assembly relative to the short length of the wires.
The wire 1s preferably very finely stranded wire with silicone
insulation. The wires should not significantly impede the
motion of the moving assembly. Suitable parts are exempli-

fied by devices with trade designation AS999-30-281] for the
two conductor coil cable and AS-155-28-5SJ for the five
conductor XY cable, available from Cooner Wire of

Chatsworth, Calif.
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Proximity Sensor Operation

Proximity sensor 308 1s preferably designed to provide
high resolution and bandwidth at a reasonable cost. High
resolution 1ncreases the fidelity of the haptic display 1n gen-
eral and 1n particular improves the quality of velocity and
acceleration measurements derived from the output of prox-
imity sensor 308. Proximity sensor 308 preferably provides
a resolution of 0.05 mm, and most preferably a resolution of
about 0.01 mm.

The position of moving assembly 100 within its range of
travel 1s measured by proximity sensor 308. In one
embodiment, proximity sensor 308 contains an infrared
LED and an infrared phototransistor in the same enclosure.
In such a device, the LED and phototransistor point upward
and are optically 1solated from each other within proximity
sensor 308. An example of such a device 1s available from
Optek of Carrollton, Tex. under the trade designation OPB-
710.

Position circuit 700, shown in FIG. 7, interfaces proximity
sensor 308 to analog mput card 906. Resistor R1 limits the
current through the LED to an allowed value, causing the
LED to emit a constant amount of light. A typical value
would be 76.8 Ohm. The light emitted by the LED 1s
reflected by the interior top of coil holder 104. Some of the
reflected light 1s recerved by the phototransistor. The current
through the phototransistor 1s proportional to the quantity of
light falling thereon. Resistor R2 converts this phototransis-
tor current to a voltage which forms the input of low pass
filter 702. A typical value for R2 1s 2.21 kOhm. Low pass
filter 702 1s a voltage-controlled voltage-source 2-pole But-
terworth filter with a 3 dB roll-off point at 1.3 kHz and gain
of 1.59. Typical component values are 12.1 kOhm for resis-
tor R3, 0.01 microFarad for capacitors C1, 33.2 kOhm {for
resistor R4, 56.2 kOhm {for resistor RS, and 0.1 microFarad
for bypass capacitors C2. Op amp 704 1s a CMOS opera-
tional amplifier with rail-to-rail operation. Suitable parts are
available from National Semiconductor of Santa Clara,
Calif. under trade designation LMC6482. The frequency
roll-oif of the low-pass filter 1s preferably lower than half of
the per-channel sampling rate of the analog input card.
Additionally, 1t will be noted that, preferably, the phototrans-
istor provides bandwidth commensurate with 1ts sampling
rate. Using a 12-bit resolution analog input card as analog
input card 906, control system 902 can discern between
moving assembly positions separated by about 0.01 mm.

The 1nterior top of coil holder 104 1s preferably painted to
diffusely reflect infrared light. Diffuse reflectivity ensures
that the phototransistor current varies smoothly and mono-
tonically with distance, and provides a consistent reading
independent of any tilt of the moving assembly. The interior
sides of coil holder 104, and the exterior top and sides of flux
disk 306, are preferably painted to absorb infrared light so
that light does not reach the phototransistor through second-
ary reflections. Such an embodiment provides better contrast
between readings at the limits of travel.

The output of position circuit 700 1s usually not linear
with respect to the position of moving assembly 100. The
output may be characterized as being approximately the
iverse square of the distance between proximity sensor 308
and the inside surface of coil holder 104. This effect can be
corrected, for example, by calibrating proximity sensor 308
prior to use. The moving assembly 100 1s moved across its
range of possible positions very precisely, for example, with
a micrometer 1n steps of 0.001 inch. The output of the posi-
tion circuit 1s then measured and recorded. Later, when a
making a position measurement, the output corresponds to
one of position circuits 700(1)—(IN) and 1s compared to the
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stored values, and the distance 1s computed with an interpo-
lation of the two closest readings. This calibration procedure
also corrects for any non-linearity 1n the response curve of
the phototransistor. Alternatively, an equation could be {it to
the calibration data to allow a direct computation of the posi-
tion from a reading.

XY Sensor Operation

XY sensor 116 may be of many conventional designs,
such as a resistive film position sensor. The effective resolu-
tion of a resistive film position sensor 1s typically greater
than 100 dots per inch (dp1). In the scenario 1n which haptel
orid 604 1s mapped to a display (not shown), the cumulative
resolution of XY sensors 116(1)—(N) on haptel grid 604 1s
preferably equal to or greater than the resolution of the dis-
play area mapped to I/O device 900 (e.g., as a result of the
direct mapping between haptel grid 604 and the display).
However, there may be pixels on the display which cannot
be touched by the user. For example, the resolution of com-
puter displays 1s typically 75 to 100 dp1, thus haptel grid 604
can be mapped to an equal or somewhat larger display area
when resistive film technology 1s used 1n XY sensors
116(1)—(N).

The actuation force of this type of sensor can be con-
trolled during 1ts manufacture. Unlike other uses for these
touch sensors, the sensor 1s not used to initiate actions but
only to sense position. Because each haptel potentially maps
to multiple user interface elements, the device cannot deter-
mine which haptic effect to generate until the XY coordi-
nates of a touch are known. Preferably, the lowest possible
actuation force 1s thus used. For example, a value of 5 grams
could be employed.

Actuation force also comes into play when touches over-
lap multiple haptels. Because applied force 1s spread across
the haptels involved in the touch, 1t 1s possible that the force
on one or more of the haptels 1s below the threshold of 1ts
XY sensor. In the worst case, a force of 20 grams would have
to be applied at the vertex of 4 haptels before getting an XY
reading (using a 5 gram actuation force). While users can
adapt to differences 1n actuation force for different parts of
the display, the user experience 1s enhanced by a more uni-
form and lower actuation force. An alternative 1s the use of
sensors that exhibit a reduced actuation force, such as
capacitive proximity sensors.

Actuator Operation

Integral to the design of the haptel in the preferred
embodiment 1s actuator 504. Actuator 504 1s comprised of
the following subset of haptel 500 parts: magnet 304, flux
disk 306, midsection 316, base 302, magnet wire 108 and
coil holder 104. Magnet 304 creates and sustains a magnetic
field, which 1s magnetically conducted upward through flux
disk 306, radially outwards across the air gap between the
flux disk and midsection 316, downward through the
midsection, downward into base 302, and radially inwards
and upwards through the base, returning to the other side of
the magnet. Thus a magnetic field of high flux density 1s
created 1n the air gap between the flux disk and the midsec-
tion. This air gap 1s occupied by magnet wire 108 and coil
holder 104, which physically supports the magnet wire.

The actuator 1s preferably a high efficiency, high-
bandwidth device. High efficiency allows relatively large
forces to be generated without overheating. Preferably, such
a device generates a force of about 2 N for a power consump-
tion of under 5 W. Peak force in the preferred embodiment
was selected to be large enough to adequately simulate a
keypress effect. High bandwidth allows the force feedback
to change quickly, improving the quality of haptic effects.

To apply a force to moving assembly 100, current 1s
driven through magnet wire 108. The direction of the current
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flow determines the direction of the force. To improve
eificiency, a rare earth magnet with energy density of at least
about 27 million Gauss-Oersteds 1s preferably employed.
Ferromagnetic material with a good permeability 1s prefer-
ably used for the flux return path to further maximize the air
gap flux density. There are design tradeolils between the air
gap length, the surface area and thickness of the magnet,
among other factors, which would be apparent to a practitio-
ner skilled in the art of electromagnetic actuator design.
Each of one magnet wire 108(1)—(N) 1s driven by an actuator
circuit 800, shown in FIG. 8. In one embodiment, a digital
input bus 14 bits wide 1s shared by all of actuator circuits
800(1)—(N). The least significant 8 bits of the digital bus
encodes the pulse width, the next 4 bits encode the haptel
identifier, the next bit encodes the latch control, and the most
significant bit encodes the direction of the actuation (e.g.,
pulling downward or pushing upward).

Comparator 805 1s a 4-bit comparator. Suitable parts are
available from Motorola of Schaumberg, I11. under trade des-
ignation MC74F85. Comparator 8035 continually compares
the haptel 1dentifier on the digital bus to the binary number
encoded on 1dentifier switch array 815. Identifier switch
array 815 1s a 4 position DIP switch. Suitable parts are avail-
able from Grayhill of La Grange, 111. under trade designation
765B04. Each actuator circuit has a unique setting on 1ts
identifier switches. The four bits of i1dentification are
adequate to distinguish between the nine haptels in this
embodiment. Resistor network 820 keeps comparator inputs
near ground when a switch 1s open. Suitable parts are avail-
able from Matsushita Electric of Secaucus, N.J. under trade
designation EXB-F6E222G.

The latch control bit couples to the =IN mput of compara-
tor 805, and mverter 810 couples the logical negation of the
latch control bit to the <IN input. When the latch control bat
1s high, the P=Q) output of comparator 805 1s high when the
haptel identifier on the digital bus matches the number
encoded on the identifier switches. When the latch control
bit 1s low the P=Q output i1s low regardless of the haptel
identifier on the digital bus. Inverter 810 1s a standard NOT
gate. Suitable parts are available from Motorola under trade
designation MC74F04.

When the P=Q output on comparator 805 1s high, the
pulse width data 1s passed through latch 825 and the direc-
tion bit 1s passed through latch 830. The data should remain
on the digital bus until the latch bit goes low. In this way, the
pulse width and direction data remain latched, and the actua-
tor circuit can drive the magnet wire until a new value 1s
assigned. Latch 825 and latch 830 are 8-bit latches. Suitable
parts are available from Texas Instruments of Dallas, Tex.
under trade designation SN74F573.

Clock 835 1s a CMOS oscillator which generates a clock
signal at a high frequency, preferably at least 4 MHz. Suit-
able parts are available from Epson America of Torrance,
Calif. under trade designation SG531 P. Inverters 840 and
850 are standard NOT gates, such as the Motorola
MC74F04. Inverters 840 invert the clock signal and delay
the propagation of the signal. There 1s a brief time period

during at the very beginning of each clock cycle when both
inputs to AND gate 845 are high. AND gate 845 1s a standard

AND gate, such as the Motorola MC74F08. The output of
iverter 850 1s a delayed version of the original clock, due to
the even number of inverters. Thus the pulse from AND gate
845 comes at the very end of the clock cycle which drives
counters 855 and 860.

Counters 835 and 860 are 4-bit synchronous counters cas-
caded to form an 8-bit counter. Suitable parts are available
from Texas Instruments under trade designation
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SN74F163A. This counter freely cycles from 0 to 253,
driven by the delayed clock signal. Comparators 865 and
870 are 4-bit comparators cascaded to form an 8-bit com-
parator. Suitable parts are available from Motorola under
trade designation MC74F85. The P>(Q output of comparator
870 1s high when the latched pulse width value 1s strictly
greater than the current synchronous counter value. Thus the
width of the P>Q pulse 1s proportional to the pulse width
value. If the pulse width value 1s 0, the P>Q output 1s never
high. If the pulse width value 1s 255, the P>Q output 1s high
for 254 out of every 2355 clock cycles.

The output of AND gate 845 latches the outputs of com-
parator 870 and latch 830 into latch 875 at the end of each
clock cycle. In this way, the output of comparator 870 1is
guaranteed to be valid, taking into account the propagation
delays i the synchronous counters and the comparators
from the beginning of the clock cycle. Latch 873 1s an 8-bit
latch. Suitable parts are available from Texas Instruments
under trade designation SN74F573.

Motor driver chip 885 uses the pulsing comparator output

to enable and disable 1ts outputs. When 1,2EN 1s high, the
outputs are switched on and current can flow. When 1,2EN
are low, the outputs are 1n a high-impedance state and no
current flows through magnet wire 108. The direction of the
current tlow 1s determined by the 1A and 2A mnputs. When
1A 15 high, the 1Y output 1s at 12 volts, and when 1A 1s logic
low, the 1Y 1nput 1s at ground. Likewise for the 2A mnput and
2Y output. Due to mverter 880, the 1A and 2A inputs are
always logically opposite. Thus when the direction bit 1s
high, the 1Y output 1s at 12 Volts and the 2Y output 1s at
ground, causing current to flow through the magnet wire 1n
one direction. When the direction bit 1s low, the 1Y output 1s
at ground and the 2Y output 1s at 12 Volts, causing current to
flow 1n the other direction. Flyback diodes 890 prevent the
inductance of the magnet wire from damaging the motor
driver chip when the outputs are switched off. Coil cable 114
couples actuator circuit 800 to magnet wire 108. Motor
driver chip i1s high-current driver chip. Suitable parts are
available from Texas Instruments under trade designation
[.293D. Flyback diodes 890 are high-current fast-recovery
diodes, such as the UF1002T made by Vishay Intertechnol-
ogy of Malvern, Penn.

Actuator circuit 800 1s just one way to interface a proces-
sor to an actuator. Many different circuits are possible,
depending on the bandwidth and accuracy desired and the
type of actuator being interfaced, among other factors. For
example, a digital-to-analog converter could be used 1n com-
bination with a linear amplifier to drive an electromagnetic
actuator.

As aresult of coil inductance, the relationship between the
force generated by a given haptel and the width of the pulse
generated by actuator circuit 800 may not be linear. Actuator
circuits 800(1)—(N) are therefore calibrated prior to use by
measuring the force actually generated by each output value,
and storing that measurement. Later, when a certain output
force 1s desired, the correct output value to use 1s calculated
by interpolating between the closest desired output values.

Substantial energy 1s dissipated by magnet wires 108(1)—
(N) at 1ts peak force output. To minimize heat buildup 1n the
haptel, coil holder 104 and surface 102 are preferably made
of a material with high heat conductance. This allows heat to
be conducted upward to surface 102, where the heat can
radiate away. Heat also radiates to stationary assembly 300,
which can be configured to act as a heat sink 1n combination
with unified support plate 602.

Control System Operation

FIG. 10 1llustrates a flow diagram of the operation of I/O

device 900 according to one embodiment of the present
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invention. The flow diagram of FIG. 10 describes the actions
performed 1n running control system 902 (e.g., by software).
The management of I/O device 900 1s preferably handled as
a real-time task, so a separate control processor 1s preferably
used instead of running control software on computer 916.
The control loop’s frequency can be an important factor 1n
the operation of I/O device 900. The computational perfor-
mance of control processor 904, the speed of mput and out-
put operations, and the degree of optimization of the control
software all affect the frequency (and thus responsiveness)
attainable on a specific system. In one embodiment, a con-
trol loop frequency of 10 kHz 1s used.

The process begins with the reading of the haptels” posi-
tion sensors (step 1002). Analog input card 906 1s preferably
programmed during imitialization to sample all inputs cycli-
cally (e.g., for a system with nine haptels, and so, nine
iputs, this would be at an aggregate frequency of 90 kHz
providing a per haptel sampling rate of 10 kHz, and thus
matching the control loop frequency). The sampling rate 1s
preferably selected to exceed the bandwidth of proximity
sensors 308(1)—(N) and the maximum pass frequency of
position circuits 700(1)-(N) by a factor of two. The stored
calibration values are used to compute the calibrated posi-
tion value of each moving assembly (e.g., 1n millimeters).
These calibrated position values may then be stored for later
use.

Derived measurements are computed for each haptel
using position values (step 1004). The current velocity 1s
computed by differentiating the position values. The current
acceleration 1s computed by differentiating velocity values.
In both cases, the result 1s low-pass filtered in order to reduce
noise. The net force acting on moving assembly 100 1s com-
puted by dividing the acceleration of moving assembly 100
by the mass of moving assembly 100. The force applied to
XY sensor 116, referred to herein as the applied force, 1s the
result of subtracting the actuator force, the spring force and
the weight of the moving assembly from the net force. The
actuator force 1s known because the control computer sets
the actuator force, the spring force 1s computed from the
spring constant and the current position of moving assembly
100, and the weight of the moving assembly was measured
prior to assembly. Thus, the velocity, acceleration and
applied force for each haptel can be computed from position
measurements. Although dertved measurements may have
more noise, higher latency and less bandwidth than the origi-
nal position measurements, such measurements are still
adequate to allow implementation of the methods described
herein.

Next, control processor 904 reads XY data from serial
ports (step 1006). XY tertaces 912(1)—(N) send updated
XY position values relatively infrequently when compared
to the relatively high frequency at which the control loop
runs, and so there 1s normally no data waiting. If data 1s
waiting, control processor 904 reads the updated value and
stores that value 1n memory. The value either encodes the
location of a touch, or encodes that there 1s no touch applied
to the sensor. The XY values are converted to a universal
coordinate system using the position of the haptel within the
haptel grid to offset the haptel’s XY sensor reading.

Control processor 904 examines the mcoming XY data
for new touches (step 1008). If a touch has appeared on a
haptel since the last data point, three cases are possible. IT
this haptel 1s already part of a coordinated touch, no action 1s
taken. If the haptel 1s not currently part of a coordinated
touch, control processor 904 determines i1 a touch recently
appeared within a predetermined distance of the haptel and
within a predetermined time period. If such a touch 1s found,
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then this touch 1s presumed to be part of the same touch, and
this haptel 1s added to the coordinated touch. If no such
touch 1s found, then a new coordinated touch is started with
this haptel as the only member.

Control processor 904 updates the collective measures for 3
all coordinated touches (step 1010). For each coordinated
touch, the collective position 1s computed as an average of
the vertical position values for each haptel belonging to the
touch, preferably with each value weighted by the applied
torce for that haptel, as derived earlier (step 1004). Thus 10
haptels with no applied force do not contribute to the collec-
tive position measurement. Other weightings are possible,
including equal weighting. Likewise, the collective velocity
and collective acceleration are computed as a weighted aver-
age of these values for the haptels that constitute the coordi- 15
nated touch. The collective XY location of the touch i1s also
preferably a weighted average of the constituent XY read-
ings. The collective applied force 1s a total of the applied
force for all the haptels involved 1n the coordinated touch.

The collective XY measurements for a coordinated touch 20
are evaluated (step 1012) to determine if haptels need to be
added to, or removed from the coordinated touch. If the
collective XY of a touch 1s less than a first predetermined
distance of from a nearby haptel, that haptel 1s added to the
coordinated touch, 11 the haptel 1s not already a member of 25
another coordinated touch. If the collective XY of a touch 1s
greater than a second predetermined distance from a haptel
already a part of the coordinated touch, that haptel 1s
removed from the coordinated touch. The second predeter-
mined distance 1s preferably greater than the first predeter- 30
mined distance, and the difference between these two values
1s preferably large enough to prevent a given haptel from
being quickly added to and removed from a touch 1if the
given haptel’s distance from the touch 1s close to these val-
ues. The first and second predetermined distances should be 35
large enough that the haptels being added and removed are
not currently being touched. In one embodiment, a value
greater than half the size of the intended touching object,
such as the fingertip, 1s often adequate.

The current state of coordinated touches 1s periodically 40
sent to computer 916 over serial link 914 (step 1014). Com-
puter 916 1s preferably updated with a frequency on the
order of hundreds of times per second. Computer 916 1is
preferably sent only the collective measurements of XY,
position, velocity, acceleration and applied force. Serial link 45
914 1s preferably checked for incoming data from computer
916 containing 1nstructions on the haptic effects to use for
cach coordinated touch (step 1016). Typically, haptic eflect
commands are sent after a new coordinated touch starts, and
only periodically once the touch 1s i progress. The haptic 50
elfect might be changed subsequently depending on the state
of the software executed by computer 916. For example,
alter a user has started to press a virtual button, computer
916 can disable the button. The new haptic eflect 1s prefer-
ably implemented as soon as it 1s received. Haptic effect 55
command can be designated to simply assign one of many
built-in haptic etfects to the coordinated touch or to define a
custom haptic effect (e.g., by mixing together built-in
elfects, transmitting a force response curve, or downloading
executable machine codes which implement an effect). 60

The collective feedback force for each coordinated touch
1s then computed based on the collective measurements
derived earlier using the haptic effect command sent from
the computer (step 1018). For a simple “button” response,
for example, the feedback force can be primarily computed 65
based on the collective position. At 0.0 mm travel the force 1s
about 0.05 Newton, which increases linearly to 0.75 Newton
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over the next 0.3 mm of travel, then decreases to 0.10 New-
ton over the next 0.5 mm travel, and finally increases to 2.0
Newtons over the next 1.0 mm of travel, and stays at 2.0
Newtons over the remainder of travel. For a simple “disabled
button™ response, for example, the feedback force 1s 0.05
Newton at 0.0 mm of travel, increasing linearly to 2.0 New-
tons over the next 0.6 mm of travel, and staying at 2.0 New-
tons over the remainder of the travel. These are just two
examples of haptic effects, a multitude of which are pos-
sible.

The feedback force for each haptel 1s computed by distrib-
uting the collective feedback force across all of the haptels in
the coordinated touch i1n proportion to the amount of the
applied force on each haptel (step 1020). If the applied force
of a given haptel 1s, for example, half of the total applied
force for the collective touch, then the feedback force for
that haptel will be half of the collective feedback force. Dii-
terent haptels 1n the same coordinated touch can have differ-
ent feedback force values, because they each have different
applied forces, but the total of these forces will equal the
teedback force for the collective touch.

The restoring force for each haptel 1s computed based on
cach haptel’s distance from the collective position (step
1022). Due to errors 1n measurements and other effects, the
surfaces of the haptels 1n a coordinated touch can drift apart
vertically. Thus a restoring force 1s applied which pulls each
haptel 1n a coordinated touch back towards the collective
position, proportional to its distance from that position. The
restoring force 1s preferably greater than 2.0 Newtons per
millimeter. The upper limit for this value depends on the
control loop frequency and the resolution of the position
measurement, among other factors. Since the haptel posi-
tions are distributed around the collective position, this
restoring force does not add noticeable net force to the coor-
dinated haptic effect. Additionally, damping can be added 1n
proportion to the relative velocity of a haptel compared to
the collective velocity. This prevents haptels from oscillating
around the average position.

The net force for each haptel 1s computed, then converted
to the correct actuator circuit output value and set via the
digital output card (step 1024). The net force for each haptel
1s simply the sum of that haptel’s desired feedback force and
that haptel’s restoring force. The actuator force 1s computed
by subtracting the effect of the spring at the current position
and the weight of the moving assembly from the net force.
The actuator force 1s converted to the correct output value
using the calibration table recorded previously. The actuator
circuits can be programmed by writing the output value to
digital output card 908 by, for example, first writing out the
data values, and then raising and lowering the latch bit to
latch 1n the new data. After the actuators are set, the flow of
control returns to step 1002. The program loops indefinitely
while haptic responses are being generated.

The operations referred to 1 FIG. 10 and elsewhere
herein may be modules or portions of modules (e.g.,
software, firmware or hardware modules). For example,
although the described embodiment includes software mod-
ules and/or manually entered user commands, the various
exemplary modules may be application specific hardware
modules. The software modules discussed herein may
include script, batch or other executable files, or combina-
tions and/or portions of such files. The software modules
may 1nclude a computer program or subroutines thereof
encoded on computer-readable media.

Additionally, those skilled 1n the art will recognize that
the boundaries between modules are merely illustrative and
alternative embodiments may merge modules or impose an
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alternative decomposition of functionality of modules. For
example, the modules discussed herein may be decomposed
into submodules to be executed as multiple computer pro-
cesses. Moreover, alternative embodiments may combine
multiple instances of a particular module or submodule.
Furthermore, those skilled 1n the art will recognize that the
operations described 1n exemplary embodiment are for 1llus-
tration only. Operations may be combined or the functional-
ity of the operations may be distributed in additional opera-
tions 1n accordance with the invention.

Thus, an I/0O device such as that described herein provides
a natural way of interacting with a computer by employing

direct mapping that provides for multiple simultaneous
inputs and dynamic haptic feedback, 1n order to enhance a

user’s interactive experience.

While particular embodiments of the present invention
have been shown and described, it will be obvious to those
skilled 1n the art that, based upon the teachings herein,

changes and modifications may be made without departing
from this invention and its broader aspects and, therefore,

the appended claims are to encompass within their scope all
such changes and modifications as are within the true spirit
and scope of this mnvention.

Moreover, while the invention has been particularly
shown and described with reference to these specific
embodiments, 1t will be understood by those skilled 1n the art
that the foregoing and other changes 1n the form and details
may be made therein without departing from the spirit or
scope of the invention. For example, there can be an arbi-
trary number of haptels 1n the grid. The touchable surface
can be divided into multiple distinct areas whose tilt and
orientation 1s varied relative to each other or fixed by the
design. Moreover, the individual haptels need not be flat, so
long as the surfaces of neighboring haptels form a continu-
ous surface when tiled together. For example, the haptel sur-
faces can each have a three-dimensional quality (e.g., a
slight spherical curve). Such haptels could thus be tiled such
that the touchable area forms a section of a sphere, ellipsoid,
or other three-dimensional surface. The proximity sensor
can be replaced by a linear optical encoder or other type of
position sensor. Position measurement can be dertved from
other sensors, such as by integrating the signal from a veloc-
ity sensor. Multiple sensors of different types can be
combined, such as a position sensor and an accelerometer,
for example. A force sensor can be added to the design, such
as a piezoelectric sensor, or other type of force sensor. The
spring can be removed and the actuator powered to provide
an upward force adequate to keep the haptel at its upper
travel limit (or some other position) when no force is
applied. The actuator can be replaced with another type of
actuator, such as a moving magnet actuator. Alternative bear-
ing designs may also be used (e.g., other types or combina-
tions of bearing materials, or rolling bearing designs, among,
other possibilities). The haptels can be coordinated 1n other
ways, such as making the feedback force for one haptel or
set of haptels equal to the applied force of a ditferent haptel
or set of haptels, and vice versa. The touch location sensor
can be replaced by another type of sensor, such as a capaci-
tive proximity sensor. The grid of haptels can be covered by
a single, flexible touch location sensor, or by multiple, pos-
sibly overlapping, tlexible touch position sensors. Each hap-
tel could contain multiple touch location sensors, so that
more than one touch could be distinguished within the
bounds of each haptel. The functionality of the control pro-
cessor can be implemented by the computer.

Accordingly, the scope of the mvention should be deter-
mined not by any of the embodiments 1llustrated, but with
reference to the appended claims and their legal equivalents.
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What 1s claimed 1s:
1. An mput/output device comprising:

a plurality of haptic elements, wherein
cach one of said haptic elements comprises a contact
surface,
sald contact surfaces define a surface, and
cach haptic element of said haptic elements 1s config-
ured to provide a haptic effect at a contact surface of
said each haptic element upon said contact surface of
said each haptic element being touched;
a plurality of sensors, wherein
cach one of said sensors 1s coupled to a contact surface
of a corresponding one of said haptic elements, and
cach one of said sensors 1s configured to generate infor-
mation upon said contact surface of said correspond-
ing one of said haptic elements being touched; and
a processor, wherein
said processor 1s coupled to said sensors and said haptic
elements, and
said processor 1s configured to control said haptic etfect
produced by at least one of said haptic elements
based on imnformation recerved from a sensor of said
sensors coupled to said at least one of said haptic
clements.
2. The input/output device of claim 1, wherein said sensor
1s further configured to generate information based upon a
proximity of a pointing device to said contact surface.
3. The mput/output device of claim 1, wherein said sensor
1s a resistive film sensor.
4. The input/output device of claim 1, wherein said sensor
1S a capacitive proximity sensor.
5. The mput/output device of claim 1, wherein
said processor 1s configured to control a haptic effect pro-
duced by certain ones of said haptic elements based on
information received from ones of said sensors corre-
sponding to said certain ones of said haptic elements,

and

said certain ones of said haptic elements are ones of said

haptic elements being touched.

6. The input/output device of claim 5, wherein said pro-
cessor 1s Turther configured to cause contiguous haptic ele-
ments of said certain ones of said plurality of haptic ele-
ments to collectively produce the haptic effect.

7. The mput/output device of claim 3, wherein said pro-
cessor 1s configured to cause contiguous haptic elements of
said certain ones of said plurality of haptic elements to col-
lectively produce the haptic effect by virtue of being config-
ured to calculate a weighted average of a force experienced
by each one of said contiguous haptic elements.

8. The input/output device of claim 5, wherein new haptic
clements of said plurality of haptic elements are added to a
set of haptic elements 1n response to said new haptic ele-
ments also being touched and old haptic elements 1n said set
of haptic elements are removed from said set of haptic ele-
ments 1 response to said old haptic elements no longer
being touched, wherein said set of haptic elements repre-
sents said contiguous haptic elements.

9. The input/output device of claim 1, further comprising:

a display, coupled to said plurality of haptic elements,
wherein
said each one of said plurality of haptic elements corre-
spond to one of a plurality of areas displayed on said
display, and
said haptic effect provided by said at least one of said
plurality of haptic elements 1s related to a one of said
plurality of areas displayed on said display corre-
sponding to said at least one of said plurality of hap-
tic elements.
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10. The mput/output device of claim 1, wherein

said at least one of said plurality of haptic elements corre-
sponds to one of a plurality of areas displayed on a
display; and

said haptic effect produced by said at least one of said

plurality of haptic elements 1s related to information
displayed 1n said one of said plurality of areas.

11. The mput/output device of claim 1, wherein certain
ones of said plurality of haptic elements are configured to
produced a haptic response at a respective contact surface of
said certain ones of said plurality of haptic elements in
response to said respective contact surface of said certain
ones of said plurality of haptic elements being touched.

12. The mput/output device of claim 11, wherein each one
of said certain ones of said plurality of haptic elements is
configured to provide concurrent input and output when
touched concurrently.

13. The mput/output device of claim 11, wherein said cer-
tain ones of said plurality of haptic elements are configured
to provide input from and output to concurrent touches in a
plurality of locations.

14. The input/output device of claim 11, wherein each one
of said certain ones of said plurality of haptic elements fur-
ther comprise an actuator coupled to a corresponding contact
surface and configured to provide force feedback to said
corresponding contact surface.

15. The input/output device of claim 14, wherein said
actuator comprises a linear electromagnetic actuator,
wherein said contact surface 1s coupled to said linear electro-
magnetic actuator.

16. The input/output device of claim 15, wherein said
actuator further comprises a spring, wherein said spring 1s
coupled to said contact surface to maintain said actuator in
an extended position when said contact surface 1s not being
touched.

17. The input/output device of claim 14, wherein said
cach one of said plurality of haptic elements further com-
prises a force sensor coupled between said contact surface
and said actuator.

18. The mput/output device of claam 17, wherein said
force sensor 1s a piezoelectric force sensor.

19. The mput/output device of claim 11, wherein said cer-
tain ones of said plurality of haptic elements are further con-
figured to produce a given haptic effect 1n a cooperative
mannet.

20. The mput/output device of claim 1, wherein said
input/output device 1s included 1 a computer system.

21. An mput/output device comprising:

a plurality of haptic elements, wherein
cach one of said haptic elements comprises a contact
surface,

said contact surfaces define a surface, and

cach haptic element of said haptic elements 1s config-
ured to provide a haptic effect at the contact surface
of said each haptic element upon said contact surface
of said each haptic element being touched;

a plurality of sensors, wherein
cach one of said sensors includes said contact surface of
a corresponding one of said haptic elements, and
cach one of said sensors 1s configured to generate infor-
mation when said contact surface included 1n said
corresponding one of said haptic elements 1s
touched; and

a processor, coupled to said sensors and said haptic ele-

ments.

22. The mput/output device of claim 21, wherein a sensor
of said sensors 1s further configured to generate information
based upon a proximity of a poimnting device to said contact
surface.
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23. The mput/output device of claim 21, wherein a sensor
ol said sensors 1s a resistive film sensor.

24. The input/output device of claim 23, wherein said
resistive film sensor 1s a four wire resistive film touch sensor.

25. The input/output device of claim 21, wherein

said processor 1s configured to control a haptic effect pro-

duced by certain ones of said haptic elements based on
information recetved from ones of said sensors corre-
sponding to said certain ones of said haptic elements,
and

said certain ones of said haptic elements are ones of said

haptic elements being touched.

26. The mput/output device of claim 25, wherein said pro-
cessor 1s further configured to cause contiguous haptic ele-
ments of said certain ones of said plurality of haptic ele-
ments to collectively produce the haptic efiect.

277. The mput/output device of claim 25, wherein said pro-
cessor 1s configured to cause contiguous haptic elements of
said certain ones of said plurality of haptic elements to col-
lectively produce the haptic effect by virtue of being config-
ured to calculate a weighted average of a force experienced
by each one of said contiguous haptic elements.

28. The mput/output device of claim 25, wherein new
haptic elements of said plurality of haptic elements are
added to a set of haptic elements in response to said new
haptic elements also being touched and old haptic elements
in said set of haptic elements are removed from said set of
haptic elements 1n response to said old haptic elements no
longer being touched, wherein said set of haptic elements
represents said contiguous haptic elements.

29. The mput/output device of claim 21, further compris-
ng:

a display, coupled to said plurality of haptic elements,

wherein

said each one of said plurality of haptic elements corre-
spond to one of a plurality of areas displayed on said
display; and

said haptic effect provided by at least one of said plural-
ity of haptic elements 1s related to a one of said plu-
rality of areas displayed on said display correspond-
ing to said at least one of said plurality of haptic
clements.

30. The mput/output device of claim 21, wherein certain
ones of said plurality of haptic elements are configured to
produced a haptic response at the respective contact surface
included 1n said certain ones of said plurality of haptic ele-
ments 1 response to said respective contact surface of said
certain ones of said plurality of haptic elements being
touched.

31. The mput/output device of claim 30, wherein each one
of said certain ones of said plurality of haptic elements is
configured to provide concurrent mput and output when
touched concurrently.

32. The input/output device of claim 30, wherein said cer-
tain ones of said plurality of haptic elements are configured
to provide 1nput from and output to concurrent touches 1n a
plurality of locations.

33. The input/output device of claim 30, wherein each one
of said certain ones of said plurality of haptic elements fur-
ther comprise an actuator coupled to a corresponding contact
surface of the actuator and configured to provide force feed-
back to said corresponding contact surface of the actuator.

34. The input/output device of claim 33, wherein said
actuator comprises a linear electromagnetic actuator,
wherein said contact surface of the actuator 1s coupled to
said linear electromagnetic actuator.

35. The input/output device of claim 34, wherein said
actuator further comprises a spring, wherein said spring 1s
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coupled to said contact surface of the actuator to maintain
said actuator 1n an extended position when said contact sur-
face of the actuator 1s not being touched.

36. The input/output device of claim 33, wherein said
cach one of said plurality of haptic elements further com-
prises a force sensor coupled between said contact surface of
the actuator and said actuator.

37. The mput/output device of claam 36, wheremn said
force sensor 1s a piezoelectric force sensor.

38. The mput/output device of claim 30, wherein said cer-
tain ones of said plurality of haptic elements are further con-
figured to produce a given haptic effect 1n a cooperative
mannet.

39. The input/output device of claim 30, wherein said cer-
tain ones of said plurality of haptic elements produce a given
haptic etffect 1n a cooperative manner by summing forces on
ones of said certain ones of said plurality of haptic elements
being touched, taking a weighted average of positions of
said ones of said certain ones of said plurality of haptic
clements being touched, and combining this information 1n
order to determine a desired feedback force for each one of
said ones of said certain ones of said plurality of haptic
clements being touched.

40. The mput/output device of claam 21, wheremn said
input/output device 1s included 1n a computer system.

41. An 1input/output device comprising;

a plurality of haptic elements, wherein

cach one of said plurality of haptic elements comprises
a contact surface,

said contact surfaces define a surface, and

cach haptic element of said plurality of haptic elements
1s configured to provide a haptic effect at the contact
surface of said each haptic element upon said contact
surface of said each haptic element being touched;

a plurality of sensors, wherein

cach one of said plurality of sensors includes said con-
tact surface of a corresponding one of said plurality
of haptic elements,

cach one of said plurality of sensors 1s configured to
generate information when said contact surface
coupled to said corresponding one of said plurality of
haptic elements 1s touched, and

a sensor of said sensors 1s selectable from a plurality of
sensors configured to measure at least one of touch,
position and motion; and

a processor, coupled to said plurality of sensors and said

plurality of haptic elements.

42. The mput/output device of claim 41, wherein said sen-
sor 1s Turther configured to generate information based upon
a proximity of a pointing device to said contact surface.

43. The mput/output device of claim 41, wherein said sen-
sor 1s a resistive {ilm sensor.

44. The mput/output device of claam 43, wheremn said
resistive film sensor 1s a four wire resistive film touch sensor.

45. The mput/output device of claim 41, wherein

said processor 1s configured to control a haptic effect pro-
duced by certain ones of said plurality of haptic ele-
ments based on information recerved from ones of said
plurality of sensors corresponding to said certain ones
of said plurality of haptic elements, and

said certain ones of said plurality of haptic elements are

ones of said plurality of haptic elements being touched.

46. The mput/output device of claim 435, wherein said pro-

cessor 1s Turther configured to cause contiguous haptic ele-

ments of said certain ones of said plurality of haptic ele-
ments to collectively produce the haptic effect.
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47. The mput/output device of claim 46, wherein new
haptic elements of said plurality of haptic elements are
added to a set of haptic elements 1n response to said new
haptic elements also being touched and old haptic elements
in said set of haptic elements are removed from said set of
haptic elements in response to said old haptic elements no
longer being touched, wherein said set of haptic elements
represents said contiguous haptic elements.

48. The mput/output device of claim 45, wherein said pro-
cessor 1s configured to cause contiguous haptic elements of
said certain ones of said plurality of haptic elements to col-
lectively produce the haptic effect by virtue of being config-
ured to calculate a weighted average of a force experienced
by each one of said contiguous haptic elements.

49. The mput/output device of claim 41, further compris-
ng:

a display, coupled to said plurality of haptic elements,

wherein

said each one of said plurality of haptic elements corre-
spond to one of a plurality of areas displayed on said
display, and

said haptic effect provided by at least one of said plural-
ity of haptic elements 1s related to a one of said plu-
rality of areas displayed on said display correspond-
ing to said at least one of said plurality of haptic
clements.

50. The mput/output device of claim 41, wherein certain
ones of said plurality of haptic elements are configured to
produced a haptic response at the respective contact surface
coupled to said certain ones of said plurality of haptic ele-
ments 1 response to said respective contact surface of said
certain ones of said plurality of haptic elements being
touched.

51. The mput/output device of claim 50, wherein each one
of said certain ones of said plurality of haptic elements is
configured to provide concurrent mput and output when
touched concurrently.

52. The mput/output device of claim 50, wherein said cer-
tain ones of said plurality of haptic elements are configured
to provide 1nput from and output to concurrent touches 1n a
plurality of locations.

53. The input/output device of claim 50, wherein each one
of said certain ones of said plurality of haptic elements fur-
ther comprise an actuator coupled to a corresponding contact
surface of the actuator and configured to provide force feed-
back to said corresponding contact surface of the actuator.

54. The input/output device of claim 53, wherein said
actuator comprises a linear electromagnetic actuator,
wherein said contact surface of the actuator 1s coupled to
said linear electromagnetic actuator.

55. The input/output device of claim 54, wherein said
actuator further comprises a spring, wherein said spring 1s
coupled to said contact surface of the actuator to maintain
said actuator i an extended position when said contact sur-
face of the actuator 1s not being touched.

56. The input/output device of claim 33, wherein said
cach one of said plurality of haptic elements further com-
prises a force sensor coupled between said contact surface of
the actuator and said actuator.

57. The input/output device of claim 56, wherein said
force sensor 1s a piezoelectric force sensor.

58. The mnput/output device of claim 50, wherein said cer-
tain ones of said plurality of haptic elements are further con-
figured to produce a given haptic effect 1n a cooperative
manner.

59. The input/output device of claim 50, wherein said cer-
tain ones of said plurality of haptic elements produce a given
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haptic etffect 1n a cooperative manner by summing forces on
ones of said certain ones of said plurality of haptic elements
being touched, taking a weighted average of positions of
sald ones of said certain ones of said plurality of haptic
clements being touched, and combining this information 1n
order to determine a desired feedback force for each one of
said ones of said certain ones of said plurality of haptic
clements being touched.

60. The input/output device of claim 41, wherein said
input/output device 1s included in a computer system.

61. A method of communicating information to and from
an input/output device having a plurality of haptic elements,
the method comprising:

reading imnformation from a sensor coupled to a contact

surface of at least one of the plurality of haptic

elements, wherein

cach one of said plurality of haptic elements comprises
a contact surface,

said contact surfaces define a surface,

said sensor 1s selectable from a plurality of sensors con-
figured to measure at least one of touch, position and
motion, and

said information represents measurement ol said at
least one of touch, position and motion;

causing said at least one of said plurality of haptic ele-
ments to produce a haptic effect 1n response to reading
the information, wherein
cach haptic element of said plurality of haptic elements
1s configured to produce the haptic effect at a contact
surface of said haptic element 1n response to said
contact surface of said haptic element being touched
and each contact surface has said sensor coupled
thereto;

sensing the touch on a contact surface of certain ones of
said plurality of haptic elements using corresponding
ones of said sensors:

generating information corresponding to said certain ones
of said plurality of haptic elements based on said touch;
and

[

controlling said haptic effect provided by said certain ones
of said plurality of haptic elements based on said infor-
mation.

62. The method of claim 61, turther comprising:

displaying information in a plurality of areas displayed on
a display, wherein each one of said plurality of haptic
clements corresponds to one of said plurality of areas.
63. The method of claim 62, wherein said each one of said
plurality of haptic elements further comprises an actuator
coupled to said contact surface of said each one of said plu-
rality of haptic elements, the method further comprising:

applying force to said contact surface of said each one of
said plurality of haptic elements, using said actuator of
said each one of said plurality of haptic elements, based
on information displayed 1n a corresponding one of said
plurality of areas displayed on said display.

64. The method of claim 61, turther comprising;:

sensing the touch on said contact surface of said at least
one of said plurality of haptic elements using a touch
sensor coupled to said contact surface of said at least
one of said plurality of haptic elements;

generating information based on said contact surface
being touched; and

controlling said haptic effect produced by said at least one
of said plurality of haptic elements based on 1nforma-
tion recerved from said touch sensor.

5

10

15

20

25

30

35

40

45

50

55

60

65

26
65. The method of claim 61, further comprising;:

causing said certain ones of said plurality of haptic ele-
ments to produce a coordinated haptic effect regardless
of a distribution of force of said touch among said cer-
tain ones of said plurality of haptic elements.

66. An mput/output device comprising:

a plurality of haptic elements, wherein
cach one of said plurality of haptic elements comprises
an input, the mput being generated by a sensor
included in each one of said plurality of haptic
clements, the sensor being coupled to a contact
surface of said haptic element, and
an output, the output being a feedback transterred to
the contact surface 1n response to the mnput, and
cach haptic element of said plurality of haptic elements
1s configured to provide a haptic effect at a contact
surface of said each haptic element upon said contact
surface of said each haptic element being touched;

a plurality of sensors, wherein

said sensor 1s a one of said plurality of sensors,

cach one of said plurality of sensors 1s coupled to a
contact surface of a corresponding one of said plural-
ity of haptic elements, and

cach one of said plurality of sensors 1s configured to
generate information upon said contact surface of
said corresponding one of said plurality of haptic
clements being touched; and

a processor 1s coupled to said plurality of sensors and said

plurality of haptic elements.
67. The input/output device of claim 66, wherein:

said sensor 1s selectable from a plurality of sensors config-
ured to measure at least one of touch, position and
motion.

68. The mput/output device of claim 66, wherein said sen-
sor 1s Turther configured to generate information based upon
a proximity of a pointing device to said contact surface.

69. The mput/output device of claim 66, wherein said sen-
sor 1s a resistive {ilm sensor.

70. The mput/output device of claim 66, wherein said sen-
SOr 1S a capacitive proximity sensor.

71. The input/output device of claim 66, wherein

said processor 1s configured to control a haptic effect pro-
duced by certain ones of said plurality of haptic ele-
ments based on information recerved from ones of said
plurality of sensors corresponding to said certain ones
of said plurality of haptic elements, and

said certain ones of said plurality of haptic elements are

ones of said plurality of haptic elements being touched.

72. The mput/output device of claim 71, wherein said pro-
cessor 1s Turther configured to cause contiguous haptic ele-
ments of said certain ones of said plurality of haptic ele-
ments to collectively produce the haptic effect.

73. The mput/output device of claim 72, wherein new
haptic elements of said plurality of haptic elements are
added to a set of haptic elements in response to said new
haptic elements also being touched and old haptic elements
in said set of haptic elements are removed from said set of
haptic elements 1n response to said old haptic elements no
longer being touched, wherein said set of haptic elements
represents said contiguous haptic elements.

74. The mput/output device of claim 71, wherein said pro-
cessor 1s configured to cause contiguous haptic elements of
said certain ones of said plurality of haptic elements to col-
lectively produce the haptic effect by virtue of being config-
ured to calculate a weighted average of a force experienced
by each one of said contiguous haptic elements.



US RE42,0064 E

27

75. The mput/output device of claim 66, further compris-
ng:
a display, coupled to said plurality of haptic elements,
wherein
said each one of said plurality of haptic elements corre-

spond to one of a plurality of areas displayed on said
display, and

said haptic eflect provided by at least one of said plural-
ity of haptic elements 1s related to a one of said plu-
rality of areas displayed on said display correspond-
ing to said at least one of said plurality of haptic
clements.

76. The input/output device of claim 66, wherein certain
ones ol said plurality of haptic elements are configured to
produced a haptic response at a respective contact surface of
said certain ones of said plurality of haptic elements in
response to said respective contact surface of said certain
ones of said plurality of haptic elements being touched.

77. The mput/output device of claim 76, wherein each one
of said certain ones of said plurality of haptic elements 1s
configured to provide concurrent mput and output when
touched concurrently.

78. The mput/output device of claim 76, wherein said cer-
tain ones of said plurality of haptic elements are configured
to provide input from and output to concurrent touches in a
plurality of locations.

79. The mput/output device of claim 76, wherein each one
of said certain ones of said plurality of haptic elements fur-
ther comprise an actuator coupled to a corresponding contact
surface and configured to provide force feedback to said
corresponding contact surface.

80. The input/output device of claiam 79, wherein said
actuator comprises a linear electromagnetic actuator,
wherein said contact surface 1s coupled to said linear electro-
magnetic actuator.

81. The mput/output device of claam 79, wheremn said
actuator further comprises a spring, wherein said spring 1s
coupled to said contact surface to maintain said actuator 1n
an extended position when said contact surface 1s not being
touched.

82. The mput/output device of claam 79, wheremn said
cach one of said plurality of haptic elements further com-
prises a force sensor coupled between said contact surface
and said actuator.

83. The input/output device of claim 82, wheremn said
force sensor 1s a piezoelectric force sensor.

84. The input/output device of claim 76, wherein said cer-
tain ones of said plurality of haptic elements produce a given
haptic effect 1n a cooperative manner by summing forces on
ones of said certain ones of said plurality of haptic elements
being touched, taking a weighted average of positions of
said ones of said certain ones of said plurality of haptic
clements being touched, and combining this information 1n
order to determine a desired feedback force for each one of
said ones of said certain ones of said plurality of haptic
clements being touched.

85. The mput/output device of claim 66, wherein said cer-
tain ones of said plurality of haptic elements are further con-
figured to produce a given haptic effect in a cooperative
mannet.

86. The input/output device of claim 66, wherein said
input/output device 1s included 1n a computer system.

87. A method of operating a plurality of haptic elements,
the method comprising;:

touching a contact surface of at least one of the plurality
of haptic elements, each of the plurality of haptic ele-
ments comprising an mput and an output;
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sensing the touch by a sensor to generate the mput to said
at least one of the plurality of haptic elements;

preparing a feedback in response to the mput;

transierring the feedback to the contact surface as the
output, wherein

cach haptic element of said plurality of haptic elements

1s configured to produce the haptic effect at a contact

surface of said haptic element 1n response to said

contact surface of said haptic element being touched

and each contact surface has said sensor coupled
thereto:

sensing the touch on a contact surface of certain ones of
said plurality of haptic elements using corresponding,
ones of said sensors:

generating information corresponding to said certain ones
of said plurality of haptic elements based on said touch;
and

preparing said feedback for each of said certain ones of
said plurality of haptic elements based on said informa-

tion.

88. The method of claim 87, further comprising:

displaying information represented by the input 1n a plu-

rality of areas displayed on a display, wherein each one
of said plurality of haptic elements corresponds to one
of said plurality of areas.

89. The method of claim 87, wherein said at least one of
said plurality of haptic elements further comprises an actua-
tor coupled to said contact surface, the method further com-
prising:

applying force representing the output to said contact sur-

face of said at least one of said plurality of haptic
clements, using said actuator of said at least one of said
plurality of haptic elements, based on information dis-
played 1n a corresponding one of said plurality of areas
displayed on said display.

90. The method of claim 87, preparing the feedback fur-
ther comprises:

reading information representing the input;

generating the iformation based on said contact surface
being touched; and

controlling the feedback prepared based on the informa-
tion recerved from said touch sensor.
91. The method of claim 87, further comprising:

causing said certain ones of said plurality of haptic ele-
ments to produce a coordinated haptic effect regardless
of a distribution of force of said touch among said cer-
tain ones of said plurality of haptic elements.

92. An mput/output device comprising;

a plurality of haptic elements, wherein

cach one of said plurality of haptic elements comprises
a contact surface,

sald contact surfaces define a surface, and

at least one of said plurality of haptic elements 1s con-
figured to produce a haptic effect at a contact surface
of said at least one of said plurality of haptic ele-
ments,

a sensor, wherein

said sensor 1s coupled to said contact surface of said at
least one of said plurality of haptic elements,

said sensor 1s configured to generate information in
response to said contact surface being touched, and

said at least one of said plurality of haptic elements 1s
configured to produce said haptic effect based on
said information; and

a processor, coupled to said sensor and said at least one of
said plurality of haptic elements, wherein
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said processor 1s configured to control said haptic effect
produced by said at least one of said plurality of
haptic elements based on information recerved from
said sensor,

certain ones of said plurality of haptic elements are
configured to produced a haptic response at a respec-
tive contact surface of said certain ones of said plu-
rality of haptic elements 1n response to said respec-
tive contact surface of said certain ones of said
plurality of haptic elements being touched, and

said certain ones of said plurality of haptic elements
produce a given haptic effect 1n a cooperative manner
by summing forces on ones of said certain ones of
said plurality of haptic elements being touched, tak-
ing a weighted average of positions of said ones of
said certain ones of said plurality of haptic elements
being touched, and combining this immformation 1n
order to determine a desired feedback force for each
one of said ones of said certain ones of said plurality
ol haptic elements being touched.

93. An mput/output device comprising:

a plurality of haptic elements, wherein
cach one of said plurality of haptic elements comprises
a contact surface,
sald contact surfaces define a surface, and
at least one of said plurality of haptic elements 1s con-
figured to produce a haptic effect at a contact surface
of said at least one of said plurality of haptic ele-
ments; and
a sensor, wherein
said sensor includes said contact surface of said at least
one of said plurality of haptic elements,
said sensor 1s configured to generate information in
response to said contact surface being touched,
said at least one of said plurality of haptic elements 1s
configured to produce said haptic effect based on
said information,
said at least one of said plurality of haptic elements
corresponds to one of a plurality of areas displayed
on a display, and
said haptic effect produced by said at least one of said
plurality of haptic elements 1s related to information
displayed in said one of said plurality of areas.
94. An mput/output device comprising:
a plurality of haptic elements, wherein
cach one of said plurality of haptic elements comprises
a contact surface,
said contact surfaces define a surface, and
at least one of said plurality of haptic elements 1s con-
figured to produce a haptic effect at a contact surface
of said at least one of said plurality of haptic ele-

ments; and

a sensor, wherein

said sensor 1s coupled to said contact surface of said at
least one of said plurality of haptic elements,

said sensor 1s selectable from a plurality of sensors con-
figured to measure at least one of touch, position and
motion,

said sensor 1s configured to generate information in
response to said contact surface being touched,

said at least one of said plurality of haptic elements 1s
configured to produce said haptic effect based on
said information,

said at least one of said plurality of haptic elements
corresponds to one of a plurality of areas displayed
on a display, and

said haptic effect produced by said at least one of said
plurality of haptic elements 1s related to information
displayed in said one of said plurality of areas.
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95. An mput/output device comprising:

a plurality of haptic elements, wherein
cach one of said plurality of haptic elements comprises:
an input, the mput being generated by a sensor
included 1n each one of said plurality of haptic
clements, the sensor being coupled to a contact
surface of said haptic element;
an output, the output being a feedback transferred to
the contact surface 1n response to the 1nput,
said at least one of said plurality of haptic elements
corresponds to one of a plurality of areas displayed
on a display, and
said haptic eflect produced by said at least one of said
plurality of haptic elements 1s related to information
displayed 1n said one of said plurality of areas.
96. An input/output device for a computer system, com-

prising:

a touchable continuous surface;

a plurality of touch sensitive input elements, wherein each
one of the touch sensitive input elements are coupled to
the touchable continuous surface and wherein the plu-
rality of touch sensitive input elements are configured
to detect simultaneous multiple touches at different
places on the touchable continuous surface and to pro-
vide multiple simultaneous inputs corresponding to the
multiple touches to the computer system,; and

a plurality of actuators for providing a haptic feedback to
different places that ave simultaneously touched on the
touchable continuous surface.

97. The device of claim 96, wherein the haptic feedback

comprises a dynamic haptic feedback.
98. The device of claim 96, wherein the actuators are
electromagnetic.

99. The device of claim 96, wherein the multiple simulta-
neous inputs interact with a graphical user interface in the
compuler system.

100. The device of claim 96, wherein the touch sensitive
input elements include both XY sensors for determining
horizontal touch location on the touchable continuous
surface, and position sensors for determining the extent of
vertical travel of the touchable continuous surface.

101. The device of claim 96, wherein the touchable con-
tinuous surface is mapped to a graphical user interface such
that the multiple inputs control the graphical user interface.

102. The device of claim 101, wherein the haptic feedback
varies depending on what is displaved on the graphical user
interface.

103. An input/output device for a computer system, com-
prising:

a grid of touch sensitive input elements, wherein the touch
sensitive input elements arve coupled to a touchable
continuous surface and whervein the grid of touch sensi-
tive input elements is vesponsive to being touched
simultaneously in multiple places across the touchable
continuous surface to provide multiple simultaneous
inputs corresponding to the multiple touches to the
computer system,; and

a plurality of actuators associated with the touchable con-
tinuous surface for providing haptic feedback to differ-
ent places that are simultaneously touched on the
touchable continuous surface.

104. The device of claim 103, wherein the multiple simul-
taneous inputs control a graphical user interface in the com-
puter sysiem.

105. The device of claim 103, whervein the grid of touch
sensitive input elements is mapped to a graphical user inter-
face such that the multiple inputs control the graphical user
interface.
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106. The device of claim 105, wherein the haptic feedback

varies depending on what is displayved on the graphical user
interface.

107. A method for using and controlling an input/output
device in a computer system, wherein the input/output device
comprises a plurality of touch sensitive input elements
coupled to a touchable continuous surface, the method com-
prising.

simultaneously touching the touchable continuous surface

at diffevent places on the touchable continuous surface,
wherein the touch sensitive input elements arve config-
ured to detect the simultaneous touching on the touch-
able continuous surface to provide multiple simulta-
neous inputs corvvesponding to the multiple touches to
the computer system,; and

receiving from the computer system signals to control plu-
rality of actuators to provide haptic feedback forces to
the touchable continuous surface to different places
that are simultaneously touched on the touchable con-
tinuous surface.
108. The method of claim 107, wherein the haptic feed-
back forces comprise dynamic haptic feedback forces.
109. The method of claim 107, wherein the actuators are
electromagnetic.
110. The method of claim 107, wherein the multiple simul-
taneous inputs control a graphical user interface in the com-
puler sysiem.

111. The method of claim 107, whevein the plurality of

touch sensitive input elements is mapped to a graphical user
interface such that the multiple inputs contrvol the graphical
user interface.

112. The method of claim 111, wherein the haptic feed-
back forces vary depending on what is displayed on the
graphical user interface.

113. The method of claim 107, wherein an actuator is
associated with each touch sensitive input element.

114. A method for controlling an input/output device in

communication with a computer system, wherein the input/

output device comprises a grid of touch sensitive input ele-
ments coupled to a touchable continuous surface, the
method comprising:

veceiving at the computer system multiple simultaneous
inputs indicative of simultaneous touches in multiple
places on the touchable continuous surface from the
grid of touch sensitive input elements; and

providing from the computer system signals to control a
plurality actuators associated with the touchable con-
tinuous surface to provide haptic feedback forces to
different places that are simultaneously touched on the
touchable continuous surface.

115. The method of claim 114, wherein the multiple simul-
taneous inputs control a graphical user interface in the com-
puler sysiem.

116. The method of claim 114, wherein the grid of touch
sensitive input elements is mapped to a graphical user inter-
face such that the multiple inputs control the graphical user
interface.

117. The method of claim 116, wherein the haptic feed-
back forces vary depending on what is displayed on the
graphical user interface.

118. A method for using and controlling an input/output
device in a computer system, wherein the input/output device
comprises a grid of touch sensitive input elements coupled to
a touchable continuous surface, the method comprising:

simultaneously touching the touchable continuous surface
at multiple places across the touchable continuous sur-
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face to provide multiple simultaneous inputs to the
computer system corresponding to the multiple
touches, wherein touches are used to interact with a
graphical user interface in the computer system; and

receiving from the computer system signals for providing
haptic feedback forces to different places that are simul-
taneously touched on the touchable continuous surface,
wherein the haptic feedback forces arve determined in
accordance with the graphical user interface.

119. The method of claim 118, wherein the haptic feed-

back forces comprise dynamic haptic feedback forces.

120. The method of claim 118, wherein the haptic feed-
back forces are provided by actuators.

[21. The method of claim 118, wherein an actuator is
associated with each touch sensitive input element.

122. The method of claim 118, wherein the touch sensitive
input elements include both XY sensors for determining
horizontal touch location on the touchable continuous
surface, and position sensors for determining the extent of
vertical travel of the touchable continuous surface.

123. The method of claim 118, wherein the grid of touch

sensitive input elements is mapped to a graphical user inter-

face.

124. A method for controlling an input/output device in
communication with a computer system, wherein the input/
output device comprises a touchable continuous surface
coupled to a plurality of touch sensitive input elements, the
method comprising:

receiving at the computer system multiple simultaneous
inputs indicative of simultaneous touches at different
places on the touchable continuous surface from the
plurality of touch sensitive input elements;

interpreting the multiple simultaneous inputs at the com-
puter system; and

providing from the computer system feedback signals to
provide a haptic response at each of the differvent places
that are simultaneously touched on the touchable con-
tinuous surface consistent with the interpretation.

125. The method of claim 124, wherein the feedback sig-
nals provide the haptic response by actuation of the touch
sensitive input elements at each of the places.

126. The method of claim 124, whevrein the multiple simul-
taneous inputs control a graphical user interface in the com-
puter sysiem.

127. The method of claim 124, wherein the plurality of

touch sensitive input elements is mapped to a graphical user
interface such that the multiple inputs contrvol the graphical

user interface.

128. The method of claim 127, wherein the haptic
response varies depending on what is displaved on the
graphical user interface.

129. The method of claim 124, wherein an actuator is
associated with each touch sensitive input element to pro-
vide the haptic response.

130. An input/output device for communicating with a
graphical user interface in a computer system, wherein the
graphical user interface comprises at least one graphical
element, comprising:

a touchable continuous surface coupled to a plurality of
touch sensitive input elements, wherein the touch sensi-
tive input elements responds to simultaneous multiple
touches at different places on the touchable continuous
surface to manipulate the at least one graphical ele-
ment on the graphical user interface; and

a plurality of actuators configured to provide feedback
forces to different places that arve simultaneously
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touched on the touchable continuous surface, wherein
the feedback forces vary depending on whether the
touches correspond to a location of the graphical ele-
ment in the graphical user interface.
131. The device of claim 130, wherein the touch corre-
sponds to the location of a cursor in the graphical user
interface.

132. The device of claim 130, wherein the plurality of

actuators comprise an actuator for each touch semnsitive
input element.

133. The device of claim 130, wherein the graphical ele-

ment is selectable via the touch.

134. The device of claim 130, wherein the feedback force
emulates a clicking sensation when the position of the touch
corresponds to the location of the graphical element.

135. The device of claim 130, wherein the at least one
actuator is electromagnetic.

136. The device of claim 130, wherein the touch sensitive
input elements include both XY sensors for determining
horizontal touch location on the touchable continuous
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138. An input/output device for a computer system, com-
prising:

a touchable surface arvea comprising a plurality of touch

sensitive elements, wherein at least one touch sensitive

element responds to touch to interact with a graphical
user interface;

wherein each of the touch sensitive elements comprises

an XY sensor for determining hovizontal touch location on
the touchable surface area,

a position sensor for determining the extent of vertical
travel of the touch sensitive element, and

an actuator for providing a feedback force in vesponse to

the touch, wherein the feedback force is controllable

based on information received from the graphical user
interface.

139. The device of claim 138, wherein the information

comprises whether the touch corresponds to a location of the

surface, and position sensors for determining the extent of 20 graphical element in the graphical user interface.

vertical travel of the touchable continuous surface.

137. The device of claim 130, wherein a plurality of touch
sensitive input elements rvespond to the touch, and wherein
the feedback force affects the plurality of touch sensitive
input elements.

140. The device of claim 139, wherein the feedback force

emulates a clicking sensation when the position of the cursor
corresponds to a location of a graphical element.
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