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FORCE FEEDBACK SYSTEM INCLUDING 
MULTIPLE FORCE PROCESSORS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part of co 
pending parent patent application Ser. No. 08/534,791, ?led 
Sep. 27, 1995, on behalf of Rosenberg et al., entitled, 
“Method and Apparatus for Controlling Human-Computer 
Interface Systems Providing Force Feedback,” assigned to 
the assignee of the present application, and Which is incor 
porated by reference herein. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates generally to interface 
devices for alloWing humans to interface With computer 
systems, and more particularly to computer interface devices 
that alloW the user to provide input to computer systems and 
provide force feedback to the user. 

[0003] Computer systems are used extensively in many 
different industries to implement computer controlled appli 
cations and tasks, and are also very popular With the mass 
market of home consumers. A computer system typically 
displays a visual environment to a user on a display screen 

or other visual output device. Users can interact With the 
displayed environment to perform functions and tasks on the 
computer, such as playing a game, experiencing a simulation 
or virtual reality environment, using a computer aided 
design system, operating a graphical user interface (GUI), 
performing ?le manipulation, or otherWise in?uencing 
events or images depicted on the screen. Such user interac 
tion can be implemented through the use of a human 
computer interface device, such as a joystick, mouse, track 
ball, stylus, tablet, pressure-sensitive ball, or the like, that is 
connected to the computer system controlling the displayed 
environment. Typically, the computer updates the environ 
ment in response to the user’s manipulation of a user 
manipulatable physical object such as a joystick or mouse, 
and provides feedback to the user utiliZing the display screen 
and, typically, audio speakers. The computer senses the 
user’s manipulation of the object through sensors provided 
on the interface device. 

[0004] In some interface devices, tactile and/or haptic 
feedback is also provided to the user, more generally knoWn 
as “force feedback.” These types of interface devices can 
provide physical sensations to the user manipulating a user 
manipulable object of the interface device. For example, the 
Force-FX controller from CH Products, Inc. and Immersion 
Corporation may be connected to a computer and provides 
forces to a user of the controller. Typically, motors or other 
actuators are coupled to the user object and are connected to 
the controlling computer system. The computer system can 
provide forces on the object in conjunction With application 
program events by sending control signals to the actuators. 
The computer system can thus convey physical force sen 
sations to the user in conjunction With other supplied feed 
back as the user is grasping or contacting the object of the 
interface device. 

[0005] In most of the prior art force feedback interface 
devices, the host computer directly controls forces output by 
the actuators of the interface device, i.e., a host computer 
closes a control loop around the system to generate sensa 
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tions and maintain stability through direct host control. FIG. 
1 illustrates a block diagram of a control system 10 having 
a typical host controlled loop architecture. A user manipu 
lated object 12, such as a joystick, of an interface device 13 
is moved by a user to interface With a host computer 14 
having a host CPU (or microprocessor) 16, memory 17, a 
display device 18, and I/O circuitry 19. Sensors 20 detect the 
position of the user object in provided degrees of freedom 
and buttons or other controls may also be provided to detect 
user actions. The sensor data including position data is sent 
to host computer 14 over a bi-directional communication 
bus 21 that is typically connected to an interface card 22 
plugged into the host computer. To complete the control 
loop, host computer 14 sends force commands over bus 20 
to actuators 24, and the actuators output forces to the user via 
user object 12. 

[0006] The con?guration of FIG. 1 has disadvantages in 
the inexpensive mass market, since the functions of reading 
sensor data and outputting force values to actuators 24 can 
be a computational burden on the host processor Which 
detracts from the performance of the host in other host tasks 
and application program execution. In addition, loW band 
Width interfaces 22 are often used in mass market computer 
systems, Which reduces the ability of the host computer to 
control realistic forces requiring high frequency signals. 

[0007] Some prior art force feedback devices employ a 
more sophisticated computational architecture having a 
dedicated microprocessor local to the interface device that 
communicates With the host computer through a high-level 
command language. As shoWn in FIG. 2, a local micropro 
cessor 26 reads sensors and control actuators in response to 
commands from the host computer. The local microproces 
sor reports data and creates force feedback sensations as a 
result of parsing host commands. Such an architecture is 
disclosed, for example, in issued US. Pat. No. 5,576,727, 
and is used in the abovementioned Force-FX joystick from 
CH Products and Immersion Corp. The advantage of this 
architecture is that the local microprocessor can reduce the 
computational burden on the host computer associated With 
generating force feedback sensations. This is particularly 
important for “closed loop” force feedback sensations such 
as simulated springs, dampers, and inertias Which are gen 
erated as a function of motion of the user manipulatable 
object as reported by the sensors. These “closed loop” 
sensations, referred to herein as “condition forces” or “con 
ditions” are computationally intensive because sensors must 
be read and actuators must be controlled in a very rapid 
control loop. Such a loop of reading sensors, performing 
computations on sensor data, and controlling actuators must 
be performed on the order of 1000 times per second to 
achieve high ?delity force feedback functionality. Having a 
local microprocessor perform these closed loop condition 
forces in response to high level commands from the host 
computer alloWs the host application to maintain control 
over the sensations Without being burdened With actually 
performing the rapid control loops. This enables the use of 
force feedback With host applications such that the perfor 
mance of the host application is not signi?cantly degraded 
When implementing force feedback functionality. 

[0008] While the above dual-processor architecture is a 
signi?cant improvement over traditional force feedback 
architectures, cost constraints on the local microprocessor 
limit the speed/performance of that processor and thus limit 
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the ?delity of local “closed loop” force sensations. There is 
a need to develop loW-cost methods of reducing the com 
putational burden of the local microprocessor associated 
With high-?delity closed loop “conditions” such as springs, 
dampers, and inertias. This is because loW-cost local micro 
processors lack the processing speed to perform the force 
feedback computations of closed-loop conditions While at 
the same time perform other tasks such as controlling 
communication With the host computer, decoding com 
mands, reporting sensor data, and creating “open loop” force 
feedback “effects,” such as jolts, vibrations, etc. The local 
microprocessor, hoWever, must be kept loW-cost and simple 
to manufacture for mass market force feedback interface 
devices so that the interface device is competitively priced 
in the high volume, aggressive home computer and home 
video game markets. 

SUMMARY OF THE INVENTION 

[0009] The present invention is directed to a neW com 
puter architecture for use in a force feedback interface 
device that further distributes the computational burden 
associated With force feedback generation by providing a 
haptic accelerator chip. The accelerator chip performs sup 
port functionality so as to relieve the computational burden 
on the local microprocessor of the interface device and 
increase performance and ?delity of forces at a loW cost. 

[0010] More speci?cally, the force feedback interface 
device is used With a host computer Which displays and 
updates an application program such as a graphical simula 
tion on a display device in response to user manipulation of 
the interface device. The host computer commands force 
feedback sensations in response to the user manipulation and 
in coordination With events Within the graphical simulation. 
The interface device includes a user manipulatable object 
graspable by the user, such as a mouse or a joystick, an 
actuator for outputting a force on the user manipulatable 
object, and a sensor for outputting a raW sensor signal 
indicative of a position of the user manipulatable object. A 
force feedback processor determines output force com 
mands for commanding forces to be applied on the user 
object by the actuator. A haptic accelerator separate from the 
force feedback microprocessor receives the raW sensor sig 
nals and outputs processed signals derived from the raW 
sensor signals, Where the processed signals are sent to and 
used, at least in part, by the force feedback processor for 
determining the forces. In the preferred embodiment, the 
raW sensor signals represent a position of the user object in 
a degree of freedom, and the processed signals represent a 
velocity and/or an acceleration of the user object. The haptic 
accelerator thus performs fast and ef?cient velocity and 
acceleration determination from raW position signals. 

[0011] The haptic accelerator includes logic components 
for fast processing of the raW sensor data into the processed 
data. In one embodiment, the sensor is a digital optical 
encoder providing tWo raW sensor signals, and the haptic 
accelerator determines a position and direction of the user 
object from the tWo raW sensor signals. The haptic accel 
erator preferably includes a quadrature module for deter 
mining the position data using the tWo raW sensor signals 
and a motion processing module having a counter for 
counting a time interval betWeen the raW signals to deter 
mine the velocity of the user object. The haptic accelerator 
may also include multiple latches for storing the time 
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interval and a previous time interval such that the haptic 
accelerator can determine the acceleration of the user object. 
Furthermore, the haptic accelerator may include fault pre 
vention logic for detecting errors and invalid signals from 
the sensor, and a ?lter for rejecting spurious raW sensor 
signals. The haptic accelerator can further include a multi 
plexer for multiplexing the position data With the velocity 
data. The haptic processing unit can additionally include a 
summing node for summing different condition force mag 
nitudes determined substantially simultaneously by the hap 
tic processing unit and for outputting the resultant condition 
force magnitude to the actuator. 

[0012] An advanced embodiment of the haptic accelerator 
is also included in the present invention. The advanced 
haptic accelerator can include the components described 
above as Well as a haptic processing unit for determining 
condition force magnitudes, such as for stiffness, damping, 
and inertia conditions, Which are output from the haptic 
processing unit to the actuator. The condition forces are 
dependent on a position, velocity, or an acceleration of the 
user object. In this embodiment, the force feedback proces 
sor preferably determines time-varying effect forces, such as 
jolts and vibrations. The haptic accelerator can include a 
parameter storage register for storing parameters received 
from the force feedback processor that modify the condition 
forces determined by the haptic processing unit, such as a 
spring constant, a damping constant, and a simulated mass 
constant. In some embodiments, the force feedback proces 
sor outputs effect forces to the haptic processing unit, and 
the haptic processing unit sums the effect forces With the 
condition forces and outputs the summed forces to the 
actuator. 

[0013] In the preferred embodiment, the force feedback 
processor is a device microprocessor separate from the host 
computer system and local to the force feedback interface 
device. The device microprocessor receives high-level host 
commands from the host computer, computes force magni 
tudes in response to the high-level commands, and outputs 
the force magnitudes to the actuator. Alternatively, the force 
feedback processor is a microprocessor included in the host 
computer system. A method of the present invention pro 
vides fast computation of forces for a force feedback inter 
face device and can be implemented in a similar manner to 
the apparatus described above. 

[0014] An analog embodiment of the force feedback 
device includes an analog position sensor for outputting an 
analog position signal, an analog circuit separate from the 
host computer Which receives the raW analog position sig 
nals, computes an analog velocity of said user object from 
the position, and outputs processed signals derived from the 
position signals and Which include representations of the 
computed velocity. A device microprocessor (or other force 
feedback processor) computes forces and receives the ana 
log position signal and the processed signals from the analog 
circuit and uses the analog position and velocity, at least in 
part, to determine the forces to be output on the user object. 

[0015] In another aspect of the present invention, smooth 
force sensations are provided to a user manipulatable object 
used in a force feedback interface device that is coupled to 
a host computer executing a program With Which the user 
interacts. Sensor signals from the interface device are 
executing a program With Which the user interacts. Sensor 
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signals from the interface device are used, at least in part, in 
the determination of force values to be output to a brushless 
motor (e.g., DC motor) included in the interface device. 
Force signals are output, equivalent to the force values, to 
the brushless motor using sinusoidal commutation, Where 
the force values are converted into forces applied to the user 
object by the brushless motor, Which preferably operates at 
loW speeds. The forces are coordinated With events dis 
played Within the program. In some embodiments, a haptic 
accelerator on the force feedback device may include a 
controller for sinusoidal commutation of the brushless 
motor. This sinusoidal commutation provides the high 
?delity forces necessary in a force feedback interface device 
using a brushless motor. 

[0016] The methods and apparatus of the present invention 
advantageously provide increased ability in a force feedback 
device to quickly and realistically output forces to a user 
manipulated object in coordination With an application pro 
gram updated on a host computer. The haptic accelerator of 
the present invention is dedicated to simple but computa 
tionally burdensome tasks such as determining velocity and 
acceleration from position information of the user object, 
and can handle such tasks in parallel and more quickly than 
the force feedback processor. The advanced haptic accelera 
tor performs additional tasks such as the determination of 
condition forces. This functionality alloWs these computa 
tionally burdensome tasks to be of?oaded from the force 
feedback processor, alloWing that processor to more quickly 
and ef?ciently determine other forces and to oversee other 
force feedback tasks. This also alloWs the force feedback 
processor and interface device to be implemented as a much 
more inexpensive device, Which is critical in the home and 
video game mass market. Other features of the present 
invention alloW realistic and effective forces to be provided 
With a loW cost interface device. 

[0017] These and other advantages of the present inven 
tion Will become apparent to those skilled in the art upon a 
reading of the folloWing speci?cation of the invention and a 
study of the several ?gures of the draWing. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] FIG. 1 is a block diagram of a force feedback 
system of the prior art using direct host-controlled forces; 

[0019] FIG. 2 is a block diagram of a force feedback 
system of the prior art using a local microprocessor for 
control of forces; 

[0020] FIG. 3 is a block diagram of a force feedback 
system of the present invention including a haptic accelera 
tor for assistance in the computation of forces; 

[0021] FIG. 4 is a block diagram of a basic embodiment 
of the haptic accelerator of the present invention; 

[0022] FIG. 5 is a block diagram of an advanced embodi 
ment of the haptic accelerator of the present invention; 

[0023] FIG. 6 is a How diagram illustrating a method of 
implementing the force feedback system using a haptic 
accelerator of FIG. 3; 

[0024] FIG. 7 is a block diagram illustrating an alternative 
force feedback system in Which the haptic accelerator of the 
present invention is used in a host controlled force feedback 
system; 
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[0025] FIG. 8 is a block diagram of the basic haptic 
accelerator of the present invention; 

[0026] FIG. 9 is a schematic diagram illustrating an 
embodiment of the ?lter of the haptic accelerator of FIG. 8; 

[0027] FIG. 10 is a schematic diagram illustrating a 
quadrature module of the haptic accelerator of FIG. 8; 

[0028] FIG. 11 is a schematic diagram illustrating a 
motion processing module of the haptic accelerator of FIG. 
8; 
[0029] FIG. 12 is a block diagram illustrating an eXample 
of the advanced haptic accelerator of FIG. 5; 

[0030] FIG. 13 is a How diagram of a process in Which the 
haptic processing unit of FIG. 12 determines condition 
forces; 
[0031] FIG. 14 is a graph of a stiffness force With refer 
ence to position versus force output; 

[0032] FIG. 15 is a schematic diagram of an alternate 
analog circuit embodiment of the haptic accelerator of FIG. 
3; and 

[0033] FIG. 16 is a block diagram of a control system of 
the present invention for controlling a brushless motor in a 
force feedback interface device. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0034] FIG. 3 is a block diagram of a force feedback 
system 30 including a computational architecture of the 
present invention for use in force feedback interface devices. 
System 30 includes a host computer 32, an interface device 
34, and a communication bus 36. 

[0035] Host computer 32 is preferably a personal com 
puter, Workstation, video game console, or other computing 
or display device, such as an IBM-PC compatible computer 
or Macintosh personal computer, a SUN or Silicon Graphics 
Workstation, a video game console available from Nintendo, 
Sega, or Sony, a “set top box” Which can be used, for 
eXample, to provide interactive television or Internet func 
tions to users, or a “netWork” or “internet” computer Which 
alloWs users to interact With a local or global netWork using 
standard connections and protocols such as used for the 
Internet and World Wide Web. Host computer 32 commonly 
includes a host CPU 38 (or host microprocessor), random 
access memory (RAM) 40, read-only memory (ROM) 42, 
input/output (I/O) electronics 44, a data bus 46, a display 
device 48, and an audio output device 50. Host CPU 38 can 
include a variety of available microprocessors from Intel, 
AMD, Motorola, CyriX, or other manufacturers. Micropro 
cessor 38 can be single microprocessor chip, or can include 
multiple primary and/or co-processors. CPU 38 preferably 
retrieves and stores instructions and other necessary data 
from RAM 40 and ROM 42 as is Well knoWn to those skilled 
in the art. 

[0036] Host computer 32 preferably implements a host 
application program With Which a user is interacting via 
interface device 34 and other peripherals, if appropriate. For 
eXample, the host application program can be video game, 
Web page, medical simulation, Word processor, CAD pro 
gram, or other application program that utiliZes input from 
interface device 34 and outputs force feedback to the inter 



US 2001/0045941 A1 

face device 34. Herein, for simplicity, operating systems and 
graphical user interfaces, such as WindoWs®, MS-DOS, 
MacOS, Unix, X-WindoWs, etc. are also referred to as 
“application programs.” Also, computer 32 may be referred 
as displaying “graphical objects” or “computer objects.” 
These objects are not physical objects, but are logical 
softWare unit collections of data and/or procedures that may 
be displayed as images by computer 32 on display screen 48, 
as is Well knoWn to those skilled in the art. For example, a 
displayed cursor or a simulated cockpit of an aircraft might 
be considered an “object”. Suitable softWare drivers Which 
interface softWare With computer input/output (I/O) devices 
are Well knoWn to those skilled in the art. 

[0037] Display device 48 can be included in host computer 
32 and can be a standard display screen (LCD, CRT, etc.), 
3-D goggles, projector, or any other visual output device. 
Typically, the host application program provides images to 
be displayed on display device 48 and/or other feedback, 
such as auditory signals. Images describing a GUI, a simu 
lation, a moving, ?rst person point of vieW can be displayed, 
as in a virtual reality game, or a third-person perspective of 
objects, backgrounds, etc. can be displayed. Audio output 
device 50, such as speakers, can be coupled to host CPU 38 
via ampli?ers, ?lters, and other circuitry Well knoWn to 
those skilled in the art. Host CPU 38 outputs signals to 
speakers to provide sound output to the user When an “audio 
event” occurs during the implementation of the host appli 
cation program. Other types of peripherals can also be 
coupled to host CPU 38, such as storage devices (hard disk 
drive, CD ROM drive, ?oppy disk drive, etc.), printers, and 
other input and output devices. Data bus 46 is internal to host 
computer 32 and alloWs communication betWeen the various 
components of the host computer. 

[0038] Communication bus 36 couples the host computer 
32 to the interface device 34. Host computer system 32 can 
receive sensor signals or data via communication bus 36 
from sensors of interface device 34 and other information. 
CPU 38 can receive data from bus 36 using 1/0 electronics 
44, and can use I/ O electronics 44 to control other peripheral 
devices. Host computer system 32 can also output com 
mands to interface device 34 via bus 36 to cause force 
feedback for the force feedback system 30. 

[0039] The bi-directional bus 36 sends signals in either 
direction betWeen host computer 32 and the interface device 
34. Bus 36 can be a serial interface bus providing data 
according to a serial communication protocol, a parallel bus 
using a parallel protocol, or other types of buses. An 
interface port of host computer 32, such as an RS232 serial 
interface port, connects bus 36 to host computer 32. One 
preferred serial interface used in the present invention is the 
Universal Serial Bus (USE). The USB standard provides a 
relatively high speed serial interface that can provide force 
feedback signals in the present invention With a high degree 
of realism. USB can also source poWer to drive actuators and 
other devices, alloW multiple devices to share the same bus, 
and provide timing data that is encoded along With differ 
ential or position data. In another embodiment, an additional 
bus can be included to communicate betWeen host computer 
32 and interface device 34 Which is coupled to a second port 
of the host computer, such as a “game port”, such that tWo 
buses are used simultaneously to provide a increased data 
bandWidth. 
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[0040] Interface device 34 (Which can be considered a 
“peripheral” of host 32) includes a local microprocessor 54, 
local clock 56, local memory 58, haptic accelerator 60, 
sensors 62, actuators 64, and user manipulatable object 66. 
Interface device 34 may also include additional electronic 
components for communicating via standard protocols on 
bus 36. Some electronic components of interface device 34 
can alternatively be included in host 34 or in its oWn separate 
housing. 

[0041] Local microprocessor 54 preferably coupled to bus 
36 and may be closely linked to interface device 34 to alloW 
quick communication With other components of the inter 
face device. Processor 54 is considered “local” to interface 
device 34, Where “local” herein refers to processor 54 being 
a separate microprocessor from any processors or CPU’s 38 
in host computer 32. “Local” also preferably refers to 
processor 54 being dedicated to force feedback and sensor 
1/0 of the force feedback interface system 30, and being 
closely coupled to sensors and actuators of the interface 
device 34, such as Within the housing of or in a housing 
coupled closely to device 34. Microprocessor 54 can be 
provided With softWare instructions to perform various func 
tions or tasks, including Waiting for commands or requests 
from host computer 32, parsing/decoding the command or 
request, and handling/controlling input and output signals 
according to the decoded command or request. In addition, 
processor 54 preferably operates independently of host 
computer 32 by reading sensor signals and calculating 
appropriate forces utiliZing those sensor signals, time sig 
nals, and force processes selected in accordance With a host 
command, and output appropriate control signals to the 
actuators. Suitable loW-cost microprocessors for use as local 
microprocessor 54 include the MC68HC711E9 by Motorola 
and the PIC 16C74 by Microchip, for eXample. Micropro 
cessor 54 can include one microprocessor chip, or multiple 
processors and/or co-processor chips. In other embodiments, 
microprocessor 54 can include digital signal processor 
(DSP) functionality. 

[0042] For eXample, in one host-controlled embodiment 
that utiliZes microprocessor 54, host computer 34 can pro 
vide loW-level force commands over bus 36, Which micro 
processor 54 directly transmits to the actuators. In a differ 
ent, local control loop embodiment, host computer 32 
provides high level supervisory commands to microproces 
sor 54 over bus 36, and microprocessor 54 manages loW 
level force control loops to sensors and actuators in accor 
dance With the high level commands and independently of 
the host computer 32. In the local control embodiment, the 
microprocessor 54 can process inputted sensor signals to 
determine appropriate output actuator signals by folloWing 
the instructions of a “force process” that may be stored in 
local memory and includes calculation instructions, formu 
las, force magnitudes, or other data. The force process can 
command distinct force sensations, such as vibrations, teX 
tures, jolts, or even simulated interactions betWeen displayed 
objects. Sensor signals received and used by microprocessor 
54 are also reported to host computer 32, Which updates a 
host application program and outputs force control signals as 
appropriate. For eXample, if the user moves a user manipu 
latable object, the computer 32 receives position and/or 
other signals indicating this movement and can move a 
displayed cursor in response. These embodiments are 
described in greater detail in co-pending applications Ser. 
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No. 08/534,791 and Ser. No. 08/566,282, both incorporated 
by reference herein in their entirety. 

[0043] A local clock 56 can be coupled to the micropro 
cessor 54 and haptic accelerator 60 to provide timing data, 
similar to system clock 46 of host computer 32; the timing 
data might be required, for example, to compute forces 
output by actuators 62 (e.g., forces dependent on calculated 
velocities or other time dependent factors). In alternate 
embodiments using the USB communication interface, tim 
ing data for microprocessor 54 (and, in some embodiments, 
for haptic accelerator 60) can be retrieved from the USB 
interface. 

[0044] Local memory 58, such as RAM and/or ROM, is 
preferably coupled to microprocessor 54 in interface device 
34 to store instructions for microprocessor 54 and store 
temporary and other data. Microprocessor 54 may also store 
calibration parameters in a local memory 58 such as an 
EEPROM. Memory 58 may be used to store the state of the 
force feedback device or other information. 

[0045] Haptic accelerator 60 of the present invention is an 
integrated circuit (IC) coupled to microprocessor 54 and to 
sensors 62 and actuators 64 of the interface device Which 
performs support functions for local microprocessor 54. The 
support functions are associated With closed loop “condi 
tion” sensations Which are computationally burdensome to 
the local microprocessor 54. Haptic accelerator 60 can be 
implemented according to different embodiments; a basic 
embodiment is described With reference to FIG. 4, and an 
“advanced” embodiment is described With reference to FIG. 
5. The haptic accelerator 60 can be implemented on a 
separate IC from microprocessor 54, or alternatively on the 
same portion of silicon on Which microprocessor is imple 
mented. Also, haptic accelerator 60 can be implemented as 
a digital signal processor (DSP) or the equivalent, especially 
if the functions of the haptic accelerator are to be optimiZed 
for mathematical operations. In yet other embodiments, the 
haptic accelerator (or the haptic processing unit Within the 
advanced haptic accelerator) can be implemented as a (loW 
level) microprocessor, separate from the (high-level) local 
microprocessor 54 and Working in conjunction With micro 
processor 54. Thus, tWo local microprocessors can be used: 
one for overseeing communication With the host computer 
and determining time varying effect forces, and the other for 
performing haptic-speci?c tasks such as determining veloc 
ity/acceleration and condition forces. This functionality is 
described in greater detail beloW. In such an embodiment, 
the haptic accelerator microprocessor might be the same 
type of microprocessor as processor 54, or a loWer cost 
microprocessor. 

[0046] Sensors 62 sense the position, motion, and/or other 
characteristics of a user object 66 along one or more degrees 
of freedom and provide signals to microprocessor 54 includ 
ing information representative of those characteristics. Typi 
cally, a sensor 62 is provided for each degree of freedom 
along Which object 66 can be moved, or, a single compound 
sensor can be used for multiple degrees of freedom. 
Example of sensors suitable for embodiments described 
herein are digital rotary optical encoders, Which sense the 
change in position of an object about a rotational axis and 
provide digital signals indicative of the change in position. 
Linear optical encoders may similarly sense the change in 
position of object 66 along a linear degree of freedom. A 
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suitable optical encoder is the “Softpot” from US. Digital of 
Vancouver, Wash. Alternatively, analog sensors such as 
potentiometers can be used. It is also possible to use 
non-contact sensors at different positions relative to inter 
face device 34, such as Polhemus (magnetic) sensors for 
detecting magnetic ?elds from objects, or an optical sensor 
such as a lateral effect photo diode having an ernitter/ 
detector pair. Furthermore, either relative or absolute sensors 
can be employed. 

[0047] A sensor interface (not shoWn) may optionally be 
included in interface device 34 to convert sensor signals to 
signals that can be interpreted by the microprocessor 54 
and/or host computer 34. For example, a digital sensor 
interface (for digital sensors) or an analog sensor interface 
(for analog sensors) can be used. Such circuits, or equivalent 
circuits, are Well knoWn to those skilled in the art. For 
example, an electronic interface is described in US. Pat. No. 
5,576,727, Which is hereby incorporated by reference herein. 
Alternately, microprocessor 54 (and/or haptic accelerator 
60) can perform these interface functions Without the need 
for a separate sensor interface. Or, sensor signals from the 
sensors can be provided directly to host computer 32, 
bypassing microprocessor 54 and haptic accelerator 60. 

[0048] Actuators 64 transmit forces to user object 66 in 
one or more directions along one or more degrees of 

freedom in response to signals output by microprocessor 54 
and/or host computer 34, i.e., they are “computer con 
trolled.” Typically, an actuator 64 is provided for each 
degree of freedom along Which forces are desired to be 
transmitted. Actuators 64 can include tWo types: active 
actuators and passive actuators. Active actuators include 
linear current control motors, stepper motors, pneumatic/ 
hydraulic active actuators, a torquer (motor With limited 
angular range), a voice coil actuator, and other types of 
actuators that transmit a force to an object. Passive actuators 
can also be used for actuators 64, such as magnetic particle 
brakes, friction brakes, or pneumatic/hydraulic passive 
actuators, and generate a damping resistance or friction in a 
degree of motion. In yet other embodiments, passive (or 
“viscous”) damper elements can be provided on bearings of 
a mechanical apparatus of interface device 34. In some 
embodiments, all or some of sensors 62 and actuators 64 can 
be included together as a sensor/actuator pair transducer. 

[0049] An actuator interface (not shoWn) can be optionally 
connected betWeen the actuators 64 and microprocessor 54. 
The interface converts signals from microprocessor 54 into 
signals appropriate to drive the actuators. The interface can 
include poWer ampli?ers, sWitches, digital to analog con 
trollers (DACs), and other components. Such interfaces are 
Well knoWn to those skilled in the art. In alternate embodi 
ments, actuator interface circuitry can be provided Within 
microprocessor 54, Within haptic accelerator 60, or Within 
the actuators. ApoWer supply (not shoWn) can optionally be 
coupled to actuators 64 to provide electrical poWer. Active 
actuators typically require a separate poWer source to be 
driven. Alternatively, if the USB or a similar communication 
protocol is used, actuators and other components can draW 
poWer from the USB and thus have no (or reduced) need for 
a poWer supply. 

[0050] User manipulatable object 66 (“physical object” or 
“manipulandum”) is preferably grasped or gripped and 
manipulated by a user in degrees of freedom provided by the 
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interface device 34. By “grasp,” it is meant that users may 
releasably engage a portion of the object in some fashion, 
such as by hand, With their ?ngertips, or even orally in the 
case of handicapped persons. For example, images can be 
displayed and/or modi?ed on display screen 48 of the 
computer 34 in response to such manipulations. Suitable 
user objects 66 include a joystick, mouse, stylus, steering 
Wheel, aircraft control, pool cue, medical instrument, or 
other article. 

[0051] A mechanical apparatus (not shoWn) is typically 
used in interface device 34 to provide degrees of freedom of 
movement for user manipulatable object 66. The mechanical 
apparatus can be one of several types of mechanisms, 
including a gimbal mechanism, slotted yoke mechanism, 
?exible structure, etc. For example, mechanisms disclosed 
in co-pending patent applications Ser. Nos. 08/275,120, 
08/344,148, 08/374,288, 08/400,233, 08/489,068, 08/560, 
091, 08/623,660, 08/664,086, 08/709,012, 08/736,161, 
08/756,745, and US. Pat. No. 5,576,727, all hereby incor 
porated by reference herein in their entirety, can be included. 

[0052] Other input devices (not shoWn) can also optionally 
be included in interface system 30 and send input signals to 
microprocessor 54 and/or host computer 32. Such input 
devices can include buttons, such as buttons on the user 
object 66 (eg a mouse or joystick) used to supplement the 
input from the user to a GUI, game, simulation, etc. Also, 
dials, sWitches, foot pedals, voice recognition hardWare 
(With softWare implemented by host 34) or other input 
mechanisms can be used. Asafety or “deadman” switch can 
also be included to provide a mechanism to alloW a user to 
override and deactivate the actuators 64 or require a user to 
activate the actuators, for safety reasons. Some embodi 
ments of safety sWitches are described in co-pending patent 
application Se. No. 08/623,660. 

[0053] One input device that is preferably included in 
interface device 34 is a haptic “volume” knob or force 
volume knob 68. Volume knob 68 can be adjusted by a user 
to reduce or increase the magnitude of forces output by 
actuators 64. The user can thus adjust the overall level of 
forces to a desired or preferred level during normal opera 
tion of the force feedback system independently of softWare 
running on the host computer 34. In addition, certain force 
volume settings can be provided for speci?c purposes; for 
example, one setting of the knob or sWitch can be recom 
mended for adults, While the other, loWer-magnitude force 
setting can be recommended for children. Or, a player may 
Wish to loWer the overall magnitudes of forces after playing 
a force-feedback game for some time, and can sWitch the 
forces from a high-magnitude “turbo” mode to a loWer 
magnitude “normal” mode. Preferably, the microprocessor 
54 (or haptic accelerator 60) can handle force volume 
functions by checking the state of the knob constantly, by 
Waiting for an input signal from the knob, or by receiving an 
interrupt signal from the knob. The microprocessor 54 can 
multiply a determined total force by a constant dictated by 
the position of the volume knob and output the ?nal force 
accordingly. Alternatively, a separate component or circuit 
can be used to limit current to the actuators 64 or otherWise 
adjust the magnitude of output forces. Such a component can 
be coupled betWeen a poWer supply and actuators, or in 
another position alloWing force magnitudes to be reduced 
after the microprocessor/haptic accelerator have determined 
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the force. In other embodiments, force 68 volume control 
can be implemented as a slider, lever, buttons, sWitch, or 
other input device. 

[0054] In some embodiments of interface system 30, mul 
tiple interface devices 34 can be coupled to a single host 
computer 34 through bus 36 (or multiple buses 36) so that 
multiple users can simultaneously interface With the host 
application program or host computer (in a multi-player 
game or simulation, for example). In addition, multiple users 
can interact With the host application program and With each 
other using multiple interface systems 30 and netWorked 
host computers 34, as is Well knoWn to those skilled in the 
art. 

[0055] In another mode of the force feedback interface 
device 34, force feedback can be generated for a user 
completely independently of host commands and host com 
puter 34. For example, “re?ex” forces can be output by 
actuators 64 Whenever a certain input or event occurs, such 
as When a button on interface device 34 is pressed by the 
user. The microprocessor detects the activation or press of 
the button and the microprocessor and/or haptic accelerator 
immediately outputs a force or sequence of forces that are 
associated With the button and also based on other condi 
tions, but does not need any commands from the host When 
outputting these forces in the re?ex mode. HoWever, a 
previous command from the host computer can associate a 
particular re?ex force sensation With a button or other event. 
Such an embodiment is described in greater detail in 
copending patent application Ser. No. 08/623,660. 

[0056] In a “demonstration” mode similar to the re?ex 
mode, interface device 34 can produce predetermined forces 
When the user object 66 is moved or manipulated by the user. 
The microprocessor 54 does not report data to the host 
computer or supervise communication to the host computer 
When in this mode, nor does it receive host commands. 
Instead, forces are generated solely based on button or other 
input device activations and motion of the user object, 
completely independent of the host computer. A force “vol 
ume” knob and other controls (such as described above) may 
be provided on the user object to alloW the user to select 
different force outputs, effects, conditions, and/or force 
magnitudes. The forces produced can be any of the previ 
ously mentioned force effects or conditions, such as a 
stiffness condition or jolt effect; or virtual Walls, springs, 
textures, etc. can also be output forces in this mode. Dem 
onstration mode is quite useful to demonstrate to potential 
customers the functionality of the interface device 34 With 
out requiring that a host computer 32 be connected to the 
interface device. For example, in a store having a display of 
several joysticks, a store manager may not desire to connect 
a host computer to each joystick having force feedback 
functionality. Yet, it is desirable to alloW the customers to 
manipulate the joysticks in actual operation to alloW them to 
experience the forces produced by the joystick. The dem 
onstration mode alloWs customers to sample a Wide range of 
force sensations produced by a particular device While 
alloWing the store manager ?exibility in providing demon 
stration models. 

[0057] FIG. 4 is a block diagram illustrating a basic 
embodiment 60‘ of haptic accelerator 60 of the present 
invention. Haptic accelerator 60‘ is preferably hard-Wired 
circuitry that performs processing on incoming sensor data; 




























