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Haptic Input and 
Output (Pointing 
and Touching) 

A haptic pointing device includes a plurality of rigid, elon 
gated proximal members, each connected to a separate rigid, 
elongated distal member through an articulating joint. The 
other end of each proximal member is coupled to an actuator 

such as a motor, causing that member to sWing Within a 

separate plane perpendicular to the shaft of the motor in 
response to a control signal. An end-effector is intercon 
nected to the second end of each distal member through an 

articulating joint, such that as the actuators move the proxi 
mal members, the end-effector moves in space. In a pre 

ferred embodiment, the device includes at least three proxi 
mal members and three distal members, and the end-effector 
is coupled to a user-graspable element such as a stylus Which 

retains a preferred orientation in space as the members are 

driven by the actuators. In a force-feedback application, the 
haptic pointing device further includes a position sensor 
associated With each degree of freedom, and haptic process 
ing means interfaced to a virtual reality system or teleop 
erations environment. Additional components may be pro 
vided to increase ?exibility, degrees of freedom, or both. 

Visual Output 
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HAPTIC POINTING DEVICES 

REFERENCE TO RELATED APPLICATION 

[0001] This application claims priority of US. provisional 
application Ser. No. 60/064,077, ?led Nov. 3, 1997, the 
entire contents of Which are incorporated herein by reference 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to force 
feedback and, in particular, to a family of haptic interface 
devices Which exploit multiple redundant links to position a 
scribe or stylus in space. 

BACKGROUND OF THE INVENTION 

[0003] Force feedback devices originated in various spe 
cialiZed Ways in the 1960s With teleoperations. Most of these 
devices Were “replica” devices, Wherein a smaller control 
ling or master robot Was moved by an operator to control 
movement of a larger slaved robot. Forces detected at the 
slave Were then also fed back to the operator through the 
master robot’s actuators. Such prior art is substantially 
described in US. Pat. No. 5,389,865 to Jacobus et al. 

[0004] In the late 1980s, NASA funded several experi 
ments using force feedback devices Which Were not con?g 
ured as having identical versions of a slave device. This Was 
important at the time because an astronaut may Want to 
control a number of kinds of space-based robots and cranes 
from one “universal” controller. To make this universal 
controller concept Work, the master controller Was con 
nected logically to the slave through a netWork of computers 
Which Were capable of translating the master kinematics 
typically into Cartesian coordinates and from Cartesian to 
slave kinematics and back the other Way. 

[0005] Once this computer controller is in place on the 
master side of the system, it becomes possible to send inputs 
from the master (joystick, Wheel, yoke, etc.) to a simulated 
slave rather than a real one, and to accept forces from the 
simulation for application to the master as Well. This is one 
innovation described in US. Pat. Nos. 5,389,865 and 5,459, 
382 to J acobus et al. As disclosed by J acobus, this simulation 
need not be a real device, like a crane or robot, but may be 
a simulated automobile, boat, plane, or Weapon. It can even 
be a simulation of a person performing tasks in a virtual 
World, such as Walking, handling things, touching surfaces. 

[0006] Us. Pat. Nos. 5,459,382 and 5,389,865 describe an 
early device and method for providing users With a touch or 
tactile interface into a virtual World Which alloWs the user to 
touch virtual objects, or objects Which are not real, but rather 
are described by a model Which resides inside a computer 
system. US. Pat. Nos. 5,389,865 and 5,629,594, and US. 
application Ser. No. 08/845,375 elaborate on these devices 
and the softWare architecture responsible for expressing 
abstract virtual models in the computer as forces created 
based on the position of the devices. U.S. application Ser. 
No. 08/861,080 describes in detail hoW a softWare architec 
ture represents abstract virtual objects in terms of superpo 
sitions of virtual geometrical entities and dynamic special 
“feel” effects. US. application Ser. No. 08/859,877 
describes hoW virtual objects and geometrical entities are 
built using CAD/CAM and geometrical design methods. 
US. application Ser. No. 08/859,157 describes hoW touch or 
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haptic attributes are parameteriZed and represented using 
graphical user interface elements. All of the patents and 
applications discussed above are set forth herein in their 
entirety by reference. 

SUMMARY OF THE INVENTION 

[0007] Broadly, this invention resides in techniques and 
systems for combining tactile feedback elements to create a 
family of haptic or touch user interface devices. In particu 
lar, these combinations exploit multiple redundant links to 
position a scribe or stylus in a single, unique multi-degree of 
freedom position and orientation While presenting a force or 
force and torque to the stylus. The stylus, in turn, is pressed 
on the CAD/CAM or designer’s hand, simulating tactile 
interaction With a virtual object Within the device’s volume 
of movement. 

[0008] In a basic con?guration, a haptic pointing device 
according to the invention includes a plurality of rigid, 
elongated proximal members, each connected to a separate 
rigid, elongated distal member through an articulating joint. 
The other ends of each proximal member is coupled to an 
actuator causing that member to sWing Within a separate 
plane in response to a control signal. An end-effector is 
interconnected to the second end of each distal member 
through an articulating joint, such that as the actuators move 
the proximal members, the end-effector moves in space. The 
various articulating joints may be universal joints, ball 
joints, of composed of a ?exible material. 

[0009] In a preferred embodiment, the device includes 
three proximal members and three distal members, enabling 
the end effector to move in three-dimensional space. The 
actuators preferably take the form of motors having a shaft 
perpendicular to the plane of movement of the proximal 
member coupled thereto. Different style motors, including 
pancake motors, may be used. In one con?guration, the 
end-effector is coupled to a user-graspable element having a 
preferred orientation in space, With the arrangement of the 
members and joints being such that the element retains the 
preferred orientation as the end effector is moved by the 
actuators. 

[0010] In a force-feedback application, the haptic pointing 
device further includes a position sensor associated With 
each proximal member, and haptic processing means opera 
tive to output an electronic signal indicative of the position 
of the end-effector in space, and receive an electronic signal 
causing the actuators to move the end-effector to a point in 
space. The haptic processing means may in turn be inter 
faced to a virtual reality system including descriptions of 
virtual objects, enabling a user to interact With the objects 
through the end effector. Alternatively, the haptic processing 
means may be interfaced to a slave system including a 
separate set of actuators and encoders, enabling a user to 
interact With the objects through the end effector as part of 
a teleoperations environment. 

[0011] In alternative embodiments, additional components 
may be provided to increase ?exibility, degrees of freedom, 
or both. For instance, the end-effector may be further 
coupled to a user-graspable element such as a handle or 
stylus to provide one or more additional degrees of freedom 
associated With roll, pitch and yaW. The system may include 
a pair of base platforms, each With its oWn set of actuated 
proximal and distal members for example, six sets of proxi 
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mal and distal members may be utilized, three sets associ 
ated With each of the tWo base platforms. In all cases, the 
system may further conveniently include a docking station 
to receive the end effector for calibration purposes. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 is a draWing used to shoW hoW the inven 
tion may be employed to support the touching of geometric 
objects described Within a virtual World interfaced to a 
haptic or tactile device; 

[0013] FIG. 2 is a draWing of a prior-art stylus Which Was 
found to be impractical for various reasons; 

[0014] FIG. 3 is a draWing used to introduce and illustrate 
a “SteWart platform,” forming a basis for inventive prin 
ciples disclosed herein; 

[0015] FIG. 4 is one modi?cation of the SteWart platform 
Which uses direct-drive rotary actuators as part of a siX 
degree-of-freedom design; 

[0016] FIG. 5 is a different modi?cation of the SteWart 
platform utiliZing three actuators and linkages as part of a 
three-degree-of-freedom device according to the invention; 

[0017] FIG. 6 illustrates hoW, through the use of holloW 
tubes and ?exible guides, Wires may be dressed to an 
actuator/manipulator; 

[0018] FIG. 7 is a draWing as seen from an oblique 
perspective illustrating hoW semiconductor optical sensors 
and detectors may be mounted on a metallic strip for 
encoding purposes according to the invention; 

[0019] FIG. 8 illustrates a preferred stylus incorporating 
actuator buttons and a “dead man” sWitch; 

[0020] FIG. 9 is a block diagram illustrating major func 
tional electronic subsystems according to the invention; 

[0021] FIG. 10 is a simpli?ed representation of the Way in 
Which application and device layers are integrated according 
to a softWare aspect of the invention; 

[0022] FIG. 11 shoWs a physical embodiment of a three 
degree-of-freedom linkage; 

[0023] FIG. 12 shoWs an aspect of the invention Wherein, 
in particular, a rotary actuator is coupled to a rigid rod or 
tube; 
[0024] FIG. 13 is a perspective vieW of a completed 
three-degree-of-freedom apparatus; 

[0025] FIGS. 14A and 14B are diagrams Which help to 
illustrate device kinematics in solving from Cartesian coor 
dinates to link vector locations; 

[0026] FIG. 15 shoWs the outline diagram of an alterna 
tive embodiment of a three-axis design implemented With 
DC pancake motors; 

[0027] FIG. 16 depicts the design of a three-axis mea 
surement-only end effector Which may be substituted for the 
simple stylus of previous ?gures; and 

[0028] FIG. 17 shoWs a variation in modifying a conven 
tional SteWart platform by connecting tWo three-degree-of 
freedom systems together through a common linkage and 
stylus. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

[0029] FIG. 1 suggests hoW the invention may be 
employed to support touching of geometric objects 
described Within a virtual World representation by a geo 
metric probe logically attached to a haptic or tactile device. 
The representation to support touch is synchroniZed With a 
comparable representation of the World for visualiZation or 
graphical rendering, enabling the World to be both seen and 
touched. Because of the analogy to visualiZation entailed by 
this method, the generation of forces from the act of touch 
ing virtual objects is called haptic rendering (as a analog to 
visual rendering), and the act of both touching and vieWing 
the objects (or other data) is referred to as broWsing, and the 
softWare package Which does the broWsing is called a 
broWser. 

[0030] Generally speaking, the basis for the invention 
resides in alternative haptic device designs having at least 
some of the folloWing properties: 

[0031] loW inertia and Weight to provide very high 
haptic ?delity; 

[0032] a desktop-oriented force feedback With range 
of motion comparable to a conventional computer 
mouse (the 2D Workspace Was to be nominally equal 
to that of a mousepad); 

[0033] compatibility With 3D CAD data (i.e. CAD/ 
CAM softWare representations); 

[0034] 
[0035] 

[0036] One promising haptic design is shoWn in FIG. 2. 
This design approach, While used in eXisting commercial 
devices, proved to be heavy, had high inertia, and eXhibited 
signi?cant backlash in the drive train When a loW cost 
actuation motor/gear system Was used. The design also 
eXhibits problems With structure ?eX and timing belt/cable 
tensioning. Although these problems could be corrected With 
effort, the overall design is too far from ideal overall. 

loW cost; and 

simple and reliable operation. 

[0037] The preferred concept began as a miniature con 
ventional “SteWart platform,” as shoWn in FIG. 3; eXcept 
that We employed rotary actuators, instead of linear actua 
tors. FIG. 4 depicts one platform design embodiment modi 
?ed to use direct-drive rotary actuators as part of a siX 
degree-of-freedom design. FIG. 5 depicts an alternative 
embodiment using only three actuators and linkages for a 
three-degree-of-freedom device. 

[0038] From the three-degree-of-freedom design concept 
of FIG. 5 the device kinematics Were computed. This Was 
done through a genetic algorithm Which varied motor siZe, 
location, and link arm segment lengths to produce accept 
able forces levels in all directions at all points in preferred 
the Work envelope (nominally a volume With a mouse pad 
siZed base area and height). The genetic algorithm returned 
5 con?gurations Which Were evaluated as “the best,” con 
sidering the kinematics and evaluation cost criteria. 

[0039] One of these con?gurations Was selected as optimal 
based on inspection and layout considerations and, most 
importantly, the clearance of obstacles by the links. One 
problem With the mathematical analysis Was that some 
positions Within the Workspace Were not physically reach 
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able due to the combination of link position, motor stack 
length, and motor diameter. The con?guration that Was 
selected Was based on results of the genetic algorithm Which 
gave best ?tness relative to cost and had the most link 
clearance. This con?guration also offered the best case 
design for ease of manufacturing. 

[0040] Another factor Which in?uenced the design process 
Was the Wiring and routing of cables. Since the device has 
a stylus at the end effector With optical sensors and buttons, 
Wires must be run from the main electronics board out to the 
pen. Due to the number of revolute joints involved, We 
sought to devise methods for containing the Wires such that 
they Would not effect the range of motion of the device 

(FIG. 6). 
[0041] Optimal force actuators for a haptic device are 
small in siZe, have loW rotational inertia, produce high 
poWer to torque ratio, and have very loW cogging torque. In 
selecting rotational actuators, We considered motors, 
torques, and rotational solenoids. Our geometric optimiZa 
tion for the this device dictated larger angular displacements 
than can be achieved by currently manufactured rotational 
solenoids and single phase torques. Our initial design used 
pancake motors, Which performed Well (good torque, very 
loW cogging, and good package geometry). This style motor, 
sometimes referred to as a multi-phase torque, is designed to 
produce high torque at loW speeds. Because of cost and 
availability considerations We sWitched conventional cylin 
drical brush motors With skeWed stators. The trade off of 
motor siZe, poWer consumption, and drive electronics dictate 
the motor siZe and electrical Winding characteristics. 

[0042] Sensor accuracy requirements led us to develop a 
neW type of optical angular position sensor, since no com 
mercially available device provided the resolution We 
needed in the target price range (early implementations used 
potentiometers and optical encoders). The sensor is an 
optical encoder of a relatively large diameter, Which gives us 
positional resolution using standard components. The semi 
conductor optical sensor, a source and detector pair, is used 
to see lines etched on a metallic strip having a ?Xed number 
of lines per inch (FIG. 7). This alloWed us to select the 
resolution desired by varying the diameter of the plastic 
encoder mounting bracket. 

[0043] The preferred stylus incorporates tWo user de?n 
able buttons, like a tWo button mouse, and tWo optical 
deadman sensors (FIG. 8). The placement and use of the 
tactile buttons is designed for comfort and ease of use. TWo 
“deadman” sensors, consisting of infrared emitter/detector 
pairs, are preferably supported to accommodate both left 
and right-handed users. 

[0044] The use of emitter-detector pairs alloWs for a much 
more reliable dead man sensor. By turning on the emitter and 
monitoring the amount of light received by the detector and 
then turning off the emitter and again monitoring the amount 
of light received by the detector it is possible to deduce 
Whether the light that is received at the detector is re?ected 
light from the users ?nger or ambient light from an external 
source. The deadman sensors are used as sWitches that 
indicate if the user has a ?rm grip on the device. Per 
algorithms disclosed in US. Pat. Nos. 5,389,865, 5,459,382, 
5,629,594, and US. application Ser. No. 08/845,375, this 
information is combined With the state of the host and device 
control softWare and hardWare systems to control Whether 
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poWer can be applied to the actuators safely. Assuming all 
control systems are functional, poWer is applied only When 
the user maintains a ?rm grip on the haptic stylus. 

[0045] NoW making reference to FIG. 9, the control 
electronics includes a haptics processor 902, system I/O bus 
controller 904, RAM 906, ROM 908, torque control actua 
tors 910, angular displacement decoders 912, system per 
formance sensors 914, user controls 916, deadman sensors 
920, status indicators 922, and external host interface 924. 
SoftWare, shoWn in FIG. 10, includes an API layer 1010 and 
device layer 1012 in the host PC and a communications layer 
1020 and device layer 1022 in the haptics processor. 

[0046] FIG. 11 shoWs the physical embodiment of the 
invention With a three degree of freedom linkage set and a 
handheld stylus. Numerical reference (10) points to volumes 
de?ned by DC motor rotary actuators. Items (15), (19), and 
(20) are parts Which make up a segment plastic cover. Item 
(11) is the universal point Where the three linkages are bound 
together at a single X, Y, Z point, held in position by the 
user’s hand through grasping of the stylus (16). Devices (17) 
are the cueing buttons actuated by the user’s indeX ?nger and 
(18) is one of tWo infrared deadman’s sensors that detect the 
user’s ?rm grip on the stylus (also shoWn in FIG. 8). 

[0047] The arrangement of FIG. 11 is a three-aXis haptic 
device that consists of a base platform upon Which sit 3 
rotational aXes. Each of these rotational aXes is an actuator 
sensor pair, as shoWn in FIG. 12. An actuator-sensor pair 
may be de?ned as a torque producing device that is directly 
attached to a angle measuring device, typically a motor and 
encoder. The actuator is commanded from the host computer 
to produce a torque. The host computer also requests posi 
tion information, from each aXis, Which the angle measuring 
device can provide. The preferred implementation of the 
actuator is a DC motor (1), although limit angle torques or 
alternative rotary actuators may alternatively be used. The 
preferred implementation of the sensor is an optical encoder 
although inductive or resistive sensor may be substituted. 

[0048] Since no commercially available sensor met our 
position sensing and cost requirements, We developed a 
special optical encoder Which consists of a thin metal sheet 
etched or With markings (2), mounted on a plastic support 
(3). The optical emitter/detector circuit board (6) is held in 
place by the rotation arm The entire actuator-sensor pair 
is mounted to a metal plate (70) Which serves to hold the 
aXes in the proper location and orientation. 

[0049] Each rotation aXis is connected in the folloWing 
linkage con?guration. The aXis of the actuator-sensor pair is 
directly attached to one end of a stiff link by means of the 
rotation arm This link is called the proXimal links (50) 
and is typically a metallic or nonmetallic tube. Referring to 
FIG. 13, the other ends of the proXimal link, Which moves 
about a circular path Whose center is at the motor aXis, are 
each attached to one end of a second link called a distal link 
(80), Which is also preferably a tube. The distal links are 
connected to the proXimal links by means of a universal joint 

(90). 
[0050] The only hard constraint betWeen the proXimal and 
distal link is that these end points must match up, as this 
design attempts to minimiZe torque created about the con 
nection point. Consequently, the other ends of the distal 
links de?ne a sphere Whose center is at the proXimal-distal 








