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A passive constraint device (10) for implementing a programmable
virtual constraint surface, comprises one or more non-holonomic transmis-
sion elements (W) for coupling velocities of motion and having a steering
angle. A user moves the handle (S) of the passive constraint device relative
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PASSIVE ROBOTIC CONSTRAINT DEVICES USING
NON-HOLONOMIC TRANSMISSION ELEMENTS

FIELD OF THE INVENTION

The present invention relates to passive robotic
constraint devices for interaction with human operators,
and for implementation of computer programmable
constraints.

BACKGROUND OF THE INVENTION

Several recent areas of interest in robotics require
the direct physical interaction of an operator with
manipulators, haptic displays, or assistive devices.
Haptic displays, which are essentially robots designed
for direct, physical interaction with human operators,
have a great variety of applications. These applications
can range from teleoperation, to virtual reality, to
robotic surgery.

Haptic displays can be used to implement
programmable constraint where, for example, haptic
virtual fixtures (i.e. hard walls which constrain motion
to useful directions) can improve performance in
teleoperation tasks such as a remote peg-in-hole
insertion task. Further, in computer-assisted surgery, a
Surgeon may move a surgical tool cooperatively with a
robot, with the robot enforcing certain constraints (e.qg.
"cut only this surface") while the surgeon is free to
maneuver the tool within the allowed surface. In virtual
reality applications, a user may interact with and "feel"
objects which exist only in digital representation, by
using a haptic display to probe those virtual objects and
perceive the resulting reaction forces. In vehicle final
assembly, workers may cooperatively control the motion of
large, heavy vehicle components with an assistive device,
where the assistive device controls some aspects or
bounds on its motion, while the worker controls others.

The aforementioned examples have in common the
exchange of force and motion between a human and a
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multi-degrees of freedom robot. For example, the examples
involve the commonalities of constraining the motion of a
human operator and the human operator supplying the
source of energy for carrying out the particular task.
Different requirements apply to robots such as these,
that interact energetically with an operator, than apply
to industrial robots in a typical humans-excluded
environment. First, the development of perceptually
smooth force-following, in which the robot is guided by
the user, has been found to be quite difficult and to
require much higher servo rates than are needed for
position control alone. Second, passivity and stability
of the robotic system is required when it is considered
that a robot with a payload of only a few pounds can
quickly develop lethal kinetic energy and when
unpredictable human impedance is possible during
operation.

Conventional passive haptic constraint devices
typically have been provided with as many degrees of
freedom as the resulting device is expected to exhibit
and its joints are driven by motors to this end. If the
motors are inactive, the user can move the device freely.
When it is desired to reduce the number of degrees of
freedom (in order to implement a software constraint
surface), the motors are activated to couple the motion
of the joints so that the user's ability to move the
device is constrained.

However, when using conventional approaches to
haptic constraint devices where servo control is used to
reduce the degrees of freedom of the robot to those
consistent with the programmed constraint, passivity and
constraint have been antagonistic goals. In particular,
to implement an effective constraint, a servocontroller
requires high gains which are incompatible with robotic
passivity and stability. Such disadvantages are inherent
to the servo controlled approach to haptic displays.
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Passive constraint devices have appeal for operating
in continuous time and in a perceptually smooth manner in
response to forces applied to it by a user. The passive
constraint device lacks external energy sources and its
kinetic energy is limited to that provided by the user,
therefore a hardware or software failure cannot produce
high velocities that might injure the user and/or the
robot.

One passive haptic constraint device (M. Russo and
A. Tadros, Controlling Dissipative Magnetic Particle
Brakes in Force Reflective Devices, ASME Winter Annual
Meeting, Anaheinm, California, pp. 63-70, 1992) employs
controllable brakes rather than (or in addition to)
servoed actuators at the joints of a device. Brakes can
implement very hard constraints and are completely
passive. However, a braked passive constraint device
suffers from a serious disadvantage in that it is limited
to the types of virtual surfaces which it can implement.
For example, considering a passive constraint device
having brakes that activate in the x-axis and y-axis
directions with respect to a two-axis Cartesian
coordinate, implementation of a 45 degree wall relative
to the x and y axes would require a series of step
motions that can be perceived by the user and that can
result in both the x-axis and y-axis brakes both being
activated in a manner that motion becomes impossible
along the 45 degree wall.

SUMMARY OF THE INVENTION

The present invention is a passive constraint device
for use in implementing a programmable virtual constraint
surface, comprising one or more non-holonomic kinematic
transmission elements for coupling velocities of motion
and having a steering angle. A user moves a handle,
joystick or other user manipulator means of the passive
constraint device relative to the virtual surface. A
steering motor sets the steering angle of the
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non-holonomic element in response to the proximity of the
handle to the virtual surface.

When in contact with the virtual surface, the
steering angle is set so as to prohibit any motion which
would penetrate the surface. When not in contact with
the virtual surface, the steering motor adjusts the
steering angle in response to the user's applied forces
to provide apparent freedom of motion to the user. Such a
constraint device is completely passive and produces
perceptually smooth constrained motion.

In an illustrative embodiment of the invention, the
device includes one or more continuously variable
transmission (CVT) elements, such as steerable wheels or
spheres, as the non-holonomic kinematic element(s) that
couple translational or angular velocities of motion. In
the constrained mode, the CVT elements mechanically
constrain motion to follow along the virtual surface such
that the user's ability to move the device is constrained
in space. On the other hand, the transmission ratios of
the CVT elements are freely adjustable by, for example,
feedback servocontrolled steering motors in the free mode
of operation to increase the apparent number of degrees
of freedom of motion (away from constraint surfaces) to
comply with the user's desired motions. Constraint
devices in accordance with the present invention thus
exhibit an intrinsic constraint mode to set the rolling
element orientation to follow the wvirtual surface. The
free mode is achieved through active servo control.

A passive constraint device in accordance with an
illustrative embodiment of the invention can use at least
n-1 CVT elements for an n degree of freedom manipulator
or haptic display. CVT-based robotic constraint devices
in accordance with the invention can exhibit programmed
constraints (constraint mode with hard, smooth constraint
surfaces having dimensionality of less than n) or can
allow free n degree of motion (free mode) under software

control.
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DESCRIPTION OF THE DRAWINGS

Figure la is a schematic view of a single wheel
passive constraint device in accordance with an
embodiment of the invention with two (2) degrees of
apparent freedom in the free mode and one (1) degree of
freedom in the constraint mode. Figures 1b and 1lc are
respective schematic elevational and end views of the
wheel /shaft/motor.

Figure 2a is a block diagram showing use of a
constraint device of the invention with a control
computer and virtual surface mathematical model, a
manipulated tool or other object, and human user, and
Figure 2b is a flow chart of the logic and control
structure for the constraint device of Figure 1.

Figure 3a is a schematic view of a two wheel passive
constraint device in accordance with an embodiment of the
invention with three (3) degrees of apparent freedom in
the free mode and one (1) or two (2) degree of freedom in
the constraint mode. Figure 3b is plan view of the two
wheels.

Figure 4 is a plan view of a three wheel passive
constraint device in accordance with an embodiment of the
invention with three (3) degrees of apparent freedom in
the free mode and zero (0) or one (1) or two (2) degree
of freedom in the constraint mode. (Zero degrees of
freedom implies no motion is possible.)

Figures 5a and 5b are respective schematic plan and
elevational views of a passive constraint device in
accordance with an embodiment of the invention with three
(3) degrees of apparent freedom in the free mode and zZero
(0), one (1), or two (2) degrees of freedom in the
constraint mode, demonstrating a spherical geometry and
workspace in contrast to the planar cartesian geometry
and workspace of above figures.

Figure 6 is a schematic view of a passive constraint
device in accordance with an embodiment of the invention
with six (6) degrees of apparent freedom in the free mode
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and from zero (0) to five (5) degrees of freedom in the
constraint mode, demonstrating a parallel geometry which
achieves the full six degrees of freedom of general
purpose manipulation.

Figure 7 is a schematic view of a continuously
variable transmission kinematic mechanism, which serves
the purpose of coupling two rotational velocities of
motion, analogously to the coupling of two translational
velocities of motion accomplished by a rolling wheel.

Figure 8 is a schematic view of a continuously
variable transmission kinematic mechanism, with a
modified geometry relative to that of Figure 7, but the
same function.

Figure 9 is a schematic view of a passive constraint
device in the form of a two-link serial robot, showing
how the continuously variable transmission kinematic
mechanism of the invention can be used in serial robot
configurations. Additional serial links can be added,
each requiring an additional continuously variable
transmission kinematic mechanism.

DESCRIPTION OF THE INVENTION

Referring to Figure 1, a passive constraint device
10 in accordance with an embodiment of the invention
using a single steerable wheel W as the non-holonomic
kinematic CVT element is shown schematically. A non-
holonomic kinematic element is one which enforces
relationships between velocities, but does not directly
constrain positions; examples of such non-holonomic
kinematic elements being wheels and continuously variable
transmissions (CVT's) described for example hereafter.
The single steerable wheel W rolls on a plane P formed by
a horizontal surface. In this illustrative embodiment of
the invention, the hand of the human user or operator
grips the non-rotatable handle S mounted on platform PT
via a fixed shaft SF and performs only planar motions in
a plane parallel with plane P such that the wheel W is
strictly upright (vertical).
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The handle S travels the Cartesian x-y rails 20a,
20b; 22a, 22b where the x-y position of the handle is
measured by linear potentiometers 24 on suitable x and y
rails. To this end, the platform PT includes bushings Bl
slidably disposed on the y rails 22a, 22b. The y rails
include end bushings B2 that slide on the x rails. The
handle S is entirely free to slide on the rails in
response to steering force applied by the user. No motors
act on the handle or in rolling the wheel W. The rails
serve only to constrain the handle to the x-y plane.

A feedback servocontrolled steering motor M is shown
schematically disposed on the platform PT to rotate the
steering shaft SS via a drive mechanism (not shown)
comprising a belt drive or other suitable transmission,
sO0 as to steer the wheel W about a vertical axis defined
by the longitudinal axis of shaft SS. The motor M can
comprise a conventional DC servomotor. The wheel W is
caused to roll about its rotational axis R by the user's
or operator's moving the non-rotatable handle shaft S in
the parallel plane to the plane P. That is, the wheel W
is not driven to rotate about axis R. In a typical
embodiment, the steering motor M may communicate with the
vertical steering shaft SS via a belt drive, gear pair or
other transmission mechanism. For simplicity in the
figures, the steering motor M is shown in a direct drive
configuration, in which the motor M rotates shaft S
directly.

An optical encoder El is disposed beneath the
platform PT proximate to the steering drive mechanism
(e.g. to a gear or drive train component that rotates
shaft SS) to measure the steering angle of the wheel W.
Another optical encoder E2 is disposed on the steering
shaft SS to measure the wheel rotation that is used to
derive translational velocity, u, discussed below.

The steering shaft SS includes first and second
force sensors FS, a strain gauge, that are disposed on
opposite sides of the shaft and that detect steering
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forces exerted by the user or operator on the shaft
perpendicular to the rolling direction of the wheel W as
the handle shaft SF is manually moved by the user or
operator relative to the virtual wall VW. The wall or
surface VW is generated in known manner by a computer
model or simulation unit, Figure 2a, as a surface in the
plane P. Alternately, similar force sensors, such as
strain gages, can be disposed on the handle shaft SF just
below the handle S to measure the planar forces applied
by the user.

The passive constraint device of Figure 1 is
operable in two modes of operation; namely, an
electronic-caster mode when the handle S is not at the
virtual wall VW, and a constrained mode when the handle S
is at the virtual wall.

In the electronic-caster mode wheel W emulates a
physical caster, being steered by the motor M in such a
way that it at all times is oriented such that it can
roll in the direction that the handle S is pushed by the
user. If the force sensor detects forces perpendicular to
the wheel's rolling direction as a result of the user's
pushing the handle S, the force sensor sends signals to a
control computer, Figure 2a, that steers wheel W via the
motor M and steering shaft SS to minimize these forces.
In effect, the wheel W is steered by the motor M so that
it can roll in the direction it is pushed by the user or
operator. Thus, the user or operator feels that the
handle is entirely free to move at will in the region A.
The wheel W emulates a caster freely movable in two
directions, until such time as the virtual wall or
surface VW is encountered.

In the constrained mode of operation when the user
moves the wheel W to the edge of the free region A to
encounter the wall or surface VW (interface of regions A
and B), the computer no longer responds to signals from
the force sensor FS. 1Instead, it sets the steering angle
of the wheel W via motor M and steering shaft SS such
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that its rolling direction is tangential to the virtual
wall or surface VW. Thus the user can only move the
handle S tangential to the wall, and the handle S appears
to have fewer degrees of freedom than it did in the
electronic caster mode.

The force sensors FS still monitor user forces
perpendicular to the rolling direction of the wheel W. If
the forces would tend to push the wheel into the
constraint wall or surface VW (i.e. into region B behind
the virtual wall vw), they are ignored by the computer
control. If the user forces would tend to pull the wheel
W off of the constraint wall or surface VW, they are
interpreted by the computer control as commands in the
free space region A and effected by steering the wheel W
so that it can roll back into region A. In this way, it
is impossible to push the wheel W past the wvirtual
constraint wall or surface VW, whereas the wheel W can be
easily pulled off or moved tangentially relative to the
wall or surface VW by the user.

The constraint device of Figure 1 exhibits two
apparent degrees of freedom in the free mode (electronic
caster mode) in region A while exhibiting only one degree
of freedom in the constrained mode (when in contact with
the wall or surface VW) since the CVT wheel element W is
set in orientation and mechanically couples the ratio of
the x and y velocities at the surface VW so that the
wheel can slide only along the wall or surface VW. The
user or operator can withdraw the wheel W away from the
wall or surface VW to return to the two degrees of
apparent freedom in the free mode of operation.

The constraint device is passive in the plane of
operation since only steering of the wheel W is
controlled by the motor M and steering shaft SS. The
force for rotation or rolling of the wheel W is provided
by the user or operator via non-rotatable handle §.

Since the motor M exerts torques about an axis that
passes through the wheel/ground contact point, it does
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not generate any reaction forces in the plane of
operation.

Figure 2a illustrates the relation of the constraint
device to the computer model of the desired constraints,
and to the control computer that operates the device such
as to enforce those constraints. Also illustrated is the
way in which the constraint device interacts with a human
operator. When used simply as a haptic display, the
operator's hand and the device "handle" share a common
motion, and thus the constraints are displayed and
imposed physically on the operator's hand. When used for
cooperative manipulation of a tool (e.g. in robotic
surgery) or of a cumbersome workpart (e.g. in vehicle
final assembly), there are three parties to the common
motion: the manipulated tool or workpart, the operator's
hand which supplies the force to move the tool or
workpart, and the constraint device which restricts
available motions to those that are consistent with the
programmed constraints.

Figure 2b shows both control logic and the control
laws that are used within the control computer to drive
the steering motor M in such a way as to enforce the
constraints. This figure pertains directly to the single
wheel (unicycle) constraint device of Figure 1, which is
the simplest constraint device, and is illustrative of
the control logic and laws which may be used for higher
number of degrees of freedom.

In Figure 2b, the Cartesian coordinates of the
constraint device are read, and compared to the zero
crossings of a function C(x,y) which describes the
constraints. Depending on the outcome of that comparison,
the logic branches into electronic caster mode, or into
constraint mode. Readings of the rolling wheel velocity,
the steering velocity and position, and the force applied
to the handle by the operator are acquired. Motor torque
is computed pursuant to the equations given, and that
torque is commanded of the steering motor by passing to

10
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it an electrical current proportional to the desired
torque.

In the case of the single wheel passive constraint
device of Figure 1, it is useful in describing a control
scheme to think of the single wheel as a point mass. For
a point mass, the acceleration and force vectors are
colinear and in fixed proportion. The implication for a
single wheel device is that, not only must forces in the
wheel direction, F,.ra11.:, produce acceleration of
4 = Frarennei/M, but forces normal to the wheel, F,..,, must
similarly produce accelerations of a = Frere/M, where M is
mass. A very simple kinematic analysis, however, shows
that a wheel traveling at a speed u with a Steering
velocity v/, has an instantaneous normal acceleration of
a = uw.

Thus, a prescription for the steering velocity which
would result in particle-like behavior would be given by
W = Fperp/UM (Equation 1). Equation 1 is extremely useful.
From it can be learned that the problem of virtual caster
control is fundamentally non-linear: the correct sign of
the steering velocity is determined by the product of the
signs of F,,., and u, which cannot be approximated by a
linear relation. It is also learned that, for a given
normal force to the shaft SF, the steering velocity
scales inversely with the translational velocity. Because
of this, there is a singularity at zero speed. At zero
speed, it is not physically possible to make the single
wheel behave like a particle.

To implement a nonholonomic constraint device of the
invention, a surface C(q) is defined in the configuration
of space (q) of the device such that, for C(q) greater
than 0, the device is outside the virtual wall. Then, it
is necessary only to steer the device along the virtual
wall whenever C(q) is less than or equal to 0 and F,.,,
points into the virtual wall, and to return to the caster
free mode when F,., points away from the virtual wall.

11
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For the single wheel constraint device of Figure 1,
the optical encoder E2 that measures wheel rotation
provides data that can be used to derive the
translational velocity u, and the force sensor (strain
gage) FS on the handle shaft SF measures normal force
Fperp. Feedback servocontrol can be implemented using a
Pentium computer at a servocontroller update rate of 1kH.
The servocontroller follows the form of Equation 1 above
and is modified for torque control and finite sensor
resolution.

Due to the finite sensor resolution and the
singularity at zero translational velocity, the
denominator of Equation 1 must also be modified to
prevent overflow, excessively large control signals and
instability. To this end, the form of the virtual caster
controller which can be implemented is:

T = KkFu../u + € sign(u) - k;\W

where t is the torque produced by the steering motor, k,
is an adjustable gain which replaces 1/M in Equation 1,
and k, is a gain associated with the steering velocity
controller. &€ is an adjustable parameter which places a
lower limit on the denominator magnitude (& is of the
same order as the velocity resolution). These gains are
adjusted for performance and stability. u and W are
estimated by digital differentiation and digital
filtering of the associated angular measures.
Measurement of the force F by the two axis force
sensor on the shaft SF just below the handle S allows
measurement of only the operator-applied force. This
measure along with a measure of steering angle permits a
clean estimate of F,.., which is useful in practice of the
invention. Implementation of servocontrol of the single
wheel constraint device of Figure 1 with respect to
virtual wall VW is apparent. When it is determined that

12
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the position of the handle S is inside the virtual wall,
free mode caster control is replaced by a steering angle
controller which aligns the wheel tangent to the wall.
This controller is essentially a steering angle
servocontroller. However, if a normal force on shaft SF
is measured which points out of the wall, free mode
caster control is reinstated.

The constraint device described hereabove can
constrain motion in x and y directions; in other words,
it is a two degree of freedom device. In many
applications angular or rotational orientation of the
handle shaft (or wheel) is useful. A two wheel constraint
device in accordance with another embodiment of the
invention is illustrated schematically in Figure 3a and
3b to implement x, y and angular constraint; i.e. 3
degrees of freedom in the free mode, wherein like
features are represented by like reference numerals. The
3 degree of freedom constraint device employs two wheels
W, W' spaced a fixed distance apart on the rotatable
platform PT shown that can move in the x-y directions. In
this embodiment, the platform PT and handle S rotate
together about a vertical axis. Use of two wheels W, W'
reduces the kinematic freedom of the device to 1. In
particular, because of the two rolling constraints, the
platform PT can at any moment execute only a single
motion, the one which is described by an instantaneous
center of rotation at the intersection of the axes of the
two wheels W, W'. By steering the wheels W, W' via
respective motors M and steering shafts SS as described
above, that instantaneous center can be positioned
anywhere in the x-y plane.

By nulling lateral user-applied steering forces on
the two wheels independently via the respective motors M
and steering shafts SS, three (3) apparent degrees of
freedom of motion in the free mode can be provided to the
user. By positioning the instantaneous center as a
function of the 3-space coordinates of the platform and

13
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ignoring lateral forces, motion is restricted to a
programmable 1 degree of freedom trajectory through
3-space coordinates. The latter behavior corresponds to
contact of a planar rigid body with two frictionless
virtual walls simultaneously, leaving 1 degree of freedom
in the constrained mode. Between these behaviors lies an
intermediate behavior corresponding to contact of a
planar body with a 1 degree of freedom virtual wall with
2 degrees of apparent freedom of motion remaining
available to the user.

Referring to Figure 4, a third wheel W'' can be used
as well to provide a 3 degree of freedom device. The
third wheel W'' is steered by a respective motor and
steering shaft (not shown) but like those shown in Figure
3a. The device of Figure 4 is similar in behavior in the
free mode (3 degrees of freedom) to a three-legged chair
with each leg on a caster. The third wheel W'' has the
practical advantage of allowing the device to stand on
its own without the need for the aforementioned Cartesian
rails 20a, 20b; 22a, 22b of the previous embodiments.

Furthermore, the third wheel W'' allows avoidance of
the only singularity that the two wheeled device of
Figure 3 possesses, that singularity occurring when the
axes of the two wheels W, W' are collinear. Moreover,
the three wheels of Figure 4 can be intentionally
misaligned so that no center of rotation exists, causing
the device to become immobile (zero degrees of freedom of
motion).

The CVT elements (e.g. wheels) in the
above-described embodiments which couple the degrees of
freedom of the device serve to transmit power between
those degrees of freedom. Communication of power to all
degrees of freedom with little loss renders the user's
manually supplied steering power to the handle S
sufficient to drive the robotic device and also makes
possible the passive characteristics of the device.

14
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The embodiments of the invention described hereabove
control planar motion in 2 or 3 degrees of apparent
freedom in the free mode of operation by coupling the
planar degrees of freedom using one or more rolling
wheels. The invention also envisions controlling
spherical motion; e.g. the three rotations of a sphere
about a fixed center.

Referring to Figures 5a and 5b, a constraint device
of the invention is shown to provide a 3-axis user
joystick or haptic display. The 3 degrees of freedom of
the sphere 50 (to which the joystick handle is attached)
are reduced to 1 by the use of the three circular wheels
W, W', W'' engaging the sphere periphery and steered by
respective motors M and rotatable steering shafts SS.

The three rotations of the sphere 50 are the three
degrees of freedom of the user joystick. The weight of
the sphere creates the normal force at the wheels W, W',
W'' which prevents slipping. Like the 3 wheel constraint
device described hereabove, the three wheel spherical
constraint device includes one more wheel than is
required to reduce the number of kinematic degrees of
freedom to 1.

The three wheels are mounted on a frame F by the
respective steering shafts SS, which are rotated about
their longitudinal axes by the steering motors M through
conventional drive mechanisms DM (as shown), to steer
each wheel, with the principles of operation and control
being the same as those described hereabove for the
single, dual, and three wheel constraint devices.

The invention also envisions controlling up to six
degree of freedom motion, such as is needed for general
burpose manipulation of rigid bodies in space, as by a
robotic manipulator. Such manipulators may be of either a
parallel or serial robotic architecture, or a hybrid, and
may involve either prismatic or revolute joints, or both.
Figure 6 demonstrates a parallel prismatic embodiment,

15



WO 97/31300 PCT/US97/04077

while Figure 9 described herebelow demonstrates a serial
revolute embodiment.

Referring to Figure 6, a constraint device is shown
to provide a six axis manipulator in the parallel
architecture commonly known as the Stewart platform
configuration. In it, each of the six linear actuators LA
(comprising the legs shown and push rods shown) that
control the motion of the platform, or end-effector, is
coupled via a rolling wheel transmission device 100 to a
single cylinder 102 which is free to rotate about its
longitudinal axis on bearings (not shown). The platform
or end-effector is connected to a user manipulator, such
as a handle, joystick or the like to constrain the user's
movement thereof pursuant to a virtual wall or surface.
Each transmission device 100 comprises a steering motor M
and rotatable steering shaft SS to control the steering
angle alpha of each transmission wheel W as described
above, and thus the transmission ratio coupling each leg
to the common motion of the central cylinder 102. The
push rods shown are connected to respective transmission
devices 100 to this end as shown.

Figure 6 depicts a constraint device appropriate to
driving a 6 degree of freedom manipulator of parallel
architecture. The manipulator shown is described in more
detail in System for Positioning a Medical Instrument
Using a Micromanipulator, J.E. Colgate, M.R. Glucksberg,
and K.W. Grace, US Patent 5,410,638 issued April 25,
1995, the teachings of which are incorporated herein by
reference. It consists of a triangular platform which is
maneuverable in 6-space, as driven by legs and pushrods
as shown, coupled to each other and to the platform by
spherical joints. Details of the platform, legs, and
pushrods are not shown in Figure 6 for purposes of
clarity to illustrate the way in which the existing
conventionally actuated robot design can be converted to
a constraint device by replacement of its actuators with
steered wheels pursuant to the invention. Such details

16
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can be found in the aforementioned '638 patent
incorporated herein by reference. The steering motors
control the steering angle of each of the six rolling
wheels, which are constrained by linear bearings (not
shown for clarity of illustration) to move only
vertically, parallel to the longitudinal axis of the
central cylinder.

In the embodiments of the invention described
hereabove, the wheel(s) W, W', W'' constitutes a
continuously variable transmission (CVT) element which
couples two translational velocities by a ratio which is
adjustable. Referring to Figure 1, the wheel W couples
translational velocities of its center, vx and vy, with
vy/vx equal to an adjustable transmission ratio which is
the tangent of the rolling direction (or steering angle)
alpha, with respect to the x axis. By controlling the
steering angle alpha, the transmission ratio relating wvx
and vy continuously through the entire range of negative
infinity to positive infinity. The wheel W thus allows a
full range of transmission ratios of both positive and
negative signs.

Considering the rolling wheel above to be a CVT
element for translational motion, an analogous element
for rotational motion should also exist. Indeed,
continuously variable transmissions for rotational motion
are well known. Most of these have a relatively narrow
range of transmission ratios through which they may be
adjusted, typically a factor three from greatest to least
transmission ratio. Some prior CVT's also permit a change
of sign (reversal of direction).

For use in the passive constraint device of the
invention, a very broad range of transmission ratios is
required, ideally from positive infinity, through zero,
to negative infinity. In practice infinity is not
attainable to a rotational CVT, just as it is not
available to the wheel.
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Prior CVT's have involved cone and disk based CVT's
as well as sphere based CVT's. Sphere-based CVT's have
been proposed as integrators (US Patent 1,256,234), as
navigational devices (US Patent 572,832), as fire control
devices (US Patent 2,139,635), as mechanical resolvers or
computers (US Patent 2,477,527 and 2,586,421), and as a
transmission for a motor vehicle (US Patent 2,727,396).

A CVT element of the invention is explained below in
two steps: first, a conceptually simpler but mechanically
more difficult element, followed by a conceptually more
difficult but mechanically preferable embodiment. The CVT
element of the invention differs kinematically from the
transmission element of the US Patent 2,727,396 in having
two orthogonal, not collinear, drive axes. Moreover, the
CVT element of the invention has oppositely curved
rolling contacts, and indeed the rollers are sections of
spheres rather than cylinder in order to minimize the
area of contact. This contrasts to the bevel contact
between a drive roller and sphere of US Patent 2,727,396
with the rolling surfaces in contact having the same sign
of curvature, such that the area of contact is as great
as possible (i.e. the sphere rolls inside the driving
roller), thereby contributing to wear and adding to the
frictional losses which limit the maximum attainable
transmission ratio.

Referring to Figure 7, a rotational CVT passive
constraint device in accordance with the invention is
illustrated as comprising a sphere 60 confined by six
rollers 62 with the rollers arranged as if on faces of a
cube surrounding the sphere 60. Each of the six rollers
62 is biased toward the center of the sphere 60 by an
externally applied spring force Fire10aa. The force serves
to keep each of the rollers 62 in rolling contact with
the sphere 60. For purposes of illustration, the frame
which holds the rollers, the bearings which allow the
rollers to rotate, and the springs which supply the force
Fireioas @are not shown. Two of the rollers are designated as
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drive rollers in Figure 7. These are the rollers that
interface with parts of a device that incorporate the CVT
spherical element. These drive rollers have angular
velocities W, andi/), . Two other rollers diametrically
opposite the drive rollers are designated as follower
rollers. They serve only to confine the sphere 60 and to
apply the force F,.uoaa. They rotate with angular
velocities \W. and W. also but this rotation is not
considered. The aforementioned four rollers (two drive
rollers and two follower rollers) have axes of rotation
that all lie in a single plane that passes through the
center of the sphere 60.

The remaining two rollers located at the top and
bottom of he sphere 60 are designated steering rollers in
Figure 7 (only the top steering roller being shown as the
bottom steering roller is hidden from view. It is
oriented identically to the top steering roller). Unlike
the drive rollers and the follower rollers, the
rotational axis of each steering roller is adjustable.
The angle that the axis of each steering roller forms
with the horizontal is designated the steering angle
alpha. The axes of the two steering rollers is
coordinated by a gear linkage or other suitable mechanism
which keeps the axes of the two rollers in a common
plane. The steering angle may be adjusted by a steering
motor in the manner described above for the rolling
wheel.

In operation of the rotational CVT, the preload force
Foreicaa @and the coefficient of friction between the sphere
60 and rollers 62 are maintained at levels to prevent
sliding between the sphere and rollers and instead
provide rolling contact therebetween.

The kinematics of the rotational CVT passive
constraint device can be explained by considering all
possible axes of rotation of the sphere 60. The sphere 60
must be in rolling contact with all six rollers 62. Since
the center of the sphere 60 is stationary, the sphere's
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axis of rotation must pass through its center. Rolling
contact with a given roller 62 requires that the axis of
the sphere 60 lies in a plane defined by the axis of the
roller 62 and the center of the sphere. Each roller 62
forms such a plane, although the planes of the follower
rollers and the bottom steering roller can be ignored due
to symmetry.

The axis of rotation of the sphere 60 must be the
intersection of the three planes demanded by the two
drive rollers and one steering roller. Such an axis
exists in the plane of the figure passing through the
center of the sphere 60 and parallel to the axis of the
steering roller. Considering the velocities of the points
of contact between the drive rollers and the sphere 60,
if the radius of the drive rollers is Rion1er, the
velocities of these points of contact are W/ iRioiier
and -W :Rronie. perpendicular to the plane of the figure. If
the angular velocity of the sphere 60 (about its axis
identified above) is W, and the distances from that axis
to the points of contact are 4, and d,, then the velocity
of the points of contact can also be computed as W d, and
-\Ww d.. Equating
W iRronier =W di @and -W:Rroner = -W d,, it is determined
that W. /W, =d./d,. From geometry, d,/d;= tan alpha. Thus,
the adjustable transmission ratio between the angular
velocities of the two drive rollers is W :/W,;=tan alpha
where alpha can be interpreted as the steering angle in
the same manner as for the single wheel constraint device
described hereabove.

Figure 8 illustrates a modified rotational CVT
passive constraint device which has the same principle of
operation as the constraint device of Figure 7. However,
the constraint device of Figure 8 requires only four
rollers 62, four rollers being the minimum number needed
to confine a sphere (shown broken apart for convenience
of illustrating other components cooperating therewith).
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The two follower rollers of Figure 7 are eliminated in
the embodiment of Figure 8.

The rollers 62 contact the sphere 60 at four points
describing the corners of a tetrahedron. To facilitate
machining and fabrication, this tetrahedron is not a
regular tetrahedron, but rather a stretched tetrahedron
such that the angle subtended by the points of contact of
each pair of rollers with the center of the sphere 60 is
90 degrees (as opposed to the angle of 108 degrees for a
regular tetrahedron).

The rollers 62 no longer need to be independently
preloaded in this embodiment. Instead, a rigid frame 66
holds the two drive rollers and another rigid frame 68
holds the steering rollers as shown. These two frames can
be simply drawn together by a spring (not shown) which
will apply the same force F,....a to all four contact
points between the sphere and rollers.

Figure 8 shows a bevel gear mechanism 70 which
causes the two steering rollers to stay aligned. The axes
of the two steering rollers on frame 68 are rotated in
opposite directions by this gear mechanism such that one
steering roller turns clockwise and the other steering
roller turns counterclockwise.

The axes of the rotatable drive shafts SR of the
drive rollers on frame 66 are perpendicular and coplanar
as in the cubic arrangement of rollers 62 described for
Figure 7. The rotational axes of the two steering rollers
62 are not parallel as they were in the cubic arrangement
of Figure 7, however. They are in fact coplanar but the
plane that they share does not in general contain the
center of the sphere 60. Rather, the two distinct planes
formed by the rotational axis of each steering roller
with the center of the sphere 60 intersect one another
and that line of intersection is the axis of the rotation
of the sphere 60. It lies in the plane of the drive
rollers.
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Geometry yields the transmission ratio as W 2/UJ 1=
(-cos 45 cot beta - 1)/(-cos 45 cot beta + 1) where beta
is the angle to which the axes of the steering rollers
have been turned relative to the configuration shown in
Figure 8. This transmission ratio assumes a full range of
values (negative infinity through positive infinity) as
the steering angle beta is adjusted in the manner
described above.

The rotational CVT is the principle component of
revolute joints occurring in constraint machines
envisaged in this invention, just as the rolling wheel is
the principle component of prismatic joints occurring in
the constraint machines described hereabove of the
invention.

Figure 9 shows a two-link serial embodiment of a
constraint device, which uses a single rotational CVT to
couple its two revolute joints. The constraint device can
be extended to a greater number of serial revolute
joints, by coupling each consecutive pair with a
rotational CVT as illustrated. In Figure 9, a single CVT
couples the angular velocity of joint J1 at the frame or
ground shown to the angular velocity of joint J2 between
links L1, L2. (Note that the angular velocity of a joint
is the difference in angular velocities of the two links
that it joins). For clarity in illustration, the steering
rollers and support structure of the CVT are not shown.
Both drive rollers R1, R2 are shown, the first roller
being directly driven by the angular velocity of joint J1
and the second roller communicating via the rod and the
bevel gear shown with the angular velocity of joint J2. A
flange FR or other attachment at the end of the link L2
is connected to a user manipulator such as a handle,
joystick, or the like to constrain user's movement
thereof pursuant to a virtual wall or surface.

Although the invention has been shown and described
with respect to certain embodiments thereof, it should be
understood by those skilled in the art that other various
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changes and omissions in the form and detail thereof may
be made therein without departing from the spirit and
scope of the invention as set forth in the appended

claims.
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We Claim

Claims:

1. A passive constraint device for use in
implementing a programmable virtual constraint surface,
comprising:

non-holonomic kinematic transmission element means
for coupling directional velocities of motion and having
a steering angle,

means by which a user can manipulate the device
relative to a virtual surface, and

motor means for setting a steering angle of the
transmission element means, said motor means setting the
steering angle to prohibit any motion of the device which
would penetrate the virtual surface when the device is in
contact with the virtual surface and adjusting the
steering angle in response to forces applied by the user
when the device is remote from the virtual surface so as
to provide to the user an apparent increased number of
degrees of freedom of motion of the device when said
device is remote from said virtual surface.

2. The device of claim 1 further comprising
feedback servocontroller means for controlling said motor
means, said servocontroller means having as inputs force
perpendicular to the direction of motion allowed by the
transmission element means, velocity of motion tangential
to the direction of motion allowed by the transmission
element means, and also the present coordinates
describing the configuration of the constraint device,
present steering angle, and also rate of change of the
steering angle, and having as output electrical current
to said motor means.

3. The device of claim 1 wherein the non-holonomic
kinematic transmission element means comprises a wheel

which couples translational velocities of motion.
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4. The device of claim 3 wherein the wheel travels
relative to x-y rails and the wheel couples the
velocities in the x direction and y direction.

5. The device of claim 3 wherein the wheels travel
on the surface of a cylinder.

6. The device of claim 1 wherein the non-holonomic
kinematic transmission element means comprises two wheels
which couple translational velocities of motion.

7. The device of claim 6 wherein the wheels travel
relative to x-y rails.

8. The device of claim 6 wherein the non-holonomic
kinematic transmission element means comprises three
wheels which couple translational velocities of motion.

9. The device of claim 8 wherein the wheels travel
on a planar surface.

10. The device of claim 8 wherein the wheels
contact a sphere.

11. The device of claim 1 wherein the non-holonomic
kinematic transmission element means comprises a
spherical transmission element confined in contact with
six rollers in a cubic arrangement, and which couples
rotational velocities of motion of two of the rollers in
a ratio set by the steering angle of two other rollers.

12. The device of claim 1 wherein the non-holonomic
kinematic transmission element means comprises a
spherical transmission element confined in contact with
four rollers in a tetrahedral arrangement, and which
couples rotational velocities of motion of two of the
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rollers in a ratio set by the steering angle of the other
two rollers.

13. The device of claim 1 wherein said means by
which a user can manipulate the device relative to the
virtual surface comprises a non-rotatable handle disposed
on a platform on which said transmission element means is
disposed and driven to rotate by a rotatable steering
shaft connected to said motor means.

14. The device of claim 1 wherein said means by
which a user can manipulate the device relative to the
virtual surface comprises a handle disposed on a platform
on which a plurality of said transmission element means
are disposed and rotated by respective rotatable steering
shafts connected to respective motor means, said handle

and platform being rotatable about an axis.

15. A continuously variable transmission comprising
a spherical transmission element confined in contact with
six rollers in a cubic arrangement, and which couples
rotational velocities of motion of two of the rollers in
a ratio set by the steering angle of two other rollers.

16. A continuously variable transmission comprising
a spherical transmission element confined in contact with
four rollers in a tetrahedral arrangement, and which
couples rotational velocities of motion of two of the
rollers in a ratio set by the steering angle of the other
two rollers.

17. The device of claim 16 wherein the element
couples the angular velocities of two joints of a two
link serial revolute robot, manipulator, or haptic
display.
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18. The device of claim 16 wherein several elements
couple the angular velocities of pairs of joints of a
multiple link serial revolute robot, manipulator, or
haptic display.

19. The device of claim 16 in which six wheels
travel on the surface of a freely rotating cylinder, and
in which the wheels couple the translational velocities
of six linear stages aligned coaxially with the cylinder,
and in which each of the linear stages is coupled via a
fixed-length leg to a common platform.

20. The device of claim 1 wherein steering of said

transmission element means is supplemented by natural

steering of an offset caster.
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