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Description

TECHNICAL FIELD

[0001] The present invention relates to systems and methods for constraining the motion of robotic manipulators with
redundant degrees of freedom and, in particular, to approaches consistent with guiding such redundant manipulators
by their end-effectors.

BACKGROUND

[0002] Industrial robots perform a variety of tasks involving the movement and manipulation of physical objects. A
typical industrial robot may, for example, have one or more arms (or, more generally, appendages), equipped with
grippers or other end-effectors, that allow the robot to pick up objects at a particular location, transport them to a destination
location, and put them down in accordance with particular coordinates. Controllers for existing industrial robots are
typically programmed in languages that specify exact positions and trajectories for the robot arm(s). During execution
of a programmed task, the robot arm moves a reference coordinate associated with its most distal link to an exactly
specified new position, following an exactly specified trajectory. Recent programming systems for industrial robots have
input layers that allow a user to teach the robot locations and trajectories by simply grabbing the robot’s end-effector
and guiding it to the relevant location within the robot’s workspace. This method is intuitive to the user, and because the
robot can sense its own state (joint angles, forces etc.), it allows complex tasks or motions to be easily demonstrated,
sensed, and recorded.
[0003] To facilitate hand-guiding of a robot arm, typically, one of two general approaches is employed: In the first
approach, the robot is configured to "admit" user-directed motion by sensing forces or torques at the endpoint of the
arm and controlling the robot’s motions to minimize these forces. For this purpose, "admittance devices" require highly
accurate force-sensing capabilities, which may be provided, e.g., by force/torque load cells mounted to the end-effectors,
as well as an accurate dynamic model and control scheme for the robot platform. Load cells are fragile, however, making
them impractical for robots that experience heavy usage. Furthermore, for mass-produced robots, both the load cells
and the hardware required to implement an accurate dynamic model and control scheme are expensive - often prohib-
itively so.
[0004] In the second approach, the robot is designed to only minimally "impede" the motion desired by the user. Low
mechanical impedance can, in principle, be achieved by reducing the mass and inertia of the robot’s moving components,
but this is impractical for robots intended to carry significant loads, which are preferably themselves large and heavy.
Alternatively, low-impedance devices may actively apply forces and torques to the joints so as to allow the user to freely
control the position of the arm. For example, the robot may be operated in a mode in which the forces applied internally
at the joints accurately compensate for the gravitational forces due to the masses of the links constituting the robot’s
arm. If, at each joint, the internally applied torque balances against the weight of the downstream links, then the arm will
float and be easy to move - to the user, it will feel as if the arm were in reduced or zero gravity. Any slight errors in the
compensation will generally cause the arm to float or drift in space, but if a human is holding the arm, this drift can be
easily overcome.
[0005] For robot arms with six or fewer degrees of motion, the position and orientation of the most distal link (which
can be represented as a six-dimensional vector specifying, e.g., the spatial coordinates x, y, and z, as well as - in Euler
notation - the roll, pitch, and yaw of the distal link) uniquely determine the settings for all the joints of the robot. If the
robot arm has more than six degrees of freedom, however, many different configurations of the links and joints result in
the same endpoint, and further specification of the desired pose of the arm is required to remove any ambiguity. Such
"redundancy," as it is commonly called, is often desirable as it provides greater dexterity for the robot. For a redundant
robot (i.e., a robot with more degrees of freedom than are uniquely specifiable via the position and orientation of the
endpoint), the preferred posture may be chosen based on the task so as to, e.g., avoid obstacles, reduce joint torques,
minimize movements, etc, as e.g. in O. BROCK ET AL: "Elastic Strips: A Framework for Motion Generation in Human
Environments", THE INTERNATIONAL JOURNAL OF ROBOTICS RESEARCH, vol. 21, no. 12, 1 December 2002,
pages 1031-1052. Robots that do not have redundant degrees of freedom, by contrast, do not provide flexibility to take
such additional criteria into consideration, once the endpoint is specified. The term "posture" is herein used to connote
a position and orientation of the arm or other manipulator, or a plurality of elements thereof. The posture may be specified
in any convenient reference frame; for example, posture may be specified by a set of values for coordinates corresponding
to degrees of freedom of the manipulator that collectively specify spatial positions and orientations of at least some
elements thereof, or by a set of values for coordinates corresponding directly to three-dimensional spatial positions and
orientations (e.g., relative to the robot or relative to the room in which the robot operates).
[0006] On the downside, redundancy implies that the user cannot completely control the posture of the arm (at least
not with one hand) because the position of the endpoint does not fully constrain the motion of the other parts. For
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example, for a robot arm with similar kinematics to a human arm, it is not possible to force motion of the elbow by moving
the end-effector (or "hand" of the robot). While the user can force the robot arm’s posture using both of her hands (e.g.,
by moving the hand and elbow simultaneously), it is, generally, preferable for the user to be able to guide the arm with
a single hand to free up her other hand for, e.g., pressing a button, working a separate interface, etc. For low-impedance
redundant manipulators, a further (perhaps more important) problem is that any errors in the forces and/or torques
applied at the joints will cause the redundant parts of the arm to drift uncontrollably, which is both impractical and
potentially dangerous (e.g., if it results in collisions of the arm with other parts of the robot or with people and objects in
the robot’s environment).
[0007] Accordingly, to be effective as a solution to hand-guiding a redundant robot manipulator from the end-effector,
the manipulator needs to be easy to move, constrained in a manner that eliminates or at least reduces uncontrollable
drifts, and preferably reconfigurable in its posture when needed.

SUMMARY

[0008] The present invention provides systems and methods for constraining the posture and/or movement of a re-
dundant robotic manipulator such that the manipulator can easily be guided from its endpoint using a single hand, but
does not move uncontrollably when operated in gravity-compensated mode. In accordance with various embodiments,
the redundant degrees of freedom of a low-impedance robot are weakly constrained - i.e., rather than reducing the
degrees of freedom of the robot arm, constraining forces and/or torques are internally applied at the robot joints to urge
the robot arm towards a particular preferred configuration, hereinafter a "canonical posture." By virtue of these constraining
forces and/or torques, the robot arm moves within the space spanned by its motional degrees of freedom (i.e., the space
of its possible postures) as if within an energy potential having a minimum at the canonical posture.
[0009] The constraining forces or torques are generally determined based on a computational model of the robot
manipulator, and are added to the torques and forces that compensate for gravity. For example, the constraining forces
or torques may be modeled as (restoring) forces exerted by "virtual springs" (i.e., springs that are used for computational
purposes only and generally do not correspond to any physical component of the manipulator). In some embodiments,
the virtual springs are torsional springs connected to one or more strategically selected joints, which pull the joints back
towards their respective canonical rotational positions (i.e., the rotational positions that the joints assume in the canonical
configuration) with respective restoring forces that depend in magnitude on the rotational displacement of the joints from
their canonical positions. In other embodiments, constraints are imposed in Cartesian (i.e., xyz) space rather than "joint
space," i.e., a canonical position is defined in terms of the Cartesian spatial coordinates of one or more strategically
selected points of the robot arm rather than in terms of the angles (i.e., rotational positions) of selected joints. For
example, the "elbow" of the robot may be constrained to a particular ("canonical") height. Cartesian constraints can be
implemented by modeling virtual springs attached between the selected points on the arm and fixed locations in three-
dimensional space; the springs exert restoring forces that depend on the (linear) displacement of the strategic points
from the respective fixed locations. To select joints and/or points on the robot arm "strategically" means herein that the
constraints imposed on the selected joints or points have a significant impact on the robot arm motions, i.e., work
particularly well to constrain redundancies, compared with constraints imposed on other joints or robot points.
[0010] The constraining forces and torques applied at the joints generally propagate through the arm to exert forces
at the end-effector, which may be counter-acted by the user if he holds the end-effector still. In some embodiments,
however, constraining forces and/or torques are applied from the outset in the robot’s "null space," herein defined as
the space in which the robot links can move without moving the endpoint; the null space generally depends on the
instantaneous position and orientation of the endpoint, and within the null space, forces on the end-effector are avoided.
The computation of the forces and/or torques may, in this case, involve the projection of the canonical posture and the
current posture into the (instantaneous) null space.
[0011] In some embodiments, the canonical posture can be set physically by the user. For example, the user may put
the robot arm in a desired posture and then press a switch to initialize the canonical posture to the current posture. In
other embodiments, the canonical posture is set numerically (e.g., programmatically or by user specification of angular
positions of the joints or other posture parameters via a traditional user interface). The canonical posture need not be
a single, fixed posture, but may vary dynamically as a function of, for example, the robot’s location and orientation in
the workspace or relative locations and orientations of robot parts (e.g., the location of the endpoint or the orientation
of the robot’s shoulders relative to the robot’s body). For example, the canonical posture when the robot arm is at the
front may be to point the elbow backward and to the side, whereas the canonical posture when the robot arm is at the
back would be to keep the elbow forward and to the side. At any instant in time, however, the canonical posture is fixed.
[0012] In one aspect, the invention pertains to a method of constraining a redundant robotic manipulator that includes
a plurality of joints and operates in a mode that compensates for gravity. The method involves computing (using a
processor) one or more constraining torques for urging a posture of the manipulator toward a canonical posture. The
constraining torque(s) depend(s) on a displacement of the posture of the manipulator from the canonical posture. The
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method further involves applying total torques comprising gravity-compensating torques and the computed constraining
torque(s) to the joints, whereby the redundant manipulator is operated so as to compensate for gravity while movements
of the redundant manipulator are constrained.
[0013] The constraining torque(s) may include a restoring torque whose magnitude depends linearly on the displace-
ment. In some embodiments, a constraining torque is computed as a torque applied by a virtual spring attached to one
of the joints and pulling that joint toward a canonical position thereof. In some embodiments, a constraining torque is
computed as a torque resulting from a restoring force applied by a virtual spring attached to a selected point of the
manipulator and pulling that point into a selected Cartesian direction toward a canonical Cartesian position; the con-
straining torques may be non-zero only for joints proximal to (i.e., upstream of) the selected point. Alternatively, the
constraining torque may be computed as a torque applied by a spring attached, at one end, to at least one of a joint or
a selected point of the manipulator and, at a second end, to a mass with static friction. The magnitude of the constraining
torque(s) may be set so as to minimize an internal force at an endpoint of the manipulator. The constraining torque(s)
may be computed in a null space of the manipulator.
[0014] The method may further include setting the canonical posture to a current posture of the manipulator in response
to user input. Further, the canonical posture may be defined as a function of at least one of a location or orientation of
a part of the robotic manipulator relative to other robot parts, a robot location or orientation within or a condition associated
with a robot workspace, or a currently executed robot task. The canonical posture may be specified by a set of values
for coordinates corresponding to degrees of freedom of the manipulator that collectively specify spatial positions and
orientations of at least some elements thereof.
[0015] In another aspect, the invention is directed to a robot including a manipulator comprising a plurality of links
connected in series by a plurality of joints, controllers associated with the joints for applying torques thereto, and a
computational facility in communication with the controllers for computing torques to be applied to the joints in a mode
compensating for gravity. The manipulator has at least one redundant degree of freedom, and the torques include a
constraining torque urging the posture of the manipulator to a canonical posture. The constraining torque may include
a restoring torque whose magnitude depends linearly on the displacement. The computational facility may include a
module for computing the constraining torque(s) in a null space of the manipulator, or a module for setting the magnitude(s)
of the constraining torque(s) to minimize an internal force at an endpoint of the manipulator.
[0016] The computational facility may further include memory storing a computational representation of the canonical
posture. The stored canonical posture may be defined as a function of the location and/or orientation of a part of the
robotic manipulator relative to other robot parts, a robot location or orientation within or a condition associated with a
robot workspace, or a currently executed robot task. The robot may further include sensors for measuring parameters
of the posture of the manipulator, and the computational facility may include a module for computing, based on the
measured parameters, a displacement of the posture of the manipulator from the canonical posture. The robot may
further include a user-interface element allowing a user to set the canonical posture to a current posture of the manipulator.
The robot’s joints may include series elastic actuators, and the computational facility may be configured to cause the
controllers associated with the joints to drive the actuators with respective drive currents corresponding to the torques
to be applied to the joints.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The foregoing will be more readily understood from the following detailed description of the invention, in par-
ticular, when taken in conjunction with the drawings, in which:

FIG. 1A is a perspective view illustrating an exemplary robot in accordance with various embodiments;

FIG. 1B is a close-up view of a robotic manipulator (i.e., arm) of the robot of FIG. 1A in accordance with various
embodiments;

FIG. 2 is a schematic drawing of a series elastic actuator that may be employed at the robot joints in accordance
with various embodiments;

FIG. 3A is a schematic drawing illustrating virtual springs applied at multiple joints of a robot arm in accordance with
one embodiment for computing constraining forces or torques;

FIG. 3B is a schematic drawing illustrating a virtual spring applied between a point on a robot arm and a fixed spatial
location in the extended state (left) and the relaxed state (right) in accordance with one embodiment for computing
constraining forces or torques;
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FIG. 4 is a flow chart illustrating methods for constraining redundant robotic manipulators in accordance with various
embodiments; and

FIG. 5 is a block diagram schematically illustrating a computational facility for computing constraining forces or
torques in accordance with various embodiments.

DETAILED DESCRIPTION

[0018] FIG. 1A illustrates an exemplary, humanoid robot in accordance herewith. The robot 100 includes two robotic
manipulators 102, or "robot arms," connected to a robot body 104, as well as a user interface including a screen 106
and various mechanical controls (such as buttons and touch pads) that facilitate user input. Each arm 102 has a wrist
110 with a parallel-jaw gripper 112 mounted thereto as an end-effector. FIG. 1B provides a close-up view of a robot arm
102. The arm 102 includes seven links 114 connected in series by seven one-dimensional rotary joints 116 that collectively
provide seven degrees of freedom - i.e., one redundant degree of freedom. As indicated by the arrows in FIG. 1B, each
joint 116 either serves as a hinge that allows an angle to vary between two links 114 (i.e., allows the links to rotate
around an axis through the joint that is perpendicular to the axes of the links), or facilitates rotation of the more distal
link 114 around its central axis (i.e., an axis connecting the joints on either end of that link). Of course, the robot 100
depicted is only one particular example; in general, robots in accordance herewith may include, e.g., fewer or more than
two manipulators, different numbers of links and joints in a manipulator, different types of joints (e.g., slip joints, universal
joints, etc.), different types of end-effectors (e.g., suction grippers), an overall different configuration of the various robot
parts (such as the body and arms), etc. A larger number of links and joints and/or joints that provide more than one
degree of freedom (e.g., universal joints) generally increase the number of degrees of freedom and, thus, the amount
of redundancy in the robot manipulators.
[0019] The robot 100 typically operates in force-control mode, where actuators apply specified forces to the joints in
accordance with commands received from joint-level controllers. The joint-level controllers, in turn, may receive com-
mands from a higher-level robot controller that monitors and alters robot positions, kinematics, dynamics, and forces.
The robot controller may be part of or in communication with a computational facility (described in detail below with
reference to FIG. 5), which computes the forces and torques required for the performance of the robot’s tasks or, in a
user-guided and gravity-compensated mode of operation, the forces and torques necessary to compensate for the gravity
of the robot arm links while imposing constraints on robot arm motions to stabilize the redundant system in accordance
herewith. The computation generally utilizes a three-dimensional self-model of the robot, i.e., a data structure representing
the geometries, masses, and structural relationships between the robot parts as well as the robot’s current configuration
(including parameters indicative of the positions and orientations of the links of the arms), which may be based on sensor
measurements.
[0020] In some embodiments, series elastic actuators are used at the robot joints. Series elastic actuators are described
in detail in, for example, U.S. Patent No. 5,650,704, issued on July 22, 1997, the entire disclosure of which is hereby
incorporated herein by reference. As schematically illustrated in FIG. 2, a series elastic actuator 200 for a joint generally
includes a motor 202, a gearbox 204, and a series elastic element 206 through which the load 208 is transmitted, such
as a spring (e.g., a torsional spring in case of a rotary joint) connected in series between the gearbox 204 and load 208.
The load 208 at a particular joint 114 includes all robot components (e.g., manipulator links 114, other joints 114, etc.)
distal to that joint as well as, during performance of the robot’s regular tasks, any object the robot carries with the
respective arm 102 - in other words, everything that contributes to the external torque applied to the joint 114. To support
the load 208, the motor 202 is driven by an adequate electrical current, as computed by the computational facility. The
series elastic actuator 200 is typically equipped with one or more sensors for monitoring the state of the joint, such a
position sensor or encoder 210 (e.g., a set of Hall-effect sensors and associated counting circuitry) associated with the
motor 202, an Ampere-meter 212 measuring a current supplied to the motor 202, a spring deflection sensor 214 measuring
the angle that the series-elastic element 206 deflects, and an output position sensor 216 (e.g., a magnetic angle encoder)
measuring the output angle of the joint. The electrical current driving the motor 202 may be set by the respective joint-
level controller, taking into account measurements of the angular motor position, the spring torque, and the output angle
(i.e., the angular position of the load). The sensor measurements may be monitored for mutual consistency (e.g., based
on a model of joint operation) to ensure that the robot 100 operates as intended.
[0021] In various embodiments, the robot 100 provides a training mode, or user-guidance mode, in which the robot’s
arms 102, rather than moving automatically (e.g., in accordance with a programmed task), move passively in response
to a user’s physical hand-guiding. Typically, the user guides the arm 102 by its wrist 110 or end-effector, but physical
user manipulation of the other robot joints and links is also possible. To maximize the user’s ease in guiding the arm
102, the robot may be operated in zero-force gravity-compensated mode. Conventionally, this mode is implemented by
commanding the torque at each joint of the robot to be equal to the torque that would be required to balance the
downstream masses from that joint. For example, the torque at joint j, Tj, is given as a function of the current joint angles
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{θi} of the various joints i of the robot, and the masses {mk}, lengths {lk}, and distances from the joints to the centers {dk}
of all the links k within a robot arm (which constitute parameters of the self-model): 

The function Gj for each joint can be readily calculated analytically, or using, for example, open-source robot control
software such as the Kinematics and Dynamics Library (KDL) provided by the Orocos Project and downloadable at
http://orocos.org/wiki/orocos/kdl-wiki.
[0022] To impose (weak) constraints on the motion of the robot arm, the conventional zero-force gravity-compensated
mode may be modified by adding terms to the computation of the torques; these additional torque terms are set such
that the robot arm tends to move towards a pre-determined canonical configuration or posture. In some embodiments,
the canonical posture is defined in terms of canonical rotational or center rotational positions θj0 of (at least some of)
the robot joints. To compute a torque that pulls a joint back towards its canonical rotational position, the joint may be
modeled as attached to a virtual torsional spring connected to a fixed point corresponding to the canonical position, or,
more intuitively, as including a virtual torsional spring, connected between the two links on either side of the joint, whose
relaxed (i.e., equilibrium) state corresponds to the canonical rotational position θj0. FIG. 3A conceptually illustrates such
a virtual spring 300 connected, by way of example, between two adjacent links at a joint 302. (The spring 300 is "virtual"
in the sense that it does not correspond to an actual physical element of the robot arm. Note, however, that the joint 302
may, and typically does, include a real, physical spring, such as the spring 206 of a series-elastic actuator, which
measures the total torque at the joint.) The virtual spring exerts a restoring torque on the joint that depends on the angular
displacement of the joint j from the canonical position θj0. The torque exerted by the virtual spring may, optionally, also
include a damping term that depends on (and opposes) the angular velocity dθj/dt of the joint. Thus modified, the torque
Tj internally applied at joint j takes the following form: 

 Herein, α is a scaling term extracted from the restoring term K and the damping term D for clarity, whose range may
be set, e.g., such that α = 100 corresponds to maximum stiffness and α = 0 to (exact) zero-gravity mode.
[0023] Alternatively to computing the constraining torques based on a pure spring model, a simple friction model may
be implemented by modeling the joint as attached to a torsional spring connected to a mass with static friction rather
than to a fixed point corresponding to a constant canonical position. In this case, when α·[K(θj - θj0)] exceeds a specified
threshold, the desired position θj0 is updated to be 

where mj is a joint-specific scaling factor. To refine the friction model, a velocity term may be added: 

where β is a scaling parameter set to less than 1.
[0024] Whereas the virtual-spring models discussed above relate specifically to torsional springs for constraining
rotational degrees of freedom, this approach can straightforwardly be extended to encompass also linear virtual springs
applied to joints that allow for relative linear motion between adjacent links, such as slip joints. Further, multiple virtual
springs may be applied to the same joint if that joint provides more than one degree of freedom.
[0025] Virtual springs may generally be applied to (i.e., suitable restoring-force and/or damping terms may be added
to the internally applied torques computed for) one, some, or all of the joints. In typical embodiments, however, virtual
springs are strategically added only to those joints that contribute appreciably to the redundancy of robot-arm motion,
whereas joints that are controlled (completely or to a large extent) by the user when guiding the arm are operated in
true zero-gravity mode. (Note that the number of joints contributing to the redundancy is not necessarily equal to the
number of redundant degrees of freedom.) For example, with reference to FIG. 1B, if the arm is held at the end-effector,
then the lower parts of the arm and wrist (corresponding to E1, W0, W1, W2 in FIG. 1B), as well as the base shoulder
twist (S0) can be easily controlled by the user and need not be computationally constrained. The redundant part of the
mechanism is the "elbow", which can be constrained by adding virtual springs to the two elbow joints, S1 and E0.
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However, in principle, virtual springs can be added to all joints, generally with different values of α for each joint to set
the stiffness of each spring independently.
[0026] The stiffness, as captured collectively by the parameter values of α, K, and D, may be tuned so that the arm
is easy to move, but the redundancy is sufficiently constrained. This generally involves a trade-off: if α is set too low,
the arm will be easier to move, but the elbow 110 will be less constrained, and vice versa. The optimal level of stiffness
may depend on the particular application. In general, the stiffness is chosen such that a user of average strength and
height, when in an ordinary and suitable posture for guiding the arm, can move the robot arm by hand without exerting
undue force. In some embodiments, the optimal stiffness is determined empirically. For instance, each of multiple test
users may be asked to guide the arm under various settings of the stiffness value (or sets of stiffness values if multiple
joints are involved) and select the setting that is most comfortable to her (or rate or rank the settings based on relative
comfort levels); a user’s comfort level may take into account both the ease with which the robot arm can be guided and
the stability of the arm’s motion (which depends on the strength of the imposed constraints). The different test users’
responses may then be averaged or otherwise combined to optimize the settings for the group.
[0027] When constraining torques that urge each constrained joint toward its canonical position are applied directly
to the joints, a net torque or force f generally results at the endpoint of the robotic manipulator. To keep the endpoint
still or move it at will (other than toward the canonical configuration), the user needs to counter-act this net torque or
force f at least partially. The relative settings of the stiffnesses α for various joints may be exploited to reduce the net
torque or force f. Specifically, one way of setting α is to minimize the force f felt by the user when the arm is held still,
which is given as: 

where J+ is the Jacobian pseudo-inverse, which is a function of the vectors T and Greal representing the torques applied
to the joints internally by the robot and externally by gravity, respectively. In the case of the spring model discussed
above, assuming that the gravity-compensating forces G equal the actual gravitational forces Greal, this equals: 

[0028] As the user moves the arm holding the endpoint, she will feel, in addition to any remaining force term f (which
is due to the virtual springs added to the joints), forces due to the inertia of the arm.
[0029] In some embodiments, virtual-spring-induced forces at the endpoint are avoided entirely or almost entirely (i.e.,
within the limits of computational accuracy and precision) by confining these internally applied forces to the robot’s null
space, i.e., the range of motions of the robotic manipulator that do not move the endpoint. The null space is a sub-space
of the space spanned by the manipulator’s degrees of freedom, and its dimensionality equals the number of redundant
degrees of freedom of the manipulator. The dimensions of the null space are not generally individually associated with
specific joints, but are associated collectively will all joints contributing to the redundancy, and may correspond to
relationships between the positions of these joints. For example, a manipulator with one redundant degree of freedom
may have two one-dimensional joints contributing to the redundancy, resulting in a one-dimensional null space that lies
in the two-dimensional space spanned by the redundant degrees of freedom and relates the position of one redundant
joint to the position of the other.
[0030] To apply forces or torques in the null space, the displacement of the joints from the canonical positions, which
may be expressed as vectors in the space spanned by the manipulator’s degrees of freedom (e.g., a vector with magnitude
(θj - θj0) (the rotational angle) in the direction of the degree of freedom associated with joint j), may be projected into the
null space, i.e., the component of the displacement vector parallel to the null space may be extracted (and the perpen-
dicular component disregarded). The projected vectors may be expressed as: 

where I is the identity matrix, J is the Jacobian, and θ and θ0 are the vectors of the current angular positions and the
canonical positions, respectively. Virtual springs may then be applied in the null space to generate forces parallel to the
projected displacement. (Note that this involves, generally, not merely a projection of the current posture, but also of the
canonical posture, into the null space, as the instantaneous null space may differ from the null space that existed at the
time the canonical posture was set because the endpoint may have moved since.) The resulting torque may be expressed,
e.g., as: 
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 where K is a gain converting displacement to torque. These virtual springs drive the joints towards the canonical posture
without causing extra forces at the endpoint. (In general, the canonical posture can vary over time and, thus, be different
the posture that existed at the time the canonical posture was set, as the endpoint may have moved.) The projection
needs to be continuously recalculated as the endpoint moves (even if the canonical pose remains the same). Alternatively,
the forces or torques may be computed initially without regard to the null space (e.g., resulting in a torque K(θ - θ0), and
thereafter projected into the null space, resulting in T = (I - J+J) K(θ - θ0) (which is identical to the above, as K is a scalar).
Either way, the final torques applied to the joints j by the robot can be expressed as: 

where θj0 is a desired (i.e., canonical) angular position of the joint j, and P is a projection function that depends on the
angular displacement and projects the angles and/or forces into the null space: 

[0031] The canonical positions θj0 for the joints that are constrained by virtual springs can be set in a variety of ways.
In one embodiment, the user can simply set the canonical positions to the current positions of the joints by pressing a
designated switch, which may be located, e.g., at the distal end of the arm so as to be reachable easily while the user
holds the end-effector. When the user presses the switch, the arm goes into zero-force gravity-compensated mode,
allowing the user to guide the arm into the desired posture (by moving the robot’s end-effector with one hand, and
optionally pushing the elbow with another hand), and then initialize the canonical posture to that posture by releasing
the switch, which turns on the "stiff mode," i.e., the modified zero-force gravity-compensated mode described above
(with α > 0). This mechanism affords the user easy control over the canonical posture: to reset the canonical posture at
any time, she merely needs to press the button, move the arm to the new posture, and release the button. Alternatively,
the canonical angular positions may be entered numerically via a keyboard or other user interface device (e.g., a
mechanical dial or a graphic user-interface element). The robot may also be programmed with a default canonical posture.
[0032] In some embodiments, the canonical posture is defined, and constraints are imposed, in Cartesian (i.e., xyz)
space instead of joint space. In this approach, rather than selecting strategic joints to limit the arm’s motion, a strategic
point on the arm and an associated direction are chosen to constrain the arm. For example, the elbow height of the robot
(i.e., the position of the elbow in the z-direction) may be confined to a specified height, a range about a specified height,
or even the space above or below a specified height. The particular point on the robot and direction can generally be
chosen based on knowledge of the robot arm’s degrees of freedom and the part at which the arm will be held by the
user. Of course, a particular point may also be constrained in more than one dimension (although, if three spatial
coordinates for a robot point are specified, the constraint is no longer weak).
[0033] Cartesian constraints can be modeled with virtual springs in the constrained direction between the selected
points on the robot arm and fixed coordinates that result, in the relaxed (or equilibrium) state of the spring, in the respective
canonical positions. For example, as illustrated conceptually in FIG. 3B (showing a current posture (left) and a canonical
posture (right) of a robot arm side-by-side), a virtual spring 310 in the z-direction may tie the elbow 312 of the robot,
whose height is zE (left) to a fixed height 314 such that, when the spring is relaxed (right), the elbow 312 is at the canonical
height zE0. The restoring force fE associated with such a spring connected to the elbow is: 

This restoring force can be converted to joint torques using the Jacobian of the arm linkage, 

where JT is the transpose of the Jacobian for a sub-mechanism of the arm including only the upstream parts of the chain
(i.e., the joints upstream of, or proximal to, the elbow, where torques can be applied to simulate the virtual spring), and
TR and fE are vectors. These torque terms are then added to the gravity-compensating terms G({θii}, {mk}, {lk}, {dk}),
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resulting in the following torques applied to the joints j: 

[0034] To set the canonical position or posture in Cartesian space, the same methods as described above for setting
canonical postures in joint space can be employed. For example, in certain embodiments, the canonical position in
Cartesian space can be set, for a given point and direction, by pressing a switch, guiding the arm in the desired position
(e.g., such that the elbow is located at the desired height), and then releasing the switch (to thereby set the canonical
elbow height to the current height). Alternatively, the desired position may be entered numerically, e.g., via a traditional
user interface.
[0035] As will be readily appreciated by persons of skill in the art, various aspects described above with respect to
constraints in joint space can be straightforwardly applied to Cartesian constraints as well. For example, the above
Cartesian constraints may be modified to include damping terms, or to model the spring as attached to a mass with
static friction rather than a fixed point. Further, the stiffness of the spring (or the stiffnesses of multiple springs attached
at multiple respective robot points) may be straightforwardly tuned to optimize the trade-off between sufficiently con-
straining the arm and keeping it easy to move by hand, and/or to minimize the forces at the endpoint. The internally
applied forces may also be projected into, or computed in, the robot’s null space to eliminate (or almost eliminate) internal
forces at the endpoint. Furthermore, in some embodiments, joint-space and Cartesian constraints are used together to
stabilize redundant robotic manipulators.
[0036] The effect of constraining redundant degrees of freedom in joint space or Cartesian space by means of virtual
springs urging the manipulator toward a fixed canonical position, as described above, is generally to keep the links or
joints of the arm that are responsible for the redundancy close to that canonical position - e.g., close to their starting
positions when the switch is released - while the endpoint is moved around. This approach inherently provides the
flexibility to set the canonical position however is convenient for the task at hand. Its drawback is that, once the arm is
moved far from where it started, there can be significant forces on the endpoint that the operator has to overcome or, if
forces are applied only in the robot’s null space, the constraining forces can become vanishingly small (because the
canonical posture is far away from the instantaneous null space).
[0037] Accordingly, in alternative embodiments, arm motion is constrained in a manner that reduces the constraining
forces over long ranges of motion, at the cost of relying on the a-priori specification of an "ideal" arm posture defined
throughout (i.e., as a function of the position within) the workspace and/or range of possible robot configurations. This
ideal - or, in the terminology previously used, canonical - posture is generally determined based on heuristics about the
preferability of one arm posture over another. For example, for the robot depicted in FIGS. 1A and 1B, it may be desirable
to require that the elbow points backward and to the side when the end-effectors is at the front, points forward and to
the side when the end-effector 112 is at the back, and points up when the arm is stretched out, with the end-effector
112 away from the robot body. In this case, the canonical posture is a function of the location of the endpoint relative to
the robot. Of course, the canonical posture may, in general, depend on the location or orientation of any robot part (such
as, to provide another example, the orientation of the robot’s shoulders). Further, canonical arm posture may be a
function of the robot’s location and orientation in the workspace, or depend on the task the robot is currently executing
and/or on conditions of its environment. To provide another example, if the robot is working in the pit of an automobile
production line, installing pieces from below on the bottom of a car chassis, it may be desirable to keep the robot’s elbow
down rather than up so as to minimize the chance of collisions with the work surfaces above the robot. A dynamic
canonical posture (i.e., a canonical posture defined as a (discrete or continuous) function of other variables, but fixed
at any instant of time) is often specified in the robot’s programming; however, it may also be based (at least partially)
on user input provided physically, numerically, or otherwise. For example, a user may manually guide the robot into
preferred postures for a finite number of positions in the workspace, tasks, etc., and the robot may thereafter select at
any time one of these postures as the canonical posture, based on the circumstances.
[0038] FIG. 4 summarizes, in the form of a flow chart, various methods for constraining redundant robotic manipulators.
Constraining the manipulator generally involves defining a canonical posture (step 400), either statically, or dynamically
as a function of other variables (such as the position and/or orientation in the workspace, the position and/or orientation
of one robot part relative to another, the robot’s task, environmental conditions, etc.). The canonical posture may be set
physically (e.g., by the user guiding the robot into the desired posture) and recorded, or it may be specified numerically
(e.g., programmatically and/or via user input). The canonical posture may be a partial posture, i.e., it need not specify
the posture of the arm completely, but may be limited to specifying positions associated with strategic joints or robot
points that are to be constrained in their motion. Further, to determine (or estimate) the robot’s current instantaneous
posture, the robot’s self-model is continuously or frequently updated (step 402). In embodiments in which the canonical
posture is a function of certain aspects of the robot’s current posture (e.g., whether the robot’s end-effector is in the front
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or back), the updated self-model may also be used to update the selection of the canonical posture (step 404). Further,
if the constraints are to be imposed in the robot’s null space, the self-model may be used to compute the instantaneous
null space (i.e., the possible movements of the manipulator that do not move the endpoint) (step 406).
[0039] From the current and canonical postures, the displacement(s) of the current (e.g., angular) positions from the
canonical positions are calculated (step 408). Constraining forces and/or torques are then computed from these dis-
placements (optionally in conjunction with other parameters, such as the rate of change of angular positions or other
posture parameters) based on a computational model of the constrained behavior (e.g., a virtual-spring model as de-
scribed above) (step 410). In some embodiments, the displacement(s) and/or the constraining forces or torques computed
therefrom are projected into the null space (step 412). In addition to the forces and/or torques that constrain the robotic
manipulator’s redundancy, forces and/or torques that compensate for the gravitational forces at each joint are computed
(step 414). The two sets of force/torques are then added to compute torques for all of the joints, which are then applied
to the joints (step 416) to operate the robot in a gravity-compensated, yet constrained mode. This process is repeated
as long as the robot is in its user-guided mode.
[0040] The computational functionality required for computing torques that compensate for gravity while weakly con-
straining the redundant degrees of freedom in accordance with any of the various embodiments described above can
be provided by a one or more embedded programmable microprocessors, digital signal processors, field-programmable
gate-arrays, application-specific integrated circuits, a suitably programmed general-purpose computer, or generally any
suitable combination of hardware and/or software. Typically, the computational facility includes at least a processor and
associated memory (which may store, e.g., a computational representation of the canonical posture and the robot’s self-
model) as well as one or more buses that facilitate communication therebetween and/or with the sensors and the robot
controller. The computational facility may be embedded in the robot (e.g., in its body or manipulators), provided separately
therefrom in communication with the robot via a wired or wireless connection (e.g., via Ethernet, Bluetooth, WLAN, the
Internet, etc.); or distributed between multiple devices, which may be embedded and/or applied separately.
[0041] In one embodiment, illustrated in FIG. 5, a general-purpose computer 500 provides a central computational
facility coordinating the motions of the robot, including computing the constraining forces applied to the joints. The
computer 500 may include a processor (CPU) 502 and associated system memory 504 (e.g., random access memory
(RAM)), one or more nonvolatile storage devices 506 (e.g., one or more hard drives, CD-ROMs, DVDs, magnetic tapes,
USB memory keys, or other conventional data storage media), a user interface 508 with input/output (I/O) devices (e.g.,
screen, keyboard, and mouse), and a system bus 510 that facilitates communication between these components. The
system bus 510 also connects the computer with the joint-level controllers 512 and robot sensors 514 that serve to
monitor the positions of and forces applied at the joints (e.g., the sensors in the series elastic actuators).
[0042] The system memory 504 stores processor-executable instructions organized into modules, including an oper-
ating system (OS) 520 that governs file access, memory allocation, and other low-level functionality, as well as one or
more high-level applications for implementing the methods described herein. The high-level applications may include,
e.g., a module implementing the robot controller 522 (which sends commands to the external joint- level controllers 512),
a module 524 for maintaining the robot’s self-model based on input from the sensors 514, a module 526 for recording
or otherwise defining the canonical posture(s), a module 528 for determining the robot’s current null space, a module
530 for computing the torque terms required to compensate for gravity, and a module 532 for modeling constraints on
the redundant degrees of freedom, e.g., by means of virtual springs pulling the manipulator towards the canonical posture,
and computing the additional torque terms implementing these constraints. The modules may be programmed in any
suitable programming language, including, without limitation, high-level languages such as C, C++, C#, Ada, Basic,
Cobra, Fortran, Java, Lisp, Perl, Python, Ruby, or Object Pascal, or low-level assembly languages. Of course, the
instructions implementing the various functions may be grouped and organized in many different ways; the depicted
organization into a few discrete modules is exemplary only.
[0043] The terms and expressions employed herein are used as terms and expressions of description and not of
limitation, and there is no intention, in the use of such terms and expressions, of excluding any equivalents of the features
shown and described or portions thereof. In addition, having described a particular embodiment of the invention, it will
be apparent to those of ordinary skill in the art that other embodiments incorporating the concepts disclosed herein may
be used. Accordingly, the described embodiments are to be considered in all respects as only illustrative and not restrictive.

Claims

1. A method of constraining a redundant robotic manipulator comprising a plurality of joints and operating in a mode
that compensates for gravity, the method comprising:

using a processor, computing at least one constraining torque for urging a posture of the manipulator toward a
canonical posture, the at least one constraining torque depending on a displacement of the posture of the
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manipulator from the canonical posture; and
applying total torques comprising gravity-compensating torques and the at least one computed constraining
torque to the joints, characterised in that the redundant manipulator is operated so as to compensate for
gravity while reducing uncontrollable drifts of the redundant manipulator resulting from the gravity compensation
by constraining movements of the redundant manipulator, and an end-point of the manipulator is moved other
than towards the canonical posture only when the total torques are counteracted at least partially by a force
applied by a user.

2. The method of claim 1, wherein the constraining torque comprises a restoring torque whose magnitude depends
linearly on the displacement.

3. The method of claim 1, wherein at least one of the at least one constraining torque is computed as a torque resulting
from a restoring force applied by a virtual spring attached to a selected point of the manipulator and pulling that
point into a selected Cartesian direction toward a canonical Cartesian position, wherein the at least one constraining
torque is non-zero only for joints proximal to the selected point.

4. The method of claim 1, wherein the at least one constraining torque is computed as a torque applied by a virtual
spring attached, at one end, to at least one of a joint or a selected point of the manipulator and, at a second end,
to a mass with static friction.

5. The method of claim 1, further comprising setting the canonical posture to a current posture of the manipulator in
response to user input.

6. The method of claim 1, wherein the canonical posture is defined as a function of at least one of a location or orientation
of a part of the robotic manipulator relative to other robot parts, a robot location or orientation within or a condition
associated with a robot workspace, or a currently executed robot task.

7. The method of claim 1, wherein the canonical posture is specified by a set of values for coordinates corresponding
to degrees of freedom of the manipulator that collectively specify spatial positions and orientations of at least some
elements thereof.

8. A robot comprising:

a manipulator comprising a plurality of links connected in series by a plurality of joints, the manipulator having
at least one redundant degree of freedom;
controllers associated with the joints for applying torques thereto; characterised by a computational facility for
communicating with the controllers for computing torques to be applied to the joints in a mode compensating
for gravity while reducing uncontrollable drifts of the redundant manipulator resulting from the gravity compen-
sation by constraining, the torques comprising a constraining torque urging a posture of the manipulator to a
canonical posture, such that an end-point of the manipulator is moved other than towards the canonical posture
only when the total torques are counteracted at least partially by a force applied by a user.

9. The robot of claim 8, wherein the computational facility comprises memory storing a computational representation
of the canonical posture.

10. The robot of claim 9, wherein the stored canonical posture is defined as a function of at least one of a location or
orientation of a part of the robotic manipulator relative to other robot parts, a robot location or orientation within or
a condition associated with a robot workspace, or a currently executed robot task.

11. The robot of claim 8, further comprising sensors for measuring parameters of the posture of the manipulator, wherein
the computational facility comprises a module for computing, based on the measured parameters, a displacement
of the posture of the manipulator from the canonical posture.

12. The robot of claim 11, wherein the constraining torque comprises a restoring torque whose magnitude depends
linearly on the displacement.

13. The robot of claim 8, further comprising a user-interface element allowing a user to set the canonical posture to a
current posture of the manipulator.
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14. The robot of claim 8, wherein the computational facility comprises at least one of:

a module for computing the constraining torque in a null space of the manipulator; and
a module for setting a magnitude of the at least one constraining torque to minimize an internal force at an
endpoint of the manipulator.

15. The robot of claim 8, wherein the joints comprise series elastic actuators, the computational facility being configured
to cause the controllers associated with the joints to drive the actuators with respective drive currents corresponding
to the torques to be applied to the joints.

Patentansprüche

1. Verfahren zum Einschränken eines redundanten Robotermanipulators, der eine Vielzahl von Gelenken umfasst
und in einem Modus betrieben wird, der die Schwerkraft kompensiert, wobei das Verfahren Folgendes umfasst:
unter Verwendung eines Prozessors Berechnen von mindestens einem Einschränkungsdrehmoment zum Drängen
einer Haltung des Manipulators in eine kanonische Haltung, wobei das mindestens eine Einschränkungsdrehmoment
von einem Versatz der Haltung des Manipulators aus der kanonischen Haltung abhängig ist; und
Aufbringen von Gesamtdrehmomenten, die schwerkraftkompensierende Drehmomente und das mindestens eine
berechnete Einschränkungsdrehmoment umfassen, auf die Gelenke, dadurch gekennzeichnet, dass der redun-
dante Manipulator,
so betrieben wird, dass die Schwerkraft kompensiert wird, während nicht steuerbare Drifts des redundanten Mani-
pulators, die aus der Schwerkraftkompensation resultieren, durch Einschränken von Bewegungen des redundanten
Manipulators reduziert werden, und ein Endpunkt des Manipulators nur in eine andere als die kanonische Haltung
bewegt wird, wenn den Gesamtdrehmomenten mindestens teilweise durch eine vom Benutzer aufgebrachte Kraft
entgegengewirkt wird.

2. Verfahren nach Anspruch 1, wobei das Einschränkungsdrehmoment ein Wiederherstellungsdrehmoment umfasst,
dessen Größe linear vom Versatz abhängig ist.

3. Verfahren nach Anspruch 1, wobei mindestens eines des mindestens einen Einschränkungsdrehmoments als ein
Drehmoment berechnet wird, das aus einer Wiederherstellungskraft, die von einer virtuellen Feder aufgebracht
wird, die an einem ausgewählten Punkt des Manipulators befestigt ist, und Ziehen dieses Punktes in eine ausgewählte
kartesische Richtung zu einer kanonischen kartesischen Position hin resultiert, wobei das mindestens eine Ein-
schränkungsdrehmoment nur für Gelenke nicht null ist, die proximal zum ausgewählten Punkt angeordnet sind.

4. Verfahren nach Anspruch 1, wobei das mindestens eine Einschränkungsdrehmoment als ein Drehmoment berechnet
wird, das durch eine virtuelle Feder aufgebracht wird, die an einem Ende an mindestens einem eines Gelenks oder
eines ausgewählten Punktes des Manipulators und an einen zweiten Ende an einer Masse mit statischer Reibung
befestigt ist.

5. Verfahren nach Anspruch 1, das ferner in Reaktion auf eine Benutzereingabe das Einstellen der kanonischen
Haltung auf eine aktuelle Haltung des Manipulators umfasst.

6. Verfahren nach Anspruch 1, wobei die kanonische Haltung als Funktion von mindestens einem einer Lage oder
Ausrichtung eines Teils des Robotermanipulators mit Bezug auf andere Roboterteile, einer Roboterlage oder -aus-
richtung innerhalb eines Roboterarbeitsplatzes oder einem mit diesem verknüpften Zustand oder einer derzeit aus-
geführten Roboteraufgabe definiert ist.

7. Verfahren nach Anspruch 1, wobei die kanonische Haltung durch einen Satz von Werten für Koordinaten festgelegt
ist, die Freiheitsgraden des Manipulators entsprechen, die zusammen räumliche Positionen und Ausrichtungen von
mindestens einigen Elementen davon festlegen.

8. Roboter, der Folgendes umfasst:

einen Manipulator, der eine Vielzahl von Gliedern umfasst, die durch eine Mehrzahl von Gelenken in Reihe
verbunden sind, wobei der Manipulator mindestens einen redundanten Freiheitsgrad aufweist;
Steuerungen, die mit den Gelenken verknüpft sind, zum Aufbringen von Drehmomenten darauf; gekennzeich-
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net durch
eine Recheneinrichtung zum Kommunizieren mit den Steuerungen zum Berechnen von Drehmomenten, die in
einem Modus, in dem die Schwerkraft kompensiert wird, auf die Gelenke aufgebracht werden sollen, während
nicht steuerbare Drifts des redundanten Manipulators, die aus der Schwerkraftkompensation resultieren, durch
Einschränken reduziert werden, wobei die Drehmomente ein Einschränkungsdrehmoment umfassen, das eine
Haltung des Manipulators in eine kanonische Haltung drängt,
sodass ein Endpunkt des Manipulators nur in eine andere als die kanonische Haltung bewegt wird, wenn den
Gesamtdrehmomenten mindestens teilweise durch eine vom Benutzer aufgebrachte Kraft entgegengewirkt wird.

9. Roboter nach Anspruch 8, wobei die Recheneinrichtung einen Speicher umfasst, in dem eine Berechnungsreprä-
sentation der kanonischen Haltung gespeichert ist.

10. Roboter nach Anspruch 9, wobei die gespeicherte kanonische Haltung als Funktion von mindestens einem einer
Lage oder Ausrichtung eines Teils des Robotermanipulators mit Bezug auf andere Roboterteile, einer Roboterlage
oder - ausrichtung innerhalb eines Roboterarbeitsplatzes oder einem mit diesem verknüpften Zustand oder einer
derzeit ausgeführten Roboteraufgabe definiert ist.

11. Roboter nach Anspruch 8, der ferner Sensoren zum Messen von Parametern der Haltung des Manipulators umfasst,
wobei die Recheneinrichtung ein Modul zum Berechnen auf Basis der gemessenen Parameter eines Versatzes der
Haltung des Manipulators aus der kanonischen Haltung umfasst.

12. Roboter nach Anspruch 11, wobei das Einschränkungsdrehmoment ein Wiederherstellungsdrehmoment umfasst,
dessen Größe linear vom Versatz abhängt.

13. Roboter nach Anspruch 8, der ein Benutzerschnittstellenelement umfasst, das es einem Benutzer erlaubt, die
kanonische Haltung auf eine aktuelle Haltung des Manipulators einzustellen.

14. Roboter nach Anspruch 8, wobei die Recheneinrichtung mindestens eines der Folgenden umfasst:

ein Modul zum Berechnen des Einschränkungsdrehmoments in einem Nullraum des Manipulators und
ein Modul zum Einstellen einer Größe des mindestens einen Einschränkungsdrehmoments, um eine interne
Kraft an einem Endpunkt des Manipulators zu minimieren.

15. Roboter nach Anspruch 8, wobei die Gelenke in Reihe geschaltete elastische Aktuatoren umfassen, wobei die
Recheneinrichtung dazu ausgelegt ist zu bewirken, dass die Steuerungen, die mit den Gelenken verknüpft sind,
die Aktuatoren mit jeweiligen Antriebsströmen antreiben, die den Drehmomenten entsprechen, die auf die Gelenke
aufgebracht werden sollen.

Revendications

1. Procédé de contrainte d’un manipulateur robotisé redondant comprenant une pluralité d’articulations et fonctionnant
selon un mode qui compense la gravité, le procédé comprenant les étapes consistant à :

utiliser un processeur, calculer au moins un couple de contrainte permettant de transformer une posture du
manipulateur en une posture canonique, le au moins un couple de contrainte étant fonction d’un déplacement
de la posture du manipulateur par rapport à la posture canonique ; et
appliquer des couples totaux, comprenant des couples de compensation de gravité et le au moins un couple
de contrainte calculé, aux articulations, caractérisé en ce que
le manipulateur redondant est utilisé de manière à compenser la gravité tout en réduisant des dérives incon-
trôlables du manipulateur redondant résultant de la compensation de gravité grâce à une étape consistant à
contraindre des mouvements du manipulateur redondant, et une extrémité du manipulateur est déplacée autre-
ment que vers la posture canonique seulement si les couples totaux sont compensés au moins partiellement
par une force appliquée par un utilisateur.

2. Procédé selon la revendication 1, dans lequel le couple de contrainte comprend un couple de rappel dont l’amplitude
dépend linéairement du déplacement.
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3. Procédé selon la revendication 1, dans lequel au moins un parmi le au moins un couple de contrainte est calculé
sous forme d’un couple résultant d’une force de rappel appliquée grâce à un ressort virtuel fixé sur un point sélectionné
du manipulateur et s’exerçant sur ledit point dans une direction cartésienne sélectionnée vers une position carté-
sienne canonique, dans lequel le au moins un couple de contrainte est non nul seulement pour des articulations
proximales par rapport au point sélectionné.

4. Procédé selon la revendication 1, dans lequel le au moins un couple de contrainte est calculé sous forme d’un
couple appliqué grâce à un ressort virtuel fixé, au niveau d’une de ses extrémités, à au moins un parmi une articulation
ou un point sélectionné du manipulateur et, au niveau d’une seconde extrémité, à une masse présentant un frottement
statique.

5. Procédé selon la revendication 1, comprenant en outre une étape consistant à définir la posture canonique sur une
posture actuelle du manipulateur en réaction à une entrée d’utilisateur.

6. Procédé selon la revendication 1, dans lequel la posture canonique est définie en fonction d’au moins un parmi un
emplacement ou une orientation d’une partie du manipulateur robotisé par rapport à d’autres parties de robot, un
emplacement ou une orientation de robot au sein d’un espace de travail de robot ou un état associé à un espace
de travail de robot, ou une tâche de robot en cours d’exécution.

7. Procédé selon la revendication 1, dans lequel la posture canonique est spécifiée grâce à un ensemble de valeurs
pour des coordonnées correspondant à des degrés de liberté du robot manipulateur qui spécifient de manière
collective des positions et des orientations spatiales d’au moins certains éléments dudit robot.

8. Robot, comprenant :

un manipulateur comprenant une pluralité de liaisons raccordées en série grâce à une pluralité d’articulations,
le manipulateur présentant au moins un degré redondant de liberté ;
des dispositifs de commande associés aux articulations et permettant d’appliquer des couples à celles-ci ;
caractérisé par
un matériel informatique permettant de communiquer avec les dispositifs de commande afin de calculer des
couples à appliquer aux articulations selon un mode compensant la gravité tout en réduisant des dérives
incontrôlables du manipulateur redondant résultant de la compensation de gravité grâce à une étape consistant
à contraindre, lesdits couples comprenant un couple de contrainte transformant une posture du manipulateur
en une posture canonique,
de telle manière qu’une extrémité du manipulateur est déplacée autrement que vers la posture canonique
seulement si les couples totaux sont compensés au moins partiellement par une force appliquée par un utili-
sateur.

9. Robot selon la revendication 8, dans lequel le matériel informatique comprend une mémoire stockant une repré-
sentation informatique de la posture canonique.

10. Robot selon la revendication 9, dans lequel la posture canonique stockée est définie en fonction d’au moins un
parmi un emplacement ou une orientation d’une partie du manipulateur robotisé par rapport à d’autres parties de
robot, un emplacement ou une orientation de robot au sein d’un espace de travail de robot ou un état associé à un
espace de travail de robot, ou une tâche de robot en cours d’exécution.

11. Robot selon la revendication 8, comprenant en outre des capteurs permettant de mesurer des paramètres de la
posture du manipulateur, dans lequel le matériel informatique comprend un module permettant de calculer, en se
basant sur les paramètres mesurés, un déplacement de la posture du manipulateur par rapport à la posture cano-
nique.

12. Robot selon la revendication 11, dans lequel le couple de contrainte comprend un couple de rappel dont l’amplitude
dépend linéairement du déplacement.

13. Robot selon la revendication 8, comprenant en outre un élément d’interface utilisateur permettant à un utilisateur
de définir la posture canonique sur une posture actuelle du manipulateur.

14. Robot selon la revendication 8, dans lequel le matériel informatique comprend au moins un parmi :
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un module permettant de calculer le couple de contrainte dans une zone morte du manipulateur ; et
un module permettant de définir une amplitude du au moins un couple de contrainte afin de réduire le plus
possible une force interne au niveau d’une extrémité du manipulateur.

15. Robot selon la revendication 8, dans lequel les articulations comprennent des actionneurs élastiques en série, le
matériel informatique étant configuré pour amener les dispositifs de commande associés aux articulations à entraîner
les actionneurs grâce à des courants d’entraînement respectifs correspondant aux couples à appliquer aux articu-
lations.
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