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METHOD AND APPARATUS FOR
AUTOMATIC CONTROL OF A HUMANOID
ROBOT

CROSS-REFERENCE TO RELAT
APPLICATIONS

s
w

The present application claims the benefit of and priority to

U.S. Provisional ApplicationNo. 61/174,316 filed on Apr. 30,
2009.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
NASA Space Act Agreement number SAA-AT-07-003. The
government may have certain rights 1n the invention.

TECHNICAL FIELD

The present invention relates to a system and method for
controlling a humanoid robot having a plurality of joints and
multiple degrees of freedom.

BACKGROUND OF THE INVENTION

Robots are automated devices that are able to mampulate
objects using a series of links, which in turn are intercon-
nected via robotic joints. Each joint 1n a typical robot repre-
sents at least one independent control vanable, 1.e., a degree
of freedom (DOF). End-etlectors are the particular links used
to perform a task at hand, e.g., grasping a work tool or an
object. Theretfore, precise motion control of the robot may be
organized by the level of task specification: object level con-
trol, which describes the ability to control the behavior of an
object held 1n a single or cooperative grasp of a robot, end-
elfector control, and joint-level control. Collectively, the vari-
ous control levels achieve the required robotic mobility, dex-
terity, and work task-related functionality.

Humanoid robots are a particular type of robot having an
approximately human structure or appearance, whether a full
body, a torso, and/or an appendage, with the structural com-
plexity of the humanoid robot being largely dependent upon

the nature of the work task being performed. The use of

humanoid robots may be preferred where direct interaction 1s
required with devices or systems that are specifically made
for human use. The use of humanoid robots may also be
preferred where interaction 1s required with humans, as the
motion can be programmed to approximate human motion
such that the task queues are understood by the cooperative
human partner. Due to the wide spectrum of work tasks that
may be expected of a humanoid robot, different control
modes may be simultaneously required. For example, precise
control must be applied within the different control spaces
noted above, as well as control over the applied torque or
force of a given motor-driven joint, joint motion, and the
various robotic grasp types.

SUMMARY OF THE INVENTION

Accordingly, a robotic control system and method are pro-
vided herein for controlling a humanoid robot via an 1imped-
ance-based control framework as set forth 1n detail below. The
framework allows for a functional-based graphical user inter-
tace (GUI) to simplily implementation of a myriad of oper-
ating modes of the robot. Complex control over a robot hav-
ing multiple DOF, e.g., over 42 DOF 1n one particular
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2

embodiment, may be provided via a single GUI. The GUI
may be used to drive an algorithm of a controller to thereby

provide diverse control over the many independently-move-
able and interdependently-moveable robotic joints, with a
layer of control logic that activates different modes of opera-
tion.

Internal forces on a grasped object are automatically
parameterized in object-level control, allowing for multiple
robotic grasp types in real-time. Using the framework, a user
provides functional-based inputs through the GUI, and then
the control and an intermediate layer of logic deciphers the
input 1into the GUI by applying the correct control objectives
and mode of operation. For example, by selecting a desired
force to be imparted to the object, the controller automatically
appliecs a hybrid scheme of position/force control 1n
decoupled spaces.

Within the scope of the mnvention, the framework utilizes
an object impedance-based control law with hierarchical
multi-tasking to provide object, end-effector, and/or joint-
level control of the robot. Through auser’s ability in real-time
to select both the activated nodes and the robotic grasp type,
1.e., rigid contact, point contact, etc., a predetermined or
calibrated impedance relationship governs the object, end-
elfector, and joint spaces. Joint-space impedance 1s automati-
cally shifted to the null-space when object or end-efiector
nodes are activated, with joint space otherwise governing the
entire control space as set forth herein.

In particular, a robotic system includes a humanoid robot
having a plurality of joints adapted for imparting force con-
trol, and a controller having an mtuitive GUI adapted for
receiving input signals from a user, from pre-programmed
automation, or from a network connection or other external
control mechamism. The controller 1s electrically connected
to the GUI, which provides the user with an intuitive or
graphical programming access to the controller. The control-
ler 1s adapted to control the plurality of joints using an 1mped-
ance-based control framework, which in turn provides object
level, end-effector level, and/or, joint space-level control of
the humanoid robot 1n response to the input signal into the
GUI.

A method for controlling a robotic system having the
humanoid robot, controller, and GUI noted above includes
receiving the iput signal from the user using the GUI, and
then processing the mput signal using a host machine to
control the plurality of joints via an impedance-based control
framework. The framework provides object level, end-efiec-
tor level, and/or joint space-level control of the humanoid
robot.

The above features and advantages and other features and
advantages of the present invention are readily apparent from
the following detailed description of the best modes for car-
rying out the invention when taken in connection with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic illustration of a robotic system having,
a humanoid robot that 1s controllable using an object imped-
ance-based control framework 1n accordance with the inven-
tion;

FIG. 2 1s a schematic 1llustration of forces and coordinates
related to an object that may be acted upon by the robot shown
in FI1G. 1;

FIG. 3 1s a table describing sub-matrices according to the
particular contact type used with the robot shown 1n FIG. 1;

FIG. 4 1s a table describing inputs for a graphical user

interface (GUI);
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FIG. 5A 1s a schematic i1llustration of a GUI usable with the
system of FIG. 1 according to one embodiment; and

FIG. 3B 1s a schematic 1llustration of a GUI according to
another embodiment.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

With reference to the drawings, wherein like reference
numbers refer to the same or similar components throughout
the several views, and beginning with FIG. 1, arobotic system
11 1s shown having a robot 10, shown here as a dexterous
humanoid, that 1s controlled via a control system or controller
(C) 22. The controller 22 provides motion control over the
robot 10 by way of an algorithm 100, 1.e., an 1impedance-
based control framework described below.

The robot 10 1s adapted to perform one or more automated
tasks with multiple degrees of freedom (DOF), and to per-
form other interactive tasks or control other integrated system
components, €.g., clamping, lighting, relays, etc. According
to one embodiment, the robot 10 1s configured with a plurality
of independently and interdependently-moveable robotic
joints, such as but not limited to a shoulder joint, the position
of which 1s generally indicated by arrow A, an elbow joint that
1s generally (arrow B), a wrist joint (arrow C), a neck joint
(arrow D), and a waist joint (arrow E), as well as the various
finger joints (arrow F) positioned between the phalanges of
cach robotic finger 19.

Each robotic joint may have one or more DOF. For
example, certain compliant joints such as the shoulder joint
(arrow A) and the elbow joint (arrow B) may have at least two
DOF 1n the form of pitch and roll. Likewise, the neck joint
(arrow D) may have at least three DOF, while the waist and
wrist (arrows E and C, respectively) may have one or more
DOF. Depending on task complexity, the robot 10 may move
with over 42 DOF. Each robotic joint contains and is inter-
nally driven by one or more actuators, e.g., joint motors,
linear actuators, rotary actuators, and the like.

The robot 10 may include components such as a head 12,
torso 14, waist 15, arms 16, hands 18, fingers 19, and thumbs
21, with the various joints noted above being disposed within
or between these components. The robot 10 may also include
a task-suitable fixture or base (not shown) such as legs, treads,
or another moveable or fixed base depending on the particular
application or intended use of the robot. A power supply 13
may be mntegrally mounted to the robot 10, e.g., a recharge-
able battery pack carried or worn on the back of the torso 14
or another suitable energy supply, or which may be attached
remotely through a tethering cable, to provide sullicient elec-
trical energy to the various joints for movement of the same.

The controller 22 provides precise motion control of the
robot 10, including control over the fine and gross movements
needed for manipulating an object 20 that may be grasped by
the fingers 19 and thumb 21 of one or more hands 18. The
controller 22 1s able to independently control each robotic
joint and other integrated system components 1n 1solation
from the other joints and system components, as well as to
interdependently control a number of the joints to fully coor-
dinate the actions of the multiple joints 1n performing a rela-
tively complex work task.

Still referring to FIG. 1, the controller 22 may include
multiple digital computers or data processing devices each
having one or more microprocessors or central processing,
units (CPU), read only memory (ROM), random access
memory (RAM), erasable electrically-programmable read
only memory (EEPROM), a high-speed clock, analog-to-
digital (A/D) circuitry, digital-to-analog (D/A) circuitry, and
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any required input/output (I/0) circuitry and devices, as well
as signal conditioning and butifer electronics. Individual con-
trol algorithms resident 1n the controller 22 or readily acces-
sible thereby may be stored in ROM and automatically
executed at one or more different control levels to provide the
respective control functionality.

The controller 22 may include a server or host machine 17
configured as a distributed or a central control module, and
having such control modules and capabilities as might be
necessary to execute all required control functionality of the
robot 10 1in the desired manner. Additionally, the controller 22
may be configured as a general purpose digital computer
generally comprising a microprocessor or central processing
unit, read only memory (ROM), random access memory
(RAM), electrically-erasable programmable read only
memory (EEPROM), a high speed clock, analog-to-digital
(A/D) and digital-to-analog (D/A) circuitry, and input/output
circuitry and devices (1/0), as well as appropriate signal con-
ditioning and buffer circuitry. Any algorithms resident in the
controller 22 or accessible thereby, including an algorithm
100 for executing the framework described 1n detail below,
may be stored in ROM and executed to provide the respective
functionality.

The controller 22 1s electrically connected to a graphical
user intertace (GUI) 24 providing user access to the control-
ler. The GUI 24 provides user control of a wide spectrum of
tasks, 1.e., the ability to control motion in the object, end-
elfector, and/or joint spaces or levels of the robot 10. The GUI
24 1s simplified and intuitive, allowing a user, through simple
inputs, to control the arms and the fingers in different intuitive
modes by inputting an input signal (arrow 1.), €.g., a desired
force imparted to the object 20. The GUI 24 1s also capable of
saving mode changes so that they can be executed 1mn a
sequence at a later time. The GUI 24 may also accept external
control triggers to process a mode change, e.g., via a teach-
pendant that 1s attached externally, or via PLC controlling the
flow of automation through a network connection. Various
embodiments of the GUI 24 are possible within the scope of
the invention, with two possible embodiments described
below with reference to FIGS. SA and 5B.

In order to perform a range of manipulation tasks using the
robot 10, a wide range of functional control over the robot 1s
required. This functionality includes hybrid force/position
control, impedance control, cooperative object control with
diverse grasp types, end-efiector Cartesian space control, 1.e.,
control in the XY Z coordinate space, and joint space manipu-
lator control, and with a hierarchical prioritization of the
multiple control tasks. Accordingly, the present imnvention
applies an operational space impedance law and decoupled
force and position to the control of the end-effectors of robot
10, and to control of object 20 when gripped by, contacted by,
or otherwise acted upon by one or more end-eflectors of the
robot, such as the hand 18. The invention provides for a
parameterized space of internal forces to control such a grip.
It also provides a secondary joint space impedance relation

that operates 1n the null-space of the object 20 as set forth
below.

Still referring to FI1G. 1, the controller 22 accommodates at
least two grasp types, 1.€., rigid contacts and point contacts,
and also allows for mixed grasp types. Rigid contacts are
described by the transier of arbitrary forces and moments,
such as a closed hand grip. Point contacts transfer only force,
¢.g., a finger tip. The desired closed-loop behavior of the
object 20 may be defined by the following impedance rela-
tionship:




US 8,364,314 B2

S

M,5+ B,y +N_rK,Ay=F, - F,

where Mo, Bo, and Ko are the commanded 1nertia, damping,
and stifiness matrices, respectively. The variable p 1s the
position of the object reference point, w 1s the angular veloc-
ity of the object, F_ and F_* represent the actual and desired
external wrench on the object 20. Ay 1s the position error
(y y*) N~ 1s the null-space projection matrix for vector,
F "7, and may be described as follows:

10

15

I—F:F:Jr, F;
N 7=
I, F*

g

In the above equation, the superscript (+) indicates the 2V

pseudo-inverse of the respective matrix, and I 1s the 1dentity
matrix. N“7 keeps the position and force control automati-
cally decoupled by projecting the stifiness term into the space
orthogonally to the commanded force, with the assumption
that the force control direction consists of one DOE. To
decouple the higher order dynamics as well, M_ and B_ need
to be selected diagonally 1n the reference frame of the force.
This extends to include the ability to control forces 1n more
than one direction.

This closed-loop relation applied a “hybrid” scheme of
force and motion control 1n the orthogonal directions. The
impedance law applies a second-order position tracker to the
motion control position directions while applying a second-
order force tracker to the force control directions, and should
be stable given positive-definite values for the matrices. The
formulation automatically decouples the force and position
control directions. The user simply inputs a desired force, 1.¢.,
F* ,andthe position control is projected orthogonally into the
null space. If zero desired force 1s mnput, the position control
spans the full space.

Referring to FIG. 2, a free-body diagram 25 1s shown of
object 20 of FIG. 1 and a coordinate system. N and B repre-
sent the ground and body reterence trames, respectively. r, 1s
the position vector from the center of mass to contact point 1,
where 1=, .. .n. w =(1, n,) represents the contact wrench from 4>
contact point 1, where {, and n, are the force and moment,
respectively. The velocity and acceleration of contact point 1
can be represented by the following standard kinematic rela-
tionships:

25

30
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40

50
Vi =DTOXF AV,
W=+,
V,=PHOXFAOX(OXP 20XV, 0ror 55

W=0+0),,;

where v, represents the velocity of the contact point, and o,
represents the angular velocity of the end-etfector 1. v, and
a.,;are defined as the first and second dertvative, respectively, 60
or r, 1n the B frame.
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In other words, they represent the motion of the point relative
to the body. The terms become zero when the point 1s fixed 1n
the body.

End-Effector Coordinates: the framework of the present
invention 1s designed to accommodate at least the two grasp
types described above, 1.¢., rigid contacts and point contacts.
Since each type presents dlfferent constraints on the DOF, the
choice of end-eflector coordinates for each mampulator X,
depends on the particular grasp type. A third grasp type 1s that
of “no contact”, which describes an end-efiector that 1s not 1n
contact with the object 20. This grasp type allows control of
the respective end-etlectors independently of the others. The
coordinates may be defined on the velocity level as:

Y
Rigid contact: %; =( ]
(0

. Ui
Point contact: X; = ( . ]

Uj
No contact: X; =

(W

Through the GUI 24 shown 1n FIG. 1, a user may select the
desired end-etfector(s) to activate, e.g., finger(s) 19, etc. The
controller 22 then generates linear and rotational Jacobians
for each end-eflector, I, and I ., respectively. The final Jaco-

bian for each point, J, then depends on the contact type such
that:

X 1A-
In this formula, q 1s the column matrix of all the joint coor-
dinates 1n the system being controlled.

Matrix Notation: the composite end-eflector velocity may
bedefined as: x=[x,” ...%,"|*: where n is the number of active
end-eflectors, e.g., a finger 19 of the humanoid robot 10
shown 1 FIG. 1. The velocity and subsequent acceleration

may be expressed in matrix notation based on the kinematic
relationships set forth above, 1.¢.:

*=Gy+i,

=G+ O+,

(G may be referred to as the grasp matrix, and contains the
contact position information. Q) 1s a column matrix containing
the centrifugal and coriolus terms. x,_, and X, _, are column
matrices containing the relative motion terms.

The structure of the matrices G, QQ, and J vary according to
the contact types in the system. They can be constructed of
submatrices representing each manipulator 1 such that:

rel

Gy ] J1 O ]

|G | Sy | On |

Retferring to FIG. 3, the sub-matrices may be displayed
according to the particular contact type. r refers to the skew-
symmetric matrix equivalent of the cross-product for vectorr.
In low velocity applications, Q may be neglected. Note that
the Jacobian for a point contact contains only the linear Jaco-
bian. Hence, only position 1s controlled for this type of con-
tact, and not orientation.

The third case 1n the table of FIG. 3 applies a proportional-
derivative (PD) controller, which may be part of the controller
22 o1 F1G. 1 or a different device, on the end-effector position,
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where k, and k, are the scalar gains. This allows for the
position of end-effector 1 to be controlled independently of
the object 20 of FIG. 1. It also means that the respective
end-effector does not observe the Cartesian impedance
behavior.

When both x__; and X,_, equal zero, the end-elfectors per-
tectly satisty the rigid body condition, 1.e., producing no
change to internal forces between them. X _, may be used to
control the desired internal forces 1n a grasped object. To
ensure that X, does not atlect the external forces, it must lie
in the space orthogonal to G, referred to herein as the “internal
space’”, 1.¢., the same space containing the internal forces. The
projection matrix for this space, or the null-space G, follows:

N =I-GG*

Relative accelerations may be constrained to the internal
space:

}'é 32 NGTEI

re

where 1 1s an arbitrary column matrix of internal accelera-
tions.

.

This condition ensures that X, produces no net effect on
the object-level accelerations, leaving the external forces
unperturbed. To validate this claim, one may solve for the
object acceleration and show that the internal accelerations

have zero contribution to ¥, 1.e.,:

j”.? — G+(-x - Q) - G_i_xre.!
= G (k- Q) - G'N.ra

= G* (¥ - Q) -0

Internal Forces: there are two requirements for controlling,
the internal forces within the above control framework. First,
the null-space 1s parameterized with physically relevant
parameters, and second, the parameters must lie 1n the null-
space of both grasp types. Both requirements are satisfied by
the concept of interaction forces. Conceptually, by drawing a
line between two contact points, interaction forces may be
defined as the difference between the two contact forces that
are projected along that line. One may show that the interac-
tion wrench, 1.e., the interaction forces and moments, also lies
in the null-space of the rigid contact case.

One may consider a vector at a contact point normal to the
surface and pointing into the object 20 of FIG. 1. Forces at
point-contacts must have normal components that are posi-
tive with suilicient magnitude, both to maintain contact with
the object 20 and to prevent slip with respect to such an object.
In a proper grasp, for example within the hand 18 of FIG. 1,
the interaction forces will never all be tangential to the surface
of the object 20. Hence, some minimum 1interaction force
always exists such that the normal component 1s greater than
a lower bound.

With respect to the interaction accelerations, these may be
defined as: =

wherein the desired relative accelerations should lie 1n the
interaction directions. In the above equation, a may be
defined as the column matrix of interaction accelerations,
a,,, where o, represents the relative linear acceleration
between points 1 and j. Hence, the relative acceleration seen
by point 1 1s:
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where u;; represents the unit vector pointing along the axis
from point 1 to j.

2

In addition, u, =0 1f either 1 or j represents a no “contact
point. The interaction accelerations are then used to control
the interaction forces using the following PI regulator, where
k , and k; are constant scalar gains:

==k, (§ =% )=k (F = )l

wherein ¥, is the interaction force between points 1 and j.

fg:(ff_fj)'”y

This definition allows us to introduce a space that parameter-
1zes the interaction components, N, . As used herein, N, .1sa
subspace of the full null-space, N, except in the point-
contact case where 1t spans the whole null-space:

171t

X=0+N,, O

nr

N,,, consists of the interaction direction vectors (u,;) and can
be constructed from the equation:

-xre.‘f; —

It may be shown that N_ _1s orthogonal to G for both contact
types. Consider an example with two contact points. In this
case:

) (ﬂlzﬂu ] ) a1 421
Xrely = s Areln =
I 0 2 0

Noting j[hat u,~—u; and o~ , the following simple matrix
expressions result:

N, = ,a={(ap)
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The expression for a three contact case follows as:

Cuypp upz 0
0 0 0
fﬂlz A
N —upp U up .
fﬂ — " i =
t 0 0 0 13
\ (423 )
0 w3 —uns
0 0 0

Control Law—Dynamics Model: the following equation
models the full system of manipulators, assuming external
forces acting only at the end-effectors:

Még+c+J o=t

where q 1s the column matrix of generalized coordinates, M 1s
the joint-space nertia matrix, ¢ 1s the column matrix of Corio-
lus, centrifugal and gravitational generalized forces, T 1s the
column matrix of joint torques, and w 1s the composite col-
umn matrix of the contact wrenches.

Control Law—Inverse Dynamics: the control law based on
inverse dynamics may be formulated as:

T=M§*+c+J 0

where * 1s the desired joint-space acceleration. It may be
derived from the desired end-effector acceleration (X*) as
follows:

FE=JG*+Jg

GH=THFETPHN s

where {, . 15 an arbitrary vector projected into the null-space
of J. It will be utilized for a secondary impendance task
hereinbelow. N ; denotes the null-space projection operator
for matrix J.

J #0

Ny=1—-J%J,J" =
J=0

J+
lo

The desired acceleration on the end-effector and object
level may then be derived from the previous equations. The
strength of this object force distribution method 1s that 1t does
not need a model of the object. Conventional methods may
involve translating the desired motion of the object 1mnto a
commanded resultant force, a step that requires an existing
high-quality dynamic model of the object. This resultant
torce 1s then distributed to the contacts using the inverse of G.
The end-effector inverse dy-namics then produces the com-
manded force and the commanded motion. In the method
presented herein, mtroducing the sensed end-etfiector forces
and conducting the allocation in the acceleration domain
climinates the need for a model of the object.

Control Law—Estimation: the external wrench (F_) on the
object 20 of FIG. 1 cannot be sensed, however 1t may be
estimated from the other forces on the object 20. If the object
model 1s well known, the tull dynamics may be used to
estimate F_. Otherwise, a quasi-static approximation may be
employed. Additionally, the velocity of object 20 may be
estimated with the following least squares error estimate of
the system as a rigid body:

y=G*%

When an end-effector i1s designated as the “no contact” type
as noted above, G will contain a row of zeros. A Singular
Value Decomposition (SVD)-based pseudo-inverse calcula-
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tion produces G* with the corresponding column zeroed out.
Hence, the velocity of the non-contact point will not effect the
estimation. Alternatively, the pseudo-inverse may be com-
puted with a standard closed-form solution. In this case, the
rows ol zeros need to be removed betfore the calculation and

then reinstated as corresponding columns of zeros. The same

applies to the J matrix, which may contain rows of zeros as
well.

Second Impedance Law: the redundancy of the manipula-
tors allows for a secondary task to act in the null-space of the
object impedance. The following joint-space impedance rela-
tion defines a secondary task:

M:g+5,g+K.Aq=T,

wherein t_ represents the column matrix of joint torques pro-
duced by external forces. It may be estimated from the equa-
tion of motion, i.e., Md+c+J w=r, such that:

T.=Mg+c—.

This formula 1n turn dictates the following desired accelera-
tion for the null-space of

e - - - e | .
GH=T(F*~JG)+NAG ;s i.e., §,.=M (v .~B4-KAq).

It may be shown that this implementation produces the fol-
lowing close-loop relation 1n the null-space of the manipula-
tors. Note that N ,1s an orthogonal projection matrix that finds
the minimume-error projection into the null-space.

N [G-M; (v ~Bg-KAg)]=0

Zero Force Feedback: the following results from the above
equations:

T =
(J' = MITGM, G yw+c— MITGM (F) + B,y + Nor KAy + mog,) +

MJI*(Q + Nyya—Jg)+ MN; M7 (T, — B;g — K;Ag)

If reliable force sensing 1s not available 1n the manipulators,
the impedance relation can be adjusted to eliminate the need
for the sensing. Through an appropriate selection of the
desired impedance inertias, M_ and M., the force feedback
terms can be eliminated. The appropriate values can be easily
determined from the previous equation.

User Interface: through a simple user interface, e.g., the
GUI 24 of FIG. 1, the controller 22 may operate the humanoid
robot 10 1n the whole range of modes desired. In full func-
tionality mode, the controller 22 controls object 20 with a
hybrid 1mpedance relationship, applies internal forces
between the contacts, and implements a joint-space 1imped-
ance relation 1n the redundant space. Using only simple logic
and an intuitive interface, the proposed framework may easily
switch between all or some of this functionality based on a set
of control mputs, as represented 1n FIG. 1 by arrow 1_.

Retferring to F1G. 4, inputs 30 from the GUI 24 of FIG. 1 are
displayed 1n a table. The mputs 30 may be categorized as
belonging to either the Cartesian space, 1.¢., inputs 30A, or the
joint space, 1.e., inputs 30B. A user may easily switch between
position and force control by providing a reference external
force. The user may also switch the system between applying
impedance control on the object, end-effector, and/or joint
levels simply by selecting the desired combination of end-
clfectors. A more complete listing of the modes and how they
are evoked follows:
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Cartesian position control: when F*_=0.

Cartesian hybrnid force/position control: when F* =0.
Force control 1s applied 1n the direction of F*_ and posi-
tion control 1s applied 1n the orthogonal directions.

Joint position control: when no end-effectors are selected.
The joint-space impedance relation controls the full
joint-space of the system.

End-effector impedance control: when only one end-effec-
tor 1s selected (others can be selected and marked “no
contact”). The hybnd Cartesian impedance law 1s
applied to the end-effector.

Object impedance control: when at least two end-efiectors
are selected (and not assigned “no contact™).

Finger joint-space control: anytime a finger tip i1s not
selected as an end-eflfector, 1t will be controlled by the
joint-space impedance relation. This 1s the case even 1
the palm 1s selected.

Grasp types: rigid contact (when palm 1s selected); point
contact (when finger 1s selected).

Referring to FIG. SA with FIG. 4, a sample GUI 24A 1s
shown having the Cartesian space of inputs 30A and the Joint
space of inputs 30B. The GUI 24 A may present left side and
right side nodes 31 and 33, respectively, for control of left and
right-hand sides of the robot 10 of FIG. 1, e.g., the right and
left hands 18 and fingers 19 of FIG. 1. Top level tool position
(1,), position reference (y*), and force reference (F ) are
selectable via the GUI 24 A, as noted by the three adjacent
boxes 91A, 91B, and 91C. The left side nodes 31 may include
the palm of a hand 18 and the three finger tips of the primary
fingers 19, represented as 19A, 19B, and 19C. Likewise, the
right side nodes 33 may include the palm of the right hand 18
and the three finger tips of the primary fingers 119A, 1198,
and 119C of that hand.

Each primary finger 19R, 119R, 19L, 119L has a corre-
sponding finger interface, 1.e., 34A, 134A, 348, 1348, 34C,
134C, respectively. Each palm of a hand 181, 18R includes a
palm interface 34L, 34R. Interfaces 35, 37, and 39 respec-
tively provide a position reference, an internal force reference
(f,,, T4, £55), and a 2" position reference (x*). No contact
options 411, 41R are provided for the left and right hands,
respectively.

Joit space control 1s provided via inputs 30B. Joint posi-
tion of the left and right arms 161, 16R may be provided via
interfaces 34D, E. Joint position of the left and right hands
181, 18R may be provided via interfaces 34F, G. Finally, a
user may select a qualitative impedance type or level, 1.e., soft
or stiff, via interface 34H, again provided via the GUI 24 of
FIG. 1, with the controller 22 acting on the object 20 with the
selected qualitative impedance level.

Referring to FIG. 5B, an expanded GUI 24B 1s shown
providing greater flexibility relative to the embodiment of
FIG. 5A. Added options 1include allowing Cartesian imped-
ance to control only linear or rotation components, as
opposed to only both, via interface 341, allowing a “no con-
tact” node to coexist with a contact node on the same hand via
interface 34J, and adding tlexibility of selecting contact type
for each active node via interface 34K.

While the best modes for carrying out the mnvention have
been described 1n detail, those familiar with the art to which
this invention relates will recognize various alternative
designs and embodiments for practicing the invention within
the scope of the appended claims.

The invention claimed 1s:

1. A robotic system comprising:
a humanoid robot having a plurality of robotic joints and
end-effectors adapted for imparting a force to an object;
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a graphical user interface (GUI) adapted for receiving an
input signal from a user describing at least a reference
external force 1n the form of a desired input force to be
imparted to the object, wherein the GUI includes a Car-
tesian space of inputs, a joint space of mputs, and a
selectable qualitative impedance level; and

a controller that 1s electrically connected to the GUI,
wherein the GUI provides the user with programming
access to the controller and allows the user to switch
between position control and force control of the
humanoid robot solely by selecting the reference exter-
nal force, and between impedance control on the object,
end-etlector, and joint level solely by selecting a desired
combination of the end-efiectors.

2. The system of claim 1, wherein the GUI graphically
displays each of the Cartesian space of inputs and the joint
space of mputs for each of a left side node and a nght side
node of the humanoid robot.

3. The system of claim 1, wherein the controller 1s adapted
to parameterize a predetermined set of internal forces of the
humanoid robot in the object-level of control to thereby allow
for multiple grasp types in real-time, the multiple grasp types
including at least a rigid contact grasp type and a point contact
grasp type.

4. The system of claim 1, wherein the GUI 1s a functional-
based device that uses the Cartesian space of inputs, the joint
space of inputs, and the qualitative impedance level as a set of
intuitive nputs,. and a layer of interpretive logic that deci-
phers the input into the GUI by applying the correct control
objectives and mode of operation, to command all joints in the
humanoid robot with a set of impedance commands for at
least one of the object, the end-eflector, and the joint space
level of control.

5. The system of claim 1, wherein the controller 1s adapted
for executing hybrid force and position control 1n the Carte-
s1an space by projecting a stiffness term of an impedance
relationship into a null space orthogonally to the received
reference force to automatically decouple force and position
directions.

6. A controller for a robotic system, wherein the system
includes a humanoid robot having a plurality of robotic joints
adapted for force control with respect to an object being acted
upon by the humanoid robot, and a graphical user intertace
(GUI) electrically connected to the controller that 1s adapted
for recerving an input signal from a user, the controller com-
prising:

a host machine having memory; and

an algorithm executable from the memory by the host
machine to thereby control the plurality of joints using
an 1mpedance-based control framework, wherein the
impedance-based control framework includes a function
of commanded 1nertia, damping, and stiffness matrices;

wherein execution of the algorithm by the host machine
provides at least one of an object level, end-efiector
level, and jo1nt space-level of control of the humanoid
robot 1n response to the input signal into the GUI, the
input signal including at least a desired imnput force to be
imparted to the object; and

wherein the host machine 1s configured to switch between
impedance control on the object, the end-eflector, and
the joint level when a user selects, via the input signal to
the GUI, a desired combination of the end-effectors.

7. The controller of claim 6, wherein the algorithm 1s
adapted for executing an intermediate layer of logic to deci-
pher the mput signal entered via the GUI.

8. The controller of claim 6, wherein the host machine
automatically decouples a force direction and a position con-
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trol direction of the humanoid robot using a null-space pro-
jection matrix when the user mnputs the desired mnput force,
and wherein the position control direction 1s automatically
projected 1into a null space orthogonally to the mput force by
execution of the algorithm.

9. The controller of claim 6, wherein the algorithm 1s
adapted to parameterize a predetermined set of internal forces
of the humanoid robot 1n object-level control to thereby allow
for multiple grasp types, the multiple grasp types including at
least a rigid contact grasp type and a point contact grasp type.

10. The controller of claim 6, wherein the controller 1s
adapted for applying a second-order position tracker to the
position control directions while applying a second-order
force tracker to the force control directions.

11. The controller of claim 6, wherein the user selects the
desired end-etfectors of the robot to activate, and wherein the
controller generates a linear and arotational Jacobian for each
end-elfector in response thereto.

12. The controller of claim 6, wherein the controller is
adapted to switch between a position control mode and a force
control mode when the user provides the desired input force
as a reference external force via the GUI.

13. A method for controlling a robotic system including a
humanoid robot having a plurality of joints and end-effectors
adapted for imparting a force to an object, a controller, and a
graphical user interface (GUI) electrically connected to the
controller, wherein the controller 1s adapted for receiving an
input signal from the GUI, the method comprising:
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recerving the input signal via the GUI;

processing the mput signal using the controller to thereby
control the plurality of joints and end-etfectors, wherein
processing the mput signal includes using an 1mped-
ance-based control framework to provide object level,
end-ettector level, and joint space-level control of the
humanoid robot; and

automatically switching between a position control mode

and a force control mode via the controller when the user
provides a desired input force as the input signal via the
GUI, and between impedance control at one of the
object, end-effector, and joint levels when the user
selects a desired combination of end-effectors of the
humanoid robot as the input signal via the GUI.

14. The method of claim 13, wherein the input signal 1s a
desired 1nput force imparted to the object, and wherein pro-
cessing the input signal includes: automatically decoupling a
force control direction and a position control direction when
the user iputs the desired input force via the GUI, and pro-
jecting the position control direction orthogonally 1nto a null
space.

15. The method of claim 13, further comprising: using the
controller to apply a second-order position tracker to the
position control direction and a second-order force tracker to
the force control direction.

16. The method of claim 13, further comprising: param-
cterizing a predetermined set of internal forces of the human-
o1d robot 1n object-level control to thereby allow for multiple
grasp types in real-time, including at least a rigid contact
grasp type and a point contact grasp type.
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