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[57] ABSTRACT

A robot (10) includes a statically-balanced direct-drive
arm (14) having three degrees of freedom, all of which
are independent articulated drive joints, the driving
axes of two of which intersect at the center of gravity of
the arm to eliminate gravity forces on the drive system
without counterweights.

9 Claims, 2 Drawing Sheets
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STATICALLY-BALANCED DIRECT-DRIVE
ROBOT ARM

TECHNICAL FIELD

The present invention relates generally to robotics.
More particularly, this invention concerns a statically-
balanced direct-drive robot arm which is configured to
eliminate gravity loads on the drive system so that the
same or better acceleration can be achieved with
smaller actuators and without overheating.

BACKGROUND ART

There has been increasing emphasis on the applica-
tion of robotics technology to various industrial uses.
The Robot Institute of America defines a robot as a
“reprogrammable, multifunctional manipulator de-
signed to move materials, parts, tools or specialized
devices through various programmed motions for the
performance of a variety of tasks”. The field of robotics
is a rapidly developing technological area.

Robots with serial and parallelgram-type direct drive
arms have been available before. However, while direct
drive arms have certain advantages, they also have
some disadvantages. In direct drive arms, the shaft of
the motor is connected directly to the component being
driven. This eliminates the intermediate transmission or
speed reducer and its static load. It also reduces me-
chanical backlash, cogging, friction and thus wear. Di-
rect drive it also increases structural stiffness of the
system. However, elimination of the transmission also
means that the motors “see” the full inertial and gravita-
tional forces of the system without any reduction. This,
in turn, can cause overheating of the motors, even under
only static loading, requiring larger motors and/or am-
plifiers. Reducing the weight of the mechanical compo-
nents of the system is of only limited help.

U.S. Pat. No. 4,341,502 to Makino and U.S. Pat. No.
4,552,505 to Gorman show robots with direct motor
drives.

The assembly robot of Makino includes an arm com-
prised of four links, two of which adjacent links are
each connected directly to the shaft of separate drive
motors.

Various counterbalance arrangements have been pro-
vided heretofore. For example, U.S. Pat. No. 3,721,416
to Goudreau shows a loading balancer including a four
bar linkage, guide slots and roilers. U.S. Pat. No.
4,229,136 to Panissidi shows a programmable air pres-
sure counterbalance system. U.S. Pat. No. 4,359,308 to
Nakajima shows a counterbalance device for a laser
knife wherein the centers of gravity of the manipulator
and the counterbalance device are moved in the same
vertical plane but in opposite, parallel directions. These
approaches, however, tend to be relatively complicated
and thus expensive. Moreover, these approaches add
static weight to the system requiring larger actuators
and causing higher dynamic loads which affect overall
response and performance.

A need has thus arisen for a statically-balanced di-
rect-drive robot arm which is designed to eliminate
gravity forces on the drive system without the expense,
complication and dynamic performance drawbacks of a
counterbalance arrangement.

SUMMARY OF THE INVENTION

The present invention comprises a statically-balanced
direct-drive robot arm which overcomes the foregoing
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and other difficulties associated with the prior art. In
accordance with the invention, there is provided a stati-
cally-balanced direct-drive robot arm incorporating a
four bar linkage. The linkage is supported at its base link
for independent pivotal movement about generally ver-
tical and horizontal axes responsive to actuators, which
are preferably of the direct-drive type. The axes inter-
sect at the center of gravity of the linkage. One actuator
effects pivotal movement of the arm about the vertical
axis. Another actuator effect pivotal movement of the
arm about the horizontal axis. Another actuator is
mounted at one end of the base link of the linkage in
driving engagement with the input link for controlling
pivotal movement of the output link at the other end of
the base link of the linkage. The arm is supported and
actuated such that the gravity terms are eliminated from
the dynamic equations resulting in a balanced mecha-
nism without counterweights, larger motors and/or
amplifiers.

BRIEF DESCRIPTION OF DRAWINGS

A better understanding of the invention can be had by
reference to the following Detailed Description in con-
junction with the accompanying Drawings, wherein:

FIG. 1is a perspective view of the statically-balanced
direct-drive robot incorporating the invention;

FIG. 2 is a top view;

FIG. 3 is a side view; and

FIGS. 4 and § are diagrams of the four bar linkage
with assigned coordinate frames.

DETAILED DESCRIPTION

Referring now to the Drawings, wherein like refer-
ence numerals designate like or corresponding parts
throughout the views, and particularly referring to
FIGS. 1-3 there is shown the robot 10 incorporating the
invention. The robot 10 includes a fixed base 12 and a
statically-balanced, direct-drive arm 14. The arm 14
includes a four bar linkage. The arm 14 is supported and
driven by three actuators in a way which achieves static
balance by elimination of gravity forces on the drive
system without counterweights, large actuators, and/or
amplifiers as will be explained more fully hereinbelow.

A first rotary actuator 16, such as a motor, is mounted
on the base 12. In particular the housing of actuator 16
is fixed to the base 12 while its drive shaft 18 is con-
nected to a clevis or yoke 1 on which the arm 14 is
supported. It will thus be appreciated that the arm 14 is
supported on yoke 1 for pivotal movement about a
vertical axis 20 responsive to actuator 16.

Yoke 1 also supports the arm 14 for pivotal move-
ment about a horizontal axis 22. In particular, a second
rotary actuator 24 which can be a motor, is provided for
this purpose. The housing of actuator 24 is fixed to the
yoke 1 while its drive shaft 26 is connected to the arm
14 for effecting pivotal movement thereof about the
horizontal axis 22. It will thus be appreciated that arm
14 is mounted for independent pivotal movement about
axes 20 and 22 responsive to actuators 16 and 24, respec-
tively.

Actuators 16 and 24 preferably comprise high torque,
low speed, brush-less AC synchronous motors. For
example, such motors are commercially available from
Powertron of Pittsburgh, Pa., as well as other sources.

The arm 14 comprises a four-bar linkage including
links 2, 3, 4 and 5. The base link 2 is pivotally connected
to the yoke 1 for pivotal movement about axis 22 re-
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sponsive to actuator 24. Arm 14 is thus pivotal with
respect to yoke 1, which is pivotal/rotatable relative to
the base 12. The input link 5 is coupled between one end
of the base link 2 and the adjacent end of the connecting
link 4. The output link 3 is coupled between the other
ends of links 2 and 4. The output link 3 is pivotally
supported in a clevis 28 at the other end of link 2, but
controlled by link 4. Pivotal movement of the output
link 3 is a function of the positions of the input link 5 and
connecting link 4. Links 2, 3 and 4 are preferably tubu-
lar members of graphite epoxy composite material.

A suitable end effector (not shown) is connected to
the terminal end of output link 3. For example, an active
compliant end effector like that shown in my co-pend-
ng application Ser. No. 031,679 filed Mar. 30, 1987, can
be used.

Pivotal movement of the input link § is controlled by
another rotary actuator 30 which is mounted on one end
of base link 2. In particular, the housing of actuator 30
is fixed to link 2, while its drive shaft 32 is connected to
one end of link 5. Actuator 30 preferably comprises an
electric motor similar to that used for actuators 16 and
24,
The arm 14 is supported and driven in a way which
eliminates the gravity terms of its components from the
dynamic equations. Axes 20 and 22 are positioned to
intersect at the center of gravity of the arm 14, which
can be located by conventional analysis. The horizontal
axis 22 lies generally in the plane of arm 14. The center
of gravity of arm 14 lies along axis 20 within the plane
of the arm and coaxial with the drive shaft 18 of motor
16. As a result, the drive system of robot 10 does not
experience any static loads.

This comprises a critical feature of the invention.
This balanced mechanism eliminates the need for extra
counterbalance weights and provides the following
advantages. Since motors 16, 24 and 30 are never af-
fected by gravity factors of arm 14, the static load will
be zero with little or no overheating. This in turn means
that smaller actuators or motors with lower torque
ratings and thus smaller amplifiers can be used to
achieve the desired acceleration. Similarly, better accu-
racy can be obtained because the links of the arm 14
have a constant deflection. This also provides better
repeatability for fine manipulation tasks.

The anaylsis is as follows. The coordinate frame
X1Y1Z1 has been assigned to the yoke 1 of the robot for
I1=1, 2, 3, 4 and 5. The center of the coordinate frame
X1Y1Z; corresponding to yoke 16 is located at point 0
as shown in FIG. 2. The center of the inertial global
coordinate frame (not shown) XoYoZg s also located at
the arm’s center of gravity, point 0. The joint angles are
represented by the angles 61, 62 and 03. The angle 6,
represents rotation of the yoke 1 and arm 14 about the
vertical axis 20. The angle 6, represents the pitch angle
of the arm 14 about the horizontal axis 22. The angle 63
represents the angle between links 2 and 3. In the fol-
lowing analysis, yoke 1 corresponds to link 1 with links
2-5 corresponding to the numbered links of arm 14.
Motor 3 corresponds to actuator 30. The conditions
under which the gravity terms are eliminated from the
dynamic equations are as follows.

FIGS. 4 and 5 show the four bar linkage of arm 14
with assigned coordinate frames. By inspection, the
conditions under which the vector of gravity passes
through point 0, which is the origin or center of gravity,
for all possible values of @; and 03 are given by the
following two equations.
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[m3X3—mals—msXssin 63=0

glmt3+ms)—m;%a — m3ll— gl — ma[Za—g]— [m3Xs.
~mals —msxslcosf3=0

where:
m;=mass of each link,
li=length of each link,
x;=the distance of center of mass from the origin of
each coordinate frame, mt3=mass of motor 3.

These equations result in the following:
m3%3—myls—ms%s=0
gimt3+ms]—myXp —malla—gl—m o{%3—gl=0

If the last two equations are satisfied, then the center
of gravity of the arm 14 passes through point 0 for all of
the possible configurations of the arm. Note that the
gravity force still passes through 0 even if the plane of
the arm 14 is pivoted by motor 24 about the horizontal
axis 22 for all values of 6;.

From the foregoing, it will thus be apparent that the
present invention comprises a statically-balanced direct
drive robot arm having several advantages over the
prior art. The primary advantage is that the particular

configuration, mounting and drive of the arm eliminates

the gravity factor without counterweights in order to
achieve better response. The mechanism herein results
in closed-form solutions for dynamics and inverse kine-
matics. Better accuracy and repeatability can be at-
tained within a relatively large workspace. The arm
herein lends itself well to adaptive electronic complian-
ce/impedance control at the robot. Other advantages
will be evident to those skilled in the art.

Although particular embodiment of the invention
have been illustrated in the accompanying Drawings
and described in the foregoing Detailed Description, it
will be understood that the invention is not limited only
to the embodiments disclosed, but is intended to em-
brace any alternatives, equivalents, modifications and-
/or rearrangements of elements falling within the scope
of the invention as defined by the following claims.

I claim:

1. A statically-balanced robot arm, which comprises:

a four-bar linkage having base, input, connecting, and

output links;

first drive means mounted on the base link for effect-

ing pivotal movement of the input link of said link-
age;

said linkage and said first drive means having a prede-

termined center of gravity;

means for supporting said linkage for independent

pivotal movement about generally vertical and
horizontal axes, said axes intersecting at said center
of gravity; and

second drive means for effecting independent pivotal

movement of said linkage about the vertical and
horizontal axes.

2. The robot arm of claim 1, wherein said first drive
means comprises an electric motor having a housing
and a drive shaft, the housing being fixed to the base
link and the drive shaft being connected in rotatable
driving engagement to the input link of said linkage.

3. The robot arm of claim 1, wherein the base, con-
necting and output links of said linkage are at least
partially of tubular construction.
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4. The robot arm of claim 1, wherein said supporting
means comprises a clevis.

5. The robot arm of claim 1, wherein said second
drive means comprises separate electric motors each
having a housing and a drive shaft, the housing of one
motor being fixed to said supporting means with its
drive shaft connected in rotatable driving engagement
about the horizontal axis with the base link of said link-
age, and the drive shaft of the other motor being con-
nected in rotatable driving engagement about the verti-
cal axis to said supporting means.

6. A statically-balanced robot arm, which comprises:

a four-bar linkage having base, input, connecting, and

output links;

control drive means mounted on the base link for

effecting pivotal movement of the output link of
said linkage;

said linkage and said control drive means having a

predetermined center of gravity;

means for supporting said linkage for independent

pivotal movement about generally vertical and
horizontal axes, said axes intersecting at the said
center of gravity;

first drive means mounted on said supporting means

for effecting pivotal movement of said linkage
about the said horizontal axis; and

second drive means for effecting pivotal movement

of said supporting means about the said vertical
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7. The robot arm of claim 6, wherein said horizontal

axis lies generally in the plane of said linkage.

8. A statically-balanced robot arm, comprising:

a four-bar linkage having base, input, connecting, and
output links;

a first drive motor having a housing and a drive shaft,
the housing being mounted on the base link and the
shaft being drivingly connected to the input link of
said linkage;

said linkage and said first drive motor having a prede-
termined center of gravity;

means for supporting said linkage for independent
pivotal movement about intersecting perpendicular
axes, said axes intersecting at the said center of
gravity;

a second drive motor having a housing and a drive
shaft, the housing being mounted on said support-
ing means and the shaft being connected directly to
the base link of said linkage for selective rotatable
movement about one of said axes; and

a third drive motor having a housing and a rotatable
drive shaft, the drive shaft being connected di-
rectly to said supporting means for selective piv-
otal movement about the other one of said perpen-
dicular axes.

9. The robot arm of claim 8, wherein said horizontal

axis lies generally in the plane of said linkage.
* * % * *



