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(54) Trainable robot and method of training

(57) The robot comprises a movable member; a mo-
tor operable to change a position of the movable member
relative to a gravitationally-loaded axis; and a servo op-
erable to control the motor. The servo has a normal op-
erational mode in which it controls the motor to define

the position of the movable member relative to the grav-
itationally-loaded axis. The servo additionally has a train-
ing mode in which it controls the motor to set the movable
member to a weightless state. In its weightless state, a
user can easily and accurately move the movable mem-
ber to train the robot.
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Description

Background

[0001] Robots are used to perform many repetitive
tasks in research and manufacturing. Once class of robot
known as a pick-and-place robot is configured to pick up
a payload at an origin location, to move the payload to a
destination location and to deposit the payload at the
destination location.
[0002] A robot is typically composed of a number of
mechanical elements that are capable of moving relative
to one another to enable the robot to move an object,
which will be referred to below as a payload, along a
defined path, e.g., from a source location to a destination
location. The mechanical elements will be referred to
herein as members. To allow a first member of the robot
to move relative to a second member, the members are
attached at a junction having between one and six (three
in translation, three in rotation) degrees of freedom.
[0003] A motor for each degree of freedom provides a
motive force to move the second member relative to the
first member in its respective degree of freedom. The
motor is controlled by a motor servo that receives a feed-
back signal from a position sensor that measures the
motion of the second member relative to the first member
at the junction. The motor servo additionally receives po-
sition commands from a controller that controls the over-
all movement of the robot. The position commands define
each position to which the motor is to move the second
element.
[0004] All members of the robot are subject to the force
of gravity. However, some members are configured such
that one would not move relative to the other in response
to the force of gravity in the event that power is removed
from the servo motor that moves one relative to the other.
For example, one member that is only capable of move-
ment relative to another member in translation along a
horizontal axis or in rotation about a vertical axis will not
move relative to the other member in the event that power
is removed from the servo motor that moves one relative
to the other. The junction between such members will be
referred to constituting a gravity-independent axis of the
robot. On the other hand, one member that is capable of
movement relative to another member in translation
along a vertical axis or in rotation about a horizontal axis
will move relative to the other member in the event that
power is removed from the servo motor that moves one
relative to the other. The junction between such members
will be referred to constituting a gravity-loaded axis of
the robot.
[0005] A robot typically has to be trained to enable the
robot to perform a given operation. In one training proto-
col used for training pick-and-place robots, a user uses
jog buttons on a remote teaching pendant or on a con-
nected PC (an input device) to provide inputs to the con-
trol system that constitutes part of the robot. The user-
provided inputs cause the robot to move in a manner that

causes the portion of the robot that engages with the
payload and known as an end effector to engage with a
payload located at the source location. Further user-pro-
vided inputs cause the robot to move in a manner that
moves the payload towards the destination location along
a path defined by the user-provided inputs. At the desti-
nation location, further user-provided inputs cause the
robot to move in a manner that aligns the payload with
the destination location, deposits the payload at the des-
tination location and typically disengages the end-effec-
tor from the payload. The position of the robot is then
registered in the controller using a button on the teaching
pendant or software run on the connected PC. Typically,
the user also used the PC to enter a name to associate
with the position. This training protocol is tedious and
time consuming
[0006] The training protocol just described is typically
carried out by two people: a first person operates the
user input device to control the movement of the robot;
a second person acts as an observer that carefully ob-
serves the operation of the robot and provides to the first
person reports on such positional relationships as that
between the end effector and the payload, that between
the payload and various obstructions as the robot moves
the payload towards the destination location, and that
between payload and the destination location. The
above-described training operation can be performed by
one person who both operates the robot and observes
the results of the user-provided instructions, but one-per-
son training typically takes more than twice as long as
two-person training so that two-person training is more
commonly used..
[0007] A simplification introduced several years ago
involved removing power from the respective servo mo-
tors of all the gravity-independent axes of the robot. This
leaves such axes free to be moved by hand during the
training process. However, all the gravity-loaded axes of
the robot remained powered and position-controlled, and
therefore had to be controlled during the training process
by a remote teaching pendant or a connected PC in a
manner similar to that described above. Even with the
simplification just described, the training protocol re-
mains tedious and time consuming, and, as noted above,
typically requires two users. Moreover, for more compli-
cated robots, the time required for training can increase
nonlinearly.
[0008] Accordingly, what is needed is a further simpli-
fication of the training process.

Brief Description of the Drawings

[0009]

Figure 1 is a schematic drawing showing an example
of a pick-and-place robot in accordance with an em-
bodiment of the invention.
Figure 2 is a block diagram showing an example of
the servo that controls the stage motor in the robot
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shown in Figure 1.
Figure 3 is a block diagram showing an example of
the servo, motor and position sensor that constitute
parts of one of the bearing assemblies of the robot
shown in Figure 1.
Figure 4 is a schematic drawing showing an example
of a pick-and-place robot in accordance with another
embodiment of the invention.
Figure 5 is a block diagram showing an example of
a dynamic target current signal generator that gen-
erates the dynamic target current signal for each of
the servos that control motion relative to a respective
one of the gravitationally-loaded axes in the robot
shown in Figure 4.
Figures 6A and 6B are isometric views showing an
example of a training payload and an example of an
end effector before and after, respectively, engage-
ment with an example of a payload locating device.
Figure 6C is an isometric view showing an example
of engagement features.
Figure 7A is a flow chart showing an example of a
method in accordance with an embodiment of the
invention for training a robot.
Figure 7B is a flow chart showing an example of a
method in accordance with another embodiment of
the invention for training a robot.

Detailed Description

[0010] A robot in accordance with an embodiment of
the invention comprises a movable member, a motor op-
erable to change a position of the movable member rel-
ative to a gravitationally-loaded axis, and a servo oper-
able to control the motor. The servo has a normal oper-
ational mode in which it controls the motor to define the
position of the movable member relative to the gravita-
tionally-loaded axis. The servo additionally has a training
mode in which it controls the motor to set the movable
member to a weightless state. In its weightless state, a
user can easily and accurately move the movable mem-
ber to train the robot.
[0011] Figure 1 is a schematic drawing showing an ex-
ample 100 of a pick-and-place robot in accordance with
an embodiment of the invention. Robot 100 is composed
of a mounting 110, a base 120, an elongate track 130, a
stage 140, an upper arm 150, a forearm 160, an end
effector 170 and a controller, schematically shown at 180.
Base 120 and track 130 as a unit, stage 140 and upper
arm 150 as a unit, forearm 160 and end effector 170 are
movable members that constitute parts of robot 100.
Base 120 and track 130 as a unit, forearm 160 and end
effector 170 are movable in rotation, whereas stage 140
and upper arm 150 as a unit are movable in translation.
[0012] A bearing (not shown) that constitutes part of a
bearing assembly 112 mounts base 120 on mounting
110. The bearing allows base 120 to rotate relative to
mounting 110 about a vertical axis 114. Track 130 ex-
tends vertically from a location on base 120 offset from

axis 114. Stage 140 is mounted on track 130 so that stage
140 can move along an axis 134 that extends vertically
along the length of track 130. In one embodiment, stage
140 is slidably mounted on track 130. In another embod-
iment, flanged wheels (not shown) on stage 140 engage
with rails (not shown) that extend at least part-way along
the length of track 130. Other ways of mounting stage
140 on track 130 are possible and may be used.
[0013] Upper arm 150 extends substantially horizon-
tally from a proximal end affixed to stage 140 to a distal
end. A bearing (not shown) that constitutes part of a bear-
ing assembly 152 mounts forearm 160 to upper arm 150.
The bearing is located near the proximal end of the fore-
arm and near the distal end of the upper arm. The bearing
allows forearm 160 to rotate relative to upper arm 150
about a vertical axis 154. A bearing (not shown) that con-
stitutes part of a bearing assembly 162 mounts end ef-
fector 170 to forearm 160. The bearing is located near
the distal end of the forearm. The bearing allows end
effector 170 to rotate relative to forearm 160 about a ver-
tical axis 164. Upper arm 150, forearm 160 and end ef-
fector 170 collectively constitute a dead load 142 carried
by stage 140.
[0014] In the example shown in Figure 1, end effector
170 is composed of a hand 172 and a pair of opposed
grippers 174, only one of which is shown, that extend
substantially horizontally from hand 172. End effector
170 is shown in more detail in Figure 6A. A motor (not
shown) mounted within hand 172 is operable to move
grippers 174 horizontally towards one another to grip a
payload placed between the grippers. Figure 1 shows
robot 100 in its training mode with a training payload 190
engaged with grippers 174. In the normal operational
mode of robot 100, operational payload 20 is engaged
with grippers 174.
[0015] In the above descriptions of bearing assemblies
112, 152, 162, a respective bearing is described as al-
lowing one member, i.e., base 120, forearm 160 and end
effector 170, to rotate relative to another member, i.e.,
mounting 110, upper arm 150 and forearm 160, respec-
tively. Such rotation constitutes movement relative to a
respective gravity-independent axis 114, 154, 164. The
member that is allowed to rotate will be referred to as a
rotatable member and the member relative to which the
rotatable member is allowed to rotate will be referred to
as a fixed member. Each of the bearing assemblies 112,
152, 162 additionally comprises a respective servo motor
(not shown) operable to generate a torque sufficient to
rotate the rotatable member about respective axis 114,
154, 164 relative to the respective fixed member. Each
of the bearing assemblies additionally comprises a re-
spective position sensor (not shown) that generates an
electrical signal that quantifies the rotation of the rotata-
ble member about respective axis 114, 154, 164 relative
to the respective fixed member. Each position sensor
generates a respective electrical position signal that is
provided to the respective servo that controls the respec-
tive servo motor. The servo operates in response to the
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electrical position signal and a control signal provided by
controller 180. The control signal indicates a target po-
sition of the rotatable member. In this case, the target
position is a target rotation. In response to the control
signal and the position signal, the servo operates to drive
the respective motor in a manner that causes the motor
to rotate the rotatable member to the rotation represented
by the control signal and to hold the rotatable member
at that rotation until the control signal changes.
[0016] Stage 140, dead load 142 and payload 20 are
moved vertically along track 130 by a motive force pro-
vided by a suitable motor that will be referred to herein
as a stage motor and that is schematically shown at 144.
Movement of stage 140 along track 130 constitutes
movement relative to gravitationally-loaded axis 134.
The motive force provided by stage motor 144 addition-
ally opposes the weight of stage 140, dead load 142 and
payload 20 to maintain the vertical position of the stage
when the stage is not in motion. In one embodiment,
stage motor 144 is a linear motor composed of a linear
motor rotor (not shown) mounted on stage 140 and a
linear motor stator (not shown) composed of magnet seg-
ments arrayed along the length of track 130. Linear mo-
tors are known in the art so stage motor 144 will not be
described in detail. In another embodiment, a rotary mo-
tor (not shown) and a rotary-to-linear converter mounted
on stage 140 constitute the stage motor. Such an ar-
rangement is described in United States patent applica-
tion serial no. 12/241,437 of Wagner, entitled Automatic
System Brake and assigned to the assignee of this ap-
plication. Figure 1 shows stage motor 144 as part of stage
140, but the stage motor need not be part of the stage.
In yet another embodiment, a motor mounted in base
120 and a transmission mechanism such as a lead screw
or a belt that couples the motive force generated by the
motor to stage 140 collectively constitute stage motor
144. Other ways of providing motive force to stage 140
are possible and may be used.
[0017] Robot 100 additionally comprises a position
sensor schematically shown at 146. Position sensor 146
determines the absolute or relative position of stage 140
along track 130. In one embodiment, track 130 carries a
position-representing pattern that extends along the
length of the track. The pattern is read by sensors mount-
ed on stage 140. Circuitry that constitutes part of the
stage, controller 180 or another part of robot 100 converts
electrical signals generated by the sensors into an elec-
trical position signal that represents the absolute or rel-
ative position of stage 140 along track 130. In another
embodiment, the electrical position signal is obtained
from electrical signals generated by a rotary position sen-
sor mounted on stage 140 in a manner similar to that
described in above-mentioned United States patent ap-
plication serial no. 12/241,437. The rotary position sensor
is driven by a linear-to-rotary converter so that the elec-
trical position signal represents the relative position of
stage 140 along track 130. Figure 1 shows position sen-
sor 146 as part of stage 140, but the position sensor need

not be part of the stage. In yet another embodiment, an
interferometer mounted at one end of track 130 gener-
ates the electrical position signal representing the posi-
tion of stage 140 along track 130.
[0018] Finally, robot 100 additionally comprises a po-
sition servo schematically shown at 148. Position servo
148 operates in response to the electrical position signal
PS received from position sensor 146 and a control signal
CS (Figure 2) received from controller 180. Control signal
CS indicates a target position of the stage. In response
to control signal CS and position signal PS, servo 148
operates to drive stage motor 144 in a manner that caus-
es the stage motor to move stage 140 to the position
represented by the control signal and to hold the stage
in that position until the control signal changes.
[0019] Axes 114, 154, and 164 are vertical axes about
which base 120, forearm 160 and end effector 170 can
rotate. Consequently, axes 114, 154 and 164 are gravity-
independent axes. Removing power from the respective
motor (not shown) incorporated in one or more of bearing
assemblies 112, 152, 162 does not allow the force of
gravity to cause the respective rotatable members of ro-
bot 100 to rotate about their respective axes. However,
with the power removed from the respective motor incor-
porated in one or more of bearing assemblies 112, 152,
162, a user can rotate the respective rotatable members
of the robot about their respective axes 114, 154, and
164 by hand.
[0020] Axis 134 is also a vertical axis, but stage 140
moves along axis 134 in translation. Consequently, axis
134 is a gravitationally-loaded axis. Removing power
from stage motor 144 that provides motive force to stage
140 allows the force of gravity to cause stage 140, and
dead load 142 and payload 20 mounted on stage 140,
to fall towards base 120. The rate at which stage 140
accelerates depends on the structure of stage motor 144:
in the examples cited above, a linear motor used as stage
motor 144 will allow stage 140 to accelerate most quickly
whereas a motor coupled to the stage by a lead screw
will allow the stage accelerate most slowly. Servo 148
that controls stage motor 144 prevents stage 140 from
falling but, in its normal operating mode, servo 148 pre-
vents the user from moving stage 140 along track 130
by hand. However, in robot 100 in accordance with an
embodiment of the invention, servo 148 has an additional
operational mode to which it is set when robot 100 is
being trained. In this additional operational mode, servo
148 controls stage motor 144 in a manner that sets stage
140 to a weightless state by causing stage motor 144 to
apply to stage 140 a motive force substantially equal to
and opposite the combined weight of stage 140, dead
load 142 and payload 20.
[0021] With stage 140 in a weightless state, and power
removed from the motors actuating the gravity-independ-
ent axes, a user can move robot 100 in all of its degrees
of freedom. Robot 100 is trained simply by instructing the
robot to pick up training payload 190 from a known start-
ing location using controller 180 or a GUI command on
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a connected PC. Alternatively, if robot 100 has no known
locations, the user manually places the training payload
between grippers 174 and then closes the grippers to
engage the grippers and the training payload. The user
then sets robot 100 to its training mode using a GUI com-
mand on the connected PC. In the training mode, power
is removed from the motors actuating all of the gravity-
independent axes and position servo 148 is set to its
training mode in which it sets stage 140 to a weightless
state. As a result, in the training mode of robot 100, all
joints of the robot are free to move and are weightless.
Additionally, in the training mode of robot 100, the re-
spective position signals output by all of the position sen-
sors of the robot are fed to controller 180.
[0022] The user then moves end effector 170 (with
training payload 190 engaged with grippers 174) to set
training payload 190 to a first position and provides a
"mark" signal to controller 180. Typically, the user phys-
ically engages the training payload 190 with a payload
locating device located at the destination location. An
exemplary payload locating device is shown at 30. The
"mark" signal can be provided using a mouse or a button
on a teaching pendant. In the example shown, a button
176 is provided on end effector 170 as a user input device
for the user to provide the "mark" signal. Button 176 is
electrically connected to controller 180. In response to
the "mark" signal, controller 180 records each one the
position signals of robot 100 or a representation of such
position signals. Controller 180 then provides a visible
and/or audible signal indicating that the position signals
have been recorded. In one example, an illuminated ring
around button 176 on end effector 170 flashes to com-
municate that the position signals have been registered.
The user then moves end effector 170 to locate training
payload 190 at the next destination location in the oper-
ational sequence of robot 100 and, when the training pay-
load is appropriately aligned with its destination location,
provides the "mark" signal to cause controller 180 to
record the position signals with the training payload at its
new destination location. In systems in which the path
between two destination locations is critical, the user can
provide "mark" signals at intermediate points between
the destination locations, or can provide a continuous
"mark" signal along the entire path along which the user
moves the training payload between the destination lo-
cations.
[0023] The user repeats the process just described un-
til all of the destination locations in the operational se-
quence have been trained. After all the destination loca-
tions in the operational sequence have been trained, the
user uses the connected PC to configure each destina-
tion location, assigning a name, and entering various oth-
er properties, such as one or more operations to be per-
formed at the destination location and imposing con-
straints on the path to be followed from one destination
location to the next. Once this has been done, robot 100
is switched back to its normal operational mode and a
test run is performed.

[0024] Figure 2 is a block diagram showing an example
200 of servo 148 that controls stage motor 144 in robot
100 shown in Figure 1. Servo 200 is composed of a po-
sition control system 202, a motor control system 204, a
current sensor 206 and a mode switch 208. Position con-
trol system 202 has a normal input, a feedback input and
an output. Motor control system 204 has a normal input,
a feedback input and an output. Current sensor 206 has
a current input, a current output and a sense output. Mode
switch 208 is a controlled single-pole changeover switch
having a first pole, a second pole and a common terminal.
Moreover, stage motor 144 has a first terminal and a
second terminal and position sensor 146 has an output
terminal.
[0025] In servo 200, the normal input of position control
system 202 is connected to receive control signal CS
from controller 180 and the feedback input of the position
control system is connected to the output of position sen-
sor 146 from which it receives electrical position signal
PS. Position signal PS is additionally output to controller
180 as position output signal PS_OUT. The output of
position control system 202 is connected to the first pole
of mode switch 208. The second pole of mode switch
208 is connected to receive a target current signal TC
from controller 180. The common terminal of mode switch
208 is connected to the normal input of motor control
system 204. The control input of mode switch 208 is con-
nected to receive a mode control signal M from controller
180. The output of motor control system 204 is connected
to the first terminal of stage motor 144. The second ter-
minal of stage motor 144 is connected to the current input
of current sensor 206. The current output of current sen-
sor 206 is connected ground or another low-impedance
point. The sense output of current sensor 206 is connect-
ed to a feedback input of motor control system 204. Other
configurations of servo 200 are possible and may be
used.
[0026] In the normal operating mode of servo 200, one
state of mode control signal M received from controller
180 sets mode switch 208 to in its "normal" state in which
the common terminal is connected to the first pole. Servo
200 receives control signal CS from controller 180. Con-
trol signal CS defines a target position along track 130
to which stage 140 is to move and is received by position
control system 202. Position control system 202 addi-
tionally receives position signal PS from position sensor
146. Position signal PS represents the current position
of stage 140 along track 130. In response to control signal
CS and position signal PS and other parameters defining
the operation of stage 140, position control system 202
outputs a current-defining signal CD defining a current
to be applied to stage motor 144 to cause the motor to
move the stage towards the target position. Current-de-
fining signal CD is input to motor control system 204 via
mode switch 208 in its "normal" state. Motor control sys-
tem 204 additionally receives current feedback signal CF
from current sensor 206 that represents the current
through stage motor 144. In response to current-defining
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signal CD and current feedback signal CF, motor control
system 204 changes the operating conditions of stage
motor 144 until the current through the stage motor, as
measured by current sensor 206, is equal to that defined
by current-defining signal CD.
[0027] In the training mode of servo 200, the other state
of mode control signal M received from controller 180
sets mode switch 208 to in its "training" state in which
the common terminal is connected to the second pole.
In the training mode of robot 100, servo 200 receives
target current signal TC from controller 180. Target cur-
rent signal CS defines a target current to be passed
through stage motor 144. An electric motor has a well-
defined relationship between motive force and current.
With a linear electric motor used a stage motor 144, the
current passing through the stage motor is directly con-
verted to an actuation force directed along track 130 in
a direction opposite to the combined weight of stage 140,
dead load 142 and training payload 190. With a rotary
electric motor used a stage motor 144, the current pass-
ing through the stage motor is converted to torque that
is converted by some type of mechanical transmission
an actuation force directed along track 130 in the direction
opposite to the combined weight of stage 140, dead load
142 and training payload 190. The current to be supplied
to stage motor 144 to cause stage motor 144, and its
associated transmission if appropriate, to generate an
actuating force nominally equal to the combined weight
of stage 140, dead load 142 and training payload 190
can be calculated from the combined weight of stage
140, dead load 142 and training payload 190. This current
is represented by the target current signal TC.
[0028] Target current signal TC is input to motor control
system 204 via mode switch 208 in its "training" state.
Motor control system 204 additionally receives current
feedback signal CF from current sensor 206. Current
feedback signal CF represents the current through stage
motor 144 as measured by current sensor 206. In re-
sponse to target current signal TC and current feedback
signal CF, motor control system 204 changes the oper-
ating conditions of stage motor 144 until the current
through the stage motor, as measured by current sensor
206, is equal to that defined by target current signal TC.
With such current passing through stage motor 144, the
actuation force applied to stage 140 is equal to the com-
bined weight of stage 140, dead load 142 and training
payload 190, so that stage 140, dead load 142 and train-
ing payload 190 are substantially weightless and a user
can easily move the stage by hand.
[0029] Stage 140 will be regarded as having been
moved by hand when a user’s hand contacts the stage
and thereby moves the stage relative to track 130, or
when the user’s hand contacts a member of the robot
coupled to the stage and thereby moves the member, or
when the user’s hand contacts a payload coupled to the
stage and thereby moves the payload, and such move-
ment of the member or the payload moves the stage rel-
ative to the track. Similarly, robot 100 will be regarded

as having been moved by hand when a user’s hand con-
tacts any member of the robot and thereby moves such
member and/or one or more members and/or a payload
coupled to such member, or when the user’s hand con-
tacts a payload coupled to the robot and thereby moves
the payload and/or one or more members of the robot
coupled to the payload.
[0030] Since motion of stage 140 along track 130 is
typically additionally subject to a friction force FF due to
friction, such force being additionally directed along the
length of track 130 in a direction opposite the direction
of motion of stage 140 , the actuation force AF generated
by stage motor 144 does not have to balance the com-
bined weight CW of stage 140, dead load 142 and training
payload 190 exactly. As long as actuation force is equal
to the combined weight plus or minus the force due to
friction, i.e., AF = CW � FF, stage 140 will appear weight-
less and can be moved by hand. Thus, a constant value
of current target signal TC can be used to maintain stage
140 in a weightless state when robot 100 is in its training
mode. For example, in typical applications, controller 180
does not have to change target current signal TC de-
pending on whether grippers 174 are engaged with train-
ing payload 190. Typically, target current signal TC would
only have to be changed depending on whether grippers
174 are engaged with training payload 190 if the weight
of the training payload was greater than friction force FF.
[0031] Figure 3 is a block diagram showing an example
300 of the servo, motor 344 and position sensor 346 that
constitute parts of one of the bearing assemblies 112,
152, 162. The remaining bearing assemblies may be sim-
ilarly structured. Servo 300 is similar in structure to servo
200 described above with reference to Figure 2, but lacks
an input for receiving target current signal TC from con-
troller 180. Instead, the second pole of mode switch 208
is connected to a ground or another voltage or current
corresponding to a motor current of zero. Servo 300 con-
trols a motor 344 that rotates the respective movable
member relative to the respective fixed member, as de-
scribed above. Backlash errors introduced by a drive
mechanism interposed between the motor and the mov-
able member are eliminated by using a direct-drive motor
as motor 344. Backlash is an issue when robot 100 is
positioned by hand because such positioning would drive
a drive mechanism to one extreme of the backlash where-
as normal operation would drive the drive mechanism to
the opposite extreme of the backlash. Backlash would
manifest itself in an undesirable offset between the po-
sition to which the training payload is moved by hand
during training and the position to which robot 100 would
move the training payload during normal operation.
[0032] Position sensor 346 generates and supplies to
servo 300 an electrical position signal PS that represents
the rotational position of the respective movable member
relative to the respective fixed member, as described
above. Position signal PS is also output to controller 180
as position output signal PS_OUT.
[0033] One state of mode control signal M received
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from controller 180 sets mode switch 208 to its "normal"
state in which servo 300 operates in a manner similar to
that of servo 200, except that motor 344 drives the mov-
able member in rotation rather than in translation. The
other state of mode control signal M received from con-
troller 180 sets mode switch 208 to its "training" state in
which motor control system 204 receives an input corre-
sponding to a motor current of zero. Motor control system
204 additionally receives current feedback signal CF
from current sensor 206. Current feedback signal CF rep-
resents the current through motor 344 as measured by
current sensor 206. In response to the input correspond-
ing to a motor current of zero and current feedback signal
CF, motor control system 204 changes the operating con-
ditions of motor 344 until the current through the motor,
as measured by current sensor 206, is equal to zero.
With no current passing through motor 344, and, hence,
power removed from motor 344, the movable member
can easily be rotated by hand relative to the fixed mem-
ber. Other ways of removing power from motor 344 exist
and can be used.
[0034] With the servos similar to servo 300 controlling
the respective motors actuating about all the gravity-in-
dependent axes to remove power from these motors in
the training mode, and with the gravitationally-loaded ax-
is set to a weightless state, robot 100 can be moved by
hand in all of its degrees of freedom. When the user is
satisfied that the training payload is properly located at
the destination location, the user provides the "mark" sig-
nal to controller 180. In response to the "mark" signal,
the controller records the respective position signal PS_
OUT received from each of the position sensors consti-
tuting robot 100. Alternatively, a representation of each
position signal may be recorded. Each position signal
represents a rotational position or a translational position
of a respective degree of freedom of robot 100. Collec-
tively, the position signals represent the configuration of
robot 100 when the training payload is located at the des-
tination location. In the normal operational mode of robot
100, controller 180 outputting the position signals to the
respective servos will return robot 100 to the configura-
tion that it was in when the controller received the "mark"
signal. This configuration of the robot positions an oper-
ational payload at the destination location.
[0035] Figure 4 is a schematic drawing showing an ex-
ample 400 of a pick-and-place robot in accordance with
another embodiment of the invention. Robot 400 has mul-
tiple gravitationally-loaded axes and the motive force
needed to maintain its movable members in the weight-
less state varies as the robot is moved by hand. Robot
400 is composed of a mounting 410, a base 420, an upper
arm 430, a forearm 440, a wrist 450, an end effector 470
and a controller, schematically shown at 480. Base 420,
upper arm 430, forearm 440, wrist 450 and end effector
470 are moveable members that constitute parts of robot
400. All the movable members of robot 400 are movable
in rotation. A bearing (not shown) that constitutes part of
a bearing assembly 412 mounts base 420 on mounting

410. The bearing allows base 420 to rotate relative to
mounting 410 about a vertical axis 414.
[0036] A bearing (not shown) that constitutes part of a
bearing assembly 422 mounts upper arm 430 to base
420. The bearing is located near the proximal end of the
upper arm. The bearing allows upper arm 430 to rotate
relative to base 420 about a horizontal axis 424. A bearing
(not shown) that constitutes part of a bearing assembly
432 mounts forearm 440 to upper arm 430. The bearing
is located near the proximal end of the forearm and near
the distal end of the upper arm. The bearing allows fore-
arm 440 to rotate relative to upper arm 430 about a hor-
izontal axis 434. A bearing (not shown) that constitutes
part of a bearing assembly 442 mounts wrist 450 to fore-
arm 440. The bearing is located near the distal end of
the forearm and near the proximal end of the wrist. The
bearing allows wrist 450 to rotate relative to forearm 440
about a horizontal axis 444. A bearing (not shown) that
constitutes part of a bearing assembly 452 mounts end
effector 470 to wrist 450. The bearing is located near the
distal end of the wrist. The bearing allows end effector
470 to rotate relative to wrist 450 about a vertical axis
454. Upper arm 430, forearm 440, wrist 450 and end
effector 470 collectively constitute a dead load 426 car-
ried by base 420. Similarly, forearm 440, wrist 450 and
end effector 470 collectively constitute a dead load 436
carried by upper arm 430; and wrist 450 and end effector
470 collectively constitute a dead load 446 carried by
forearm 440.
[0037] In the example shown in Figure 4, end effector
470 is composed of a hand 472 and a pair of opposed
grippers 474, only one of which is shown, that extend
substantially horizontally from hand 472. A motor (not
shown) mounted within hand 472 is operable to move
grippers 474 horizontally towards one another to grip a
payload placed between the grippers. A button 476 is
provided on end effector 470 as a user input device for
the user to provide the above-described "mark" signal.
Button 476 is electrically connected to controller 480. Fig-
ure 4 shows robot 400 in its training mode with training
payload 190 engaged with grippers 474. In the normal
operational mode of robot 400 operational payload 20
(Figure 1) is engaged with grippers 474.
[0038] In the above descriptions of bearing assemblies
412, 422, 432, 442, 452, a respective bearing is de-
scribed as allowing one member, i.e., base 120, upper
arm 430, forearm 440, wrist 450 and end effector 470,
to rotate relative to another member, i.e., mounting 410,
base 420, upper arm 430, forearm 440, and wrist 450,
respectively. Rotation of base 120 and end-effector 470
constitutes movement relative to a respective gravity- in-
dependent axis 414, 454, whereas rotation of upper arm
430, forearm 440 and wrist 450 constitutes movement
relative to a respective gravitationally-loaded axis 424,
434, 444. As described above, the member that is al-
lowed to rotate will be referred to as a rotatable member
and the member relative to which the rotatable member
is allowed to rotate will be referred to as a fixed member.
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Each of the bearing assemblies 412, 422, 432, 442, 452
additionally comprises a respective servo motor (not
shown) operable to generate a torque sufficient to rotate
the rotatable member about respective axis 414, 424,
434, 444, 452 relative to the respective fixed member.
Each of the bearing assemblies additionally comprises
a respective position sensor (not shown) that generates
an electrical signal that quantifies the rotation of the ro-
tatable member about respective axis 414, 424, 434, 444,
454 relative to the respective fixed member. Each posi-
tion sensor generates a respective electrical position sig-
nal that is provided to the respective servo that controls
the respective servo motor. The servo operates in re-
sponse to the electrical position signal and a control sig-
nal provided by controller 480. The control signal indi-
cates a target position of the rotatable member. In this
case, the target position is a target rotation. In response
to the control signal and the position signal, the servo
operates to drive the respective motor in a manner that
causes the motor to rotate the rotatable member to the
rotation represented by the control signal and to hold the
rotatable member at that rotation until the control signal
changes.
[0039] Axes 414 and 454 are vertical axes about which
base 420 and end effector 470, respectively, can rotate.
Consequently, axes 414 and 454 are gravity-independ-
ent axes. Removing power from the respective motor (not
shown) incorporated in one or more of bearing assem-
blies 412 and 452 does not allow the force of gravity to
cause the respective rotatable members of robot 400 to
rotate about their respective axes. However, with the
power removed from the respective motor incorporated
in one or more of bearing assemblies 412 and 452, a
user can rotate the respective rotatable members of the
robot about their respective axes 414 and 454 by hand.
[0040] Axes 424, 434 and 444 are horizontal axes
about which upper arm 430, forearm 440 and wrist 450,
respectively, can rotate. Consequently, axes 424, 434
and 444 are gravitationally-loaded axes. Removing pow-
er from the respective motor in one or more of the bearing
assemblies 422, 432 and 442 allows the force of gravity
to cause upper arm 430, forearm 440 and wrist 450 and
the dead load each carries, to rotate about the bearing
at the proximal end thereof such that the distal end there-
of falls towards mounting 410. This bearing will be re-
ferred to as a proximal end bearing. The rate at which
any one member accelerates depends on the weight of
the element, the dead load and payload carried by the
member and friction at the proximal-end bearing. In nor-
mal operation of robot 400, the servo that controls the
motor that rotates the rotatable member about the prox-
imal-end bearing prevents the distal end of the rotatable
member and the dead load carried by the rotatable mem-
ber from falling, but the servo additionally prevents the
user from rotating the rotatable member about the prox-
imal-end bearing by hand. In robot 400 in accordance
with an embodiment of the invention, each of the servos
that controls motion about a gravitationally-loaded axis

has an additional operational mode to which it is set when
robot 400 is being trained. In this additional operational
mode, which will be referred to as a training mode, each
servo that controls rotation about a horizontal axis con-
trols a respective motor in a manner that sets the respec-
tive rotatable member to a weightless state by causing
the motor to apply to the member a torque substantially
equal to and opposite torque applied to the rotatable
member by the combined weight of the rotatable member
and the dead load and payload carried by the rotatable
member.
[0041] In robot 400, the respective servos that control
rotation about vertical axes 414, 454 are similar in struc-
ture and operation to servo 300 described above with
reference to Figure 3. Moreover, the respective servos
that control rotation about horizontal axes 424, 434, 444
are similar in structure and operation to servo 200 de-
scribed above with reference to Figure 2. However,
whereas in robot 100, target current signal TC provided
by controller 180 in the training mode of servo 200 is
typically a static signal, in robot 400, controller 480 has
to calculate a dynamic target current signal that takes
into account the changes in torque that the motor con-
trolled by the servo must provide to maintain the weight-
less state as the configuration of the robot changes in
response to the user moving training payload 190 by
hand. Figure 5 is a block diagram showing an example
of a dynamic target current signal generator 500 that gen-
erates the dynamic target current signal TC for each of
the servos that control motion about a respective one of
the gravitationally-loaded axes. Target current signal
generator 500 is typically part of controller 480.
[0042] Dynamic target current signal generator 500 is
composed of a position signal input module 502, a ge-
ometry calculator 504, a target torque calculator 506 and
a target current signal generator 508. Position signal in-
put module 502 receives a respective position signal from
the position signal generator that constitutes part of each
of the bearing assemblies that allows rotation about a
gravitationally-loaded axis. In the example shown, posi-
tion signal input module receives a respective position
signal PS(422), PS(432), PS(442) from the position sig-
nal generator that constitutes part of each of the bearing
assemblies 422, 432 and 442. Each position signal rep-
resents the rotational position of the respective movable
member about the respective gravitationally-loaded axis
relative to the respective fixed member, as described
above. Position signal input module 502 provides the re-
spective position signals to geometry calculator 504.
[0043] Geometry calculator 504 applies the positional
information represented by the position signals received
from position signal input module 502 to a model of robot
400 to determine the current configuration of the robot.
The model comprises data representing structure of ro-
bot 400 and the dimensions of each of the members of
robot 400. In an example, for each gravitationally-loaded
axis, geometry calculator 504 calculates a horizontal off-
set between the gravitationally-loaded axis and the cent-
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er of gravity of the compound body that can rotate about
the axis. For example, for gravitationally-loaded axis 434,
geometry calculator 504 calculates the horizontal offset
between gravitationally-loaded axis 434 and the center
of gravity of the compound body composed of forearm
440, wrist 450, end effector 470 and training payload 190
that can rotate about gravitationally-loaded axis 434. The
horizontal offset depends on the positions of forearm 440
about axis 434 and wrist 450, end effector 470 and train-
ing payload 190 about axis 444. Geometry calculator 504
outputs the horizontal offset calculated for each gravita-
tionally-loaded axis to target torque calculator 506.
[0044] For each gravitationally-loaded axis, target
torque calculator 506 calculates from the respective hor-
izontal offset calculation received from geometry calcu-
lator 506 a specification of the target torque that the motor
that provides rotation relative to the axis needs to gen-
erate to maintain the compound body that can rotate
about the axis in a weightless state. For each gravitation-
ally-loaded axis, the target torque calculator has stored
therein information representing the mass of the com-
pound body that can rotate about such axis. In an exam-
ple, for each gravitationally-loaded axis, target torque cal-
culator 506 calculates a respective target torque speci-
fication by multiplying the mass of the compound body
that can rotate about such axis by the respective hori-
zontal offset received from geometry calculator 504. For
example, target torque calculator 506 calculates the tar-
get torque specification for gravitationally-loaded axis
434 by multiplying the mass of the compound body com-
posed of forearm 440, wrist 450, end effector 470 and
training payload 190 by the horizontal offset between
gravitationally-loaded axis 434 and the center of gravity
of the compound body. Target torque calculator 506 out-
puts a respective target torque specification for each
gravitationally-loaded axis to target current signal gen-
erator 508.
[0045] For each gravitationally-loaded axis, target cur-
rent signal generator 508 generates a respective target
current signal TC that, when applied to the motor control
system 204 (Figure 2) that controls the motor at that pro-
vides rotation about such axis, causes the motor to gen-
erate a torque nominally equal to the target torque spec-
ification. Rotation about each gravitationally-loaded axis
is typically additionally subject to a friction torque FT due
to friction, such torque resisting rotation about the axis.
Consequently, the actuation torque AT generated by the
motor that provides rotation about the axis does not have
to balance the weight-generated torque WT about the
axis due to the weight of the compound body exactly. As
long as actuation torque is equal to the weight-generated
torque plus or minus the torque due to friction, i.e., AT =
WT � FT, the compound body will appear weightless
and can be rotated about the axis by hand.
[0046] Target current signal generator 508 has stored
therein, for each gravitationally-loaded axis, information
that represents the current/torque characteristic of the
respective motor that provides rotation about the axis

and information that represents the current signal to out-
put current conversion characteristic of the respective
motor control system that controls the motor. In an ex-
ample, for each gravitationally-loaded axis, target current
signal generator 508 generates a respective target cur-
rent signal having a magnitude and polarity such that the
target current signal, when input to the respective motor
control system, causes the motor control system to set
the operating conditions of the respective motor such that
the motor generates the torque specified by the respec-
tive target torque specification received from target
torque calculator 506. For example, target current signal
generator 508 generates the target current signal TC for
gravitationally-loaded axis 434 by dividing the target
torque specification by a factor representing the current/
torque characteristic of the respective motor that rotates
the compound body composed of forearm 440, wrist 450,
end effector 470 and training payload 190 about axis 434
and a factor representing the current signal to output cur-
rent conversion characteristic of the respective motor
control system that controls the motor. Target current
signal generator 508 outputs a respective target current
signal TC(422), TC (432), TC (442) for the servo located
in the respective bearing assembly 422, 432, 442 at each
gravitationally-loaded axis to the servo that controls ro-
tation about the respective axis.
[0047] The currents applied to the motors that provide
rotation about respective gravitationally-loaded axes in
response to respective target current signals cause the
motors to set the respective compound bodies respec-
tively rotated by the motors to a weightless state. This
allows the user to move training payload 190 by hand.
Such movement of training payload 190 alters the con-
figuration of robot 400. The altered configuration of the
robot requires dynamic target current signal generator
500 to re-calculate one or more of the target torque spec-
ifications generated by target torque calculator 506 and
to change one or more of the target current signals output
by target current signal generator 508 to maintain the
respective compound bodies rotatable about the gravi-
tationally-loaded axes in their weightless states.
[0048] Robot 400 is trained in a manner similar to that
described above with reference to the training of robot
100.
[0049] Robots in accordance with embodiments of the
invention can be configured differently from robots 100
and 400 described above. For example, one or more of
the number of translational axes, the number of rotational
axes, the number of gravity-independent axes and the
number of gravitationally-loaded axes may differ from
those of the examples. Many other variations are possi-
ble.
[0050] Robots in accordance with embodiments of the
invention can be rapidly and accurately trained by a single
user since the user can both move the robot and observe
its position. Such robots can be trained substantially fast-
er than a conventional robot, especially if the robot is
complex. Moreover, such robots can be quickly and sim-
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ply re-trained in the event of a training error, a change in
one or more of the destination locations or a change in
the equipment located at one or more of the destination
locations. Re-training simply involves displaying the list
of destination locations, selecting the destination location
to be re-trained, engaging the training payload in the grip-
pers of the end effector and the setting robot to training
mode. The user then moves the robot by hand to move
the training payload to the destination location being re-
trained. Once the training payload is appropriately
aligned with the destination location, the user provides
the "mark" signal to the controller. If no more destination
locations are to be re-trained, the user restores the robot
to its normal operational mode. This causes the controller
to re-calculate any routing operations involving the re-
trained destination locations.
[0051] The ease with which robots in accordance with
embodiments of the invention can be re-trained enables
less reproducible ways to be used to mount the items of
equipment located at the destination locations. Conven-
tionally, such items of equipment have been attached to
an automation table using threaded fasteners and, op-
tionally, dowel pins for repeatable and accurate locating
of the equipment. Often, special adapter plates have to
be used to allow a piece of equipment to fit into a previ-
ously-designed hole pattern that is incompatible with the
equipment. In other cases, once a piece of equipment is
in place, an engineer can mark and drill custom holes in
the automation table to accommodate mounting bolts.
Precisely defining the location of each item of equipment
on the automation table saves having to re-train the robot
each time the configuration of the equipment served by
the robot is changed.
[0052] The ease with which robots in accordance with
embodiments of the invention can be trained and re-
trained can eliminate much of the labor involved in mount-
ing each item of equipment served by the robot at a pre-
cisely-defined location, and therefore allows less perma-
nent ways of mounting the equipment to be used. Double-
sided sticky tape, or hook-and-loop tape, some of which
is sold under the trademark VELCRO®, can be used to
hold the equipment in place. In an embodiment, a reclos-
able fastener consisting of plastic strips with fields of
mushroom-shaped plastic heads that tightly interlock
when pressed together was used to hold the equipment
in place. Such fasteners are sold by 3M Company, Saint
Paul, MN under the trademark DUAL LOCK® and will be
referred to herein as interlocking mushroom fasteners.
[0053] In another alternative, the top of the automation
table is made of a magnetic material, such as martensitic
stainless steel sheet, and each item of equipment is fitted
with magnetic leveling feet. Alternatively, each item of
equipment is fitted with a mounting plate incorporating a
switchable magnetic field generator. In a first switch po-
sition, the mounting plate generates a strong magnetic
field that holds the mounting plate in position on the au-
tomation table. In a second switch position, the magnetic
field is substantially reduced, allowing the piece of equip-

ment to be easily moved or removed. Another option is
to fit each item of equipment with corner brackets with
either permanent magnets or switchable magnets in
them to hold the equipment in place. Items of equipment
that are swapped in and out of a robotic system incorpo-
rating a robot in accordance with an embodiment of the
invention have reduced requirements for locating fea-
tures because the locations of such equipment can easily
be re-trained each time the equipment is installed in the
system.
[0054] In training mode, robots in accordance with em-
bodiments of the invention remove power from motors
that provide movement relative to gravity-independent
axes and set members that move relative to gravitation-
ally-loaded axes to a weightless state. This enables a
user to move a training payload engaged with the robot
by hand to the various destination locations to train the
robot. The ability of the training protocol to use the ex-
quisite hand-eye coordination capability of a human op-
erator to align the training payload quickly and accurately
with the destination location, in addition to reducing the
time needed to train the robot, additionally enables the
accuracy of the training process to be increased.
[0055] Referring once more to Figure 1, payload locat-
ing device 30 is typically configured to provide a loose fit
with operational payload 20 when operational payload
20 is engaged with the payload locating device to ensure
that the robot in its normal operating mode will success-
fully engage the operational payload with the payload
locating device notwithstanding a tolerance in the posi-
tioning accuracy of the robot. Conventionally, robots are
trained using an operational payload because the above-
described conventional way of moving the payload during
training using external, user-supplied inputs to the con-
troller does not allow the payload to be positioned very
accurately during training. However, an inaccurate train-
ing location recorded during training can give rise to prob-
lems during normal operation. The above-described po-
sitioning tolerance during normal operation, when com-
bined with an inaccurate training location, will sometimes
prevent the payload from successfully engaging with the
payload locating device. If this occurs more than very
occasionally, retraining at least of the affected destination
location is necessary.
[0056] Figures 6A and 6B are isometric views showing
an example of training payload 190 and an example of
end effector 170, both in accordance with an embodiment
of the invention, before and while, respectively, training
payload 190 is engaged with an example of payload lo-
cating device 30. Referring additionally to Figure 1, train-
ing payload 190 generally mimics the shape of opera-
tional payload 20 but is dimensioned such that it has a
snug fit with all the payload locating devices of the robotic
system of which a robot in accordance with an embodi-
ment of the invention operates. Figure 6A shows a recess
32 defined by payload locating device 30 into which a
lower portion of a skirt 192 of training payload 190 fits.
The length and width of the skirt 192 of training payload
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190 are both slightly larger than the length and width,
respectively, of the skirt of a nominal operational payload.
As a result, skirt 192 fits snugly into recess 32 whereas
the skirt of operational payload 20 fits relatively loosely.
In other words, the fit of training payload 190 in payload
locating device 30 has a smaller tolerance than the fit of
operational payload 20 in the payload locating device. In
robotic systems comprising an additional payload locat-
ing device into which an upper portion of training payload
190 fits, such upper portion of the training payload is ad-
ditionally dimensioned such that the fit of the upper por-
tion of the training payload with the respective payload
locating device has a smaller tolerance than that of the
upper portion of the operational payload.
[0057] Training payload 190 additionally has one or
more engagement features that accurately define a po-
sitional relationship between training payload 190 and
end effector 170 when grippers 174 that constitute part
of end effector 170 engage with the training payload. The
positional relationship defined by the engagement fea-
tures corresponds to that between the nominal location
of an operational payload and the end effector when the
operational payload is engaged with the grippers. This
nominal location corresponds to the center of the range
of locations where the grippers can engage the opera-
tional payload. The engagement features cause the po-
sitional relationship between the training payload and the
end effector to have a smaller tolerance than that be-
tween the operational payload, which lacks such engage-
ment features, and the end effector.
[0058] Figure 6C is an isometric view showing an ex-
ample of engagement features composed of two cylin-
drical dowels 196 that extend laterally from training pay-
load 190 at respective locations offset from one another
in a pair of opposed regions 194 corresponding to the
locations on operational payload 20 (Figure 1) that en-
gage with grippers 174. Dowels 196 are dimensioned to
fit snugly in corresponding recesses 178 defined in grip-
pers 174 offset from one another along the length of each
gripper. Dowels 196 are tapered at their distal ends to
facilitate engagement with recesses 178. Thus, when
grippers 174 engage with training payload 190, a dowel
196 extending from training payload 190 engages with a
respective recess 178 at four locations around the pe-
rimeter of the training payload to define the positional
relationship between the end effector and the training
payload.
[0059] Referring additionally to Figure 6B, dowels 196
engaged with recesses 178 accurately define the posi-
tional relationship between training payload 190 and end
effector 170 to be the same as the nominal positional
relationship between the end effector and an operational
payload. Moreover, training payload 190 engaged with
payload locating device 30 accurately defines the posi-
tional relationship between the training payload and the
payload locating device to be the same as the nominal
positional relationship between the payload locating de-
vice and an operational payload. Consequently, training

jig 190 accurately defines the positional relationship be-
tween payload locating device 30 and end effector 170
so that the positions registered by the position sensors
of the robot with training jig engaged with payload locating
device 30 correspond to the nominal position of an op-
erational payload in the payload locating device and to
the nominal positional relationship between the end ef-
fector and the operational payload. This substantially in-
creases the accuracy with which the positional relation-
ship between the end effector and the payload locating
device is taught, and substantially reduces the possibility
of the robot failing to engage the operational payload with
the payload locating device during normal operation. This
in turn reduces the need to re-train the robot even though
such re-training is easily done, as noted above.
[0060] Training payload 190 is substantially incapable
of lateral movement when engaged with payload locating
device 30. Such a snug fit would make it very tedious, if
not impossible, to engage training jig 190 with payload
locating device 30 using the conventional technique of
providing user inputs to controller 180, 480 as described
above. However, with a robot in accordance with an em-
bodiment the invention in which the end effector and pay-
load can easily be moved by hand, a user can easily
engage the training payload with the payload locating
device notwithstanding the snug fit between them.
[0061] Other engagement features capable of accu-
rately defining the positional relationship between train-
ing payload 190 and end effector 170 are possible. In
one example, part of the training jig extends towards hand
172 and comprises physical features that engage with
corresponding physical features in face 173 of hand 172.
[0062] The above described engagement features are
positive engagement features that actively define the po-
sitional relationship between the training payload and the
end effector. Alternatively, non-positive engagement fea-
tures may be used as the engagement features. For ex-
ample, optical, magnetic, electrical alignment detectors,
or another form of alignment detection may be substitut-
ed for dowels 196 and recesses 178 to provide engage-
ment features. Such engagement features typically pro-
vide an electrical or other type of signal that indicates a
correct positional relationship between end-effector 170
and training payload 190. With such engagement fea-
tures, the robot is set to its training mode before end
effector 170 is engaged with training payload 190. The
user then moves the end effector by hand to align grip-
pers 174 with training payload 190, such alignment being
indicated by positive signals from the engagement fea-
tures. The user then provides a command to cause end
effector 170 to close grippers 174. With the grippers
closed, the user once more checks the signals from the
engagement features before beginning the training proc-
ess.
[0063] Figure 7A is a flow chart showing an example
of a method 600 in accordance with an embodiment of
the invention for training a robot. In block 602, a payload
and a robot are provided. The robot comprises a movable
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member movable relative to a gravitationally-loaded axis,
and an end effector coupled to the movable member. In
block 604, the end effector is engaged with the payload.
In block 606, the movable member movable relative to
the gravitationally-loaded axis is set to a weightless state.
In block 608, the robot is moved by hand to locate the
payload at a destination location. In block 610, with the
payload located at the destination location, positional in-
formation pertaining to the robot is recorded.
[0064] Setting the movable member to the weightless
state enables a user to move the robot easily by hand to
locate the payload quickly and accurately at the destina-
tion location. Once the training process is complete, the
robot is returned to its normal operating mode. In the
normal operating mode, supplying the positional infor-
mation recorded in block 610 to the robot will return the
robot to the configuration it was in when the positional
information was recorded, which will cause the robot to
move an operational payload to the destination location
to which the payload was moved in block 608.
[0065] Figure 7B is a flow chart showing an example
of a method 620 in accordance with another embodiment
of the invention for training a robot. In block 622, a pay-
load and a robot are provided. The robot comprises a
movable member movable relative to a gravitationally-
loaded axis, an end effector coupled to the movable
member, and an additional member movable by a motor
relative to a gravity-independent axis. In block 624, the
end effector is engaged with the training payload. In block
626, the movable member movable relative to the grav-
itationally-loaded axis is set to a weightless state. In block
628, power is removed from the motor operable to move
the additional member relative to the gravity-independent
axis. In block 630, the robot is moved by hand to locate
the training payload at a destination location. In block
632, with the payload located at the destination location,
positional information pertaining to the robot is recorded.
In block 634, a test is performed to determine whether
all the destination locations have been taught. A YES
result in block 634 causes execution to advance to block
636, where the destination locations are displayed and
names and properties are assigned to them. Execution
then ends. A NO result in block 634 causes execution to
return to block 630, where the robot is moved by hand
to locate the training payload at the next destination lo-
cation.
[0066] In an embodiment, in blocks 606 and 626, the
robot comprises a motor operable to move the movable
member relative to the gravitationally-loaded axis and
the movable member is set to its weightless state by sup-
plying current to the motor to cause the motor to generate
motive force that offsets the weight of the movable mem-
ber. The weight of the movable member includes the
weight of any dead load and the payload supported by
the movable member. In another embodiment, in blocks
606 and 626, the movable member has a variable rota-
tional position, and supplying the current to the motor
comprises varying the current depending on the rotation-

al position of the movable member.
[0067] In another embodiment, the end effector com-
prises a user input device and, in blocks 610 and 632,
the position information is recorded in response to a com-
mand received from the user input device.
[0068] To ensure the user’s safety when the user
moves a robot in accordance with an embodiment with
the invention by hand, controllers 180 and 480 may com-
prise circuitry that, when the robot is in training mode,
monitors the position signals received from the robot. Of
particular interest are the position signals generated by
the position sensors that monitor position with respect to
the gravitationally-loaded axes. The controller is config-
ured to monitor the rate of change of such position signals
and to restore the robot to its normal operating mode in
the event that any of the position signals has a rate of
change indicative of falling or movement faster than a
threshold speed. As a further safety feature, the end ef-
fectors of robots in accordance with some embodiments
of the invention can be fitted with an additional user input
device (not shown) similar to user input device 176. The
additional user input device provides to controller 180,
480 a control signal that will only allow robot 100, 400 to
be set to its training mode while the user is providing a
suitable input to the additional user input device, e.g.,
pressing a button. In the event the robot misbehaves in
the training mode, the user can simply let go of the ad-
ditional user input device to restore the robot to its normal
operating mode. In the normal operating mode to which
the robot is restored by a safety feature, the position sig-
nals output by the controller to the robot correspond to
the current configuration of the robot and therefore pre-
vent further movement of the robot. As a further safety
feature, the servos can include a torque limiter.
[0069] In the above-described robots 100, 400, con-
trollers 180, 480 and servos 200, 300 can be implement-
ed in hardware such as an integrated circuit having bi-
polar, N-MOS, P-MOS or CMOS devices. Design librar-
ies comprising designs for such circuit elements suitable
for implementing the above-described functions of the
above-mentioned controllers and servos are commer-
cially available can be used to design such hardware
implementation of the above-mentioned controllers and
servos.
[0070] The above-mentioned controllers and servos
can alternatively be implemented at least in part using
pre-fabricated hardware devices such as an application-
specific integrated circuit (ASIC) or a field-programmable
gate array (FPGA). Design libraries comprising designs
for implementing the above-described functions of the
above-mentioned controllers and servos using such pre-
fabricated hardware devices are commercially available
can be used to configure such pre-fabricated hardware
devices to implement the above-mentioned controllers
and servos.
[0071] The above-mentioned controllers can alterna-
tively be implemented in software running on a suitable
computational device (not shown) such as a microproc-

21 22 



EP 2 210 716 A2

13

5

10

15

20

25

30

35

40

45

50

55

essor or a digital signal processor (DSP). The above-
mentioned controllers may additionally constitute part of
a digital signal processor that performs functions in ad-
dition to those described. Programming modules capable
of programming a computational device to provide the
functions of the above-described functions of the above-
mentioned controllers are commercially available and
may be used to program a computational device to pro-
vide a software implementation of the above-mentioned
controllers. In such software implementations of the
above-mentioned controllers, the various functions de-
scribed in this disclosure are typically performed ephem-
erally, and are performed only temporarily as the program
executes.
[0072] The program in response to which the compu-
tational device operates can be fixed in a suitable com-
puter-readable medium (not shown) such as a floppy
disk, a hard disk, a CD-ROM, a DVD-ROM, a flash mem-
ory, a read-only memory or a programmable read-only
memory. The program is then transferred to a non-vola-
tile memory that forms part of the computational device,
or is external to the computational device. Alternatively,
the program can be transmitted to the non-volatile mem-
ory of the computational device by a suitable data link.
[0073] This disclosure describes the invention in detail
using illustrative embodiments. However, the invention
defined by the appended claims is not limited to the pre-
cise embodiments described.

Claims

1. A robot, comprising:

a movable member;
a motor operable to change a position of the
movable member relative to a gravitationally-
loaded axis; and
a servo operable to control the motor, the servo
having a normal operational mode in which the
servo controls the motor to define the position
of the movable member relative to the gravita-
tionally-loaded axis, the servo additionally hav-
ing a training mode in which the servo controls
the motor to set the movable member to a
weightless state.

2. The robot of claim 1, additionally comprising a posi-
tion sensor operable to provide to the servo position
information regarding the position of the movable
member relative to the gravitationally loaded axis.

3. The robot of claim 2, in which:

in the weightless state of the movable member,
the movable member is movable by hand;
the robot additionally comprises a controller op-
erable in the normal operational mode to provide

a position signal to the servo, the controller ad-
ditionally operable in the training mode to re-
ceive the position information from the position
sensor and, in response to a command received
after a payload coupled to the movable member
has been moved by hand to a destination loca-
tion, to record the position information.

4. The robot of any of the preceding claims, comprising
at least one of:

a user input device for receiving the command;
the movable member is movable in translation
relative to the gravitationally-loaded axis;
the movable member is movable in rotation rel-
ative to the gravitationally-loaded axis.

5. The robot of any of the preceding claims, in which,
in the training mode, the servo supplies to the motor
a current in response to which the motor applies to
the movable member a motive force that offsets the
weight of the movable member.

6. The robot of any of the preceding claims, additionally
comprising:

an additional movable member coupled to the
movable member;
an additional motor operable to move the addi-
tional movable member relative to a gravity-in-
dependent axis; and
an additional servo operable to control the ad-
ditional motor, the additional servo having a nor-
mal operational mode in which the additional
servo controls the additional motor to define the
position of the additional movable member rel-
ative to the gravity-independent axis, the addi-
tional servo additionally having a training mode
in which the additional servo removes power
from the additional motor.

7. The robot of any of the preceding claims, in which:

the movable member has a variable rotational
position; and
the current supplied by the servo varies depend-
ing on the rotational position of the movable
member.

8. The robot of the preceding claim, comprising at least
one of:

an additional position sensor operable to pro-
vide to the additional servo position information
regarding the position of the additional movable
member relative to the gravity-independent axis;
with power removed from the additional motor,
the additional movable member is movable by
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hand, and the robot additionally comprises a
controller operable in the normal operational
mode to provide respective position signals to
the servo and the additional servo and addition-
ally operable in the training mode to receive the
respective position information from the position
sensor and the additional position sensor and,
in response to a command received after the
movable members have been moved by hand
to desired positions, to record the respective po-
sition information.

9. A robotic system for moving an operational payload,
the robotic system comprising:

a payload locating device dimensioned to en-
gage with the operational payload with a first
tolerance;
a robot as claimed in claim 1, the robot operable
in the normal operational mode to move the op-
erational payload into engagement with the pay-
load locating device; and
a training payload movable by hand in the train-
ing mode into engagement with the payload lo-
cating device, the training payload dimensioned
to engage with the payload locating device with
a second tolerance, the second tolerance small-
er than the first tolerance.

10. The robotic system of the preceding claim, in which:

the robot engages with the operational payload
in a first positional relationship having a first tol-
erance; and
the training payload additionally comprises en-
gagement features structured to define a sec-
ond positional relationship between the robot
and the training payload, the second positional
relationship having a second tolerance smaller
than the first tolerance.

11. The robotic system, comprising:

an automation table;
a payload locating device;
at least one of sticky tape, hook-and-loop tape,
interlocking mushroom fasteners and a magnet
affixing the payload locating device to the auto-
mation table; and
a robot as claimed in claim 1, the robot operable
in the normal operational mode to move an op-
erational payload into engagement with the pay-
load locating device.

12. A method of training a robot, the method comprising:

providing a payload and a robot comprising a
movable member movable relative to a gravita-

tionally-loaded axis, and an end effector coupled
to the movable member;
engaging the end effector with the payload;
setting the movable member movable relative
to the gravitationally-loaded axis to a weightless
state;
moving the robot by hand to locate the payload
at a destination location; and
with the payload located at the destination loca-
tion, recording positional information pertaining
to the robot.

13. The method of the preceding claim, comprising at
least one of:

the robot additionally comprises an additional
movable member and a motor operable to move
the additional member relative to a gravity-inde-
pendent axis, and the method additionally com-
prises removing power from the motor before
moving the robot by hand;
the payload is a training payload dimensioned
to fit snugly with the destination location.;
the end effector comprises a user input device
and the recording comprises recording the po-
sition information in response to a command re-
ceived from the user input device.

14. The method of claim 12 or 13, in which:

the robot comprises a motor operable to move
the movable member relative to the gravitation-
ally-dependent axis; and
the setting comprises supplying current to the
motor to cause the motor to generate motive
force that offsets the weight of the movable
member.

15. The method of the preceding claim, in which:

the movable member has a variable rotational
position; and
the supplying comprises varying the current de-
pending on the rotational position of the movable
member.
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