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METHOD AND SYSTEM FOR DETERMINING A WORKPIECE LOADING
LOCATION IN A CNC MACHINE WITH A ROBOTIC ARM

Field of the Disclosure

[0001] The present disclosure relates to orienting a robotic arm, and more specifically to a
method and system for orienting a workpiece held by a robotic arm relative to a holding fixture of
a machine tool to permit automatic, repeatable placement of workpieces and removal of finished

parts.

Background

[0002] It is known to automatically “pick and place” workpieces from a workpiece tray to
a holding fixture (such as a vice) in a machine tool (such as a CNC machine) using a robotic arm.
This operation, robotic machine tending, requires accurately establishing the three-dimensional
location and alignment of the robot coordinate system with the holding fixture in a CNC machine
to successfully load parts. The relative locations and orientations of the robot base coordinate
system, the end of arm coordinate system, the CNC machine coordinate system and the workpiece
holding fixture location inside the CNC are all linked by three-dimensional coordinate system
transformations.

[0003] Presently there are several ways robot arm location and alignment are handled in
industry. The most common method is to carefully teach the robot by jogging it with a teach
pendant to the holding fixture location. Alternatively, an operator either uses indicators or other
measuring devices to find the holding fixture location or center and program the robot, or they may
have the robot grasp the target workpiece and then jog the robot to teach the location for loading
the workpiece into the holding fixture. In either scenario, the process is manual and requires that
the operator set the location very carefully. The process is tedious in that for many parts,
particularly for CNC Mills, this process will need to be repeated for every workpiece and holding
fixture combination that will be automated. Also, since the robot system and CNC systems are
generally independent devices, if the holding fixture is moved (located at a different location on
the CNC table), the CNC axes positions for exchanging parts are changed, the robot system is
moved, or the robot grippers’ grip position on the part is changed, then the operator will need to

repeat the process.
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[0004] Additionally, when a robot includes a free-drive mode of operation wherein the
operator can manually move the gripper of the robot and a vice or chuck of a CNC machine clamps
onto the workpiece while the gripper is holding the workpiece, the registered loading location may
be slightly affected. This is due in part to the compliance of the robot arm, particularly when the
robot is extended significantly (i.e., its most flexible state) to load workpieces into the CNC
machine. This compliance or elasticity may not be perfectly reflected by the joint encoders and
the loading position stored may not be sufficiently accurate. In such instances, an additional step
of manually jogging the robot to center the workpiece is performed. Furthermore, the workpiece
may move relative to the fingers of the gripper due to forces of the vice or chuck clamping onto
the workpiece causing additional positioning error. In free-drive mode, there is inevitably some
residual force applied by the robot when the workpiece is clamped by vice or chuck. Also, there
is a certain amount of resistance to small motions by the robot because the robot needs to detect
and differentiate between the human intent to move the robot during free-drive and the control
system resisting motion to keep the joints stationary when it determines that the robot should not
be moving. The robot may sometimes even drift out of a stationary position when no force is
applied to it. All of these factors result in error in recording the loading position and require
tweaking the position by jogging the robot manually.

[0005] Vision systems have been developed to help simplify the process. One example
from Robotiq uses locator plaques as 3D location and orientation markers. A camera mounted to
the robot is used to detect the 3D location and orientation of the marker which then establishes the
transformation sequence as follows: Camera transform->Image Processing->Location and
Orientation of marker computed relative to camera->Camera mounted to end of robot arm
transformed to robot base using joint positions

[0006] This sequence of transformations is used to compute the transformation from the
robot base to the marker. All robot positions are programmed relative to the marker. As long as
the holding fixture location relative to the marker is not changed, if anything else is changed the
robot motion will automatically compensate for the marker location and will load workpieces into
the holding fixture without having to reteach the robot. However, if anything about the holding
fixture location relative to the marker location and orientation changes, or if the workpiece

geometry itself changes, the robot will need to be retaught.
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[0007] There is also a mechanical variant of the above-mentioned camera system available
from Flexxbotics. It follows a similar principle except that a special 3D fixture is mounted to a
specific location on the robot wrist and a mating 3D marker part is mounted to another object (e.g.,
near the holding fixture) just as the camera system uses a locator plaque as a marker. When the
robot is jogged to the 3D marker part and mated to it, the robot transformation is computed using
the robot joint positions similar to how the camera transform is computed to find the relative
transform between the marker part and the robot base. All robot positions in the robot program
are then updated to be relative to the 3D marker part location and orientation.

[0008] Each of the conventional approaches for accurately establishing the three-
dimensional location and alignment of the robot coordinate system with the holding fixture in a
CNC machine is deficient as time consuming, tedious, costly, prone to error, or limited in
providing flexibility for new set up configurations. The present disclosure eliminates (1) the need
to establish an intermediate marker location and orientation and (2) the operation of accurately

jogging or moving the robot to teach the position of the marker.

Summary

According to one embodiment, the present disclosure provides a system for determining a
loading location of a workpiece relative to a holding fixture, comprising: a robot configured to
grip a workpiece and including a sensor; and a controller communicatively coupled to the robot,
the controller having a memory including a plurality of instructions that when executed by the
controller cause the controller to: activate the robot to grip the workpiece; enable a free-drive
mode of operation of the robot to permit an operator to move the workpiece to a starting location
adjacent to a center of the holding fixture; and respond to an input of the operator by executing a
center location routine; wherein the center location routine includes: causing the robot to
automatically move in a first direction until the sensor senses contact at a first position of contact
between the workpiece and a first surface of the holding fixture; causing the robot to
automatically move in a second direction until the sensor senses contact at a second position of
contact between the workpiece and a second surface of the holding fixture; causing the robot to
automatically move in a third direction until the sensor senses contact at a third position of
contact between the workpiece and a third surface of the holding fixture; and computing a three-

dimensional center point of the holding fixture representing the loading location of the
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workpiece using the first position of contact, the second position of contact and the third position
of contact. In one aspect of this embodiment, the center location routine further includes causing
the robot to automatically move in a fourth direction until the sensor senses contact at a fourth
position of contact between the workpiece and a fourth surface of the holding fixture, and
computing the three-dimensional center point of the holding fixture using the first position of
contact, the second position of contact, the third position of contact and the fourth position of
contact. In a variant of this aspect, the center location routine further includes causing the robot
to automatically move in a fifth direction until the sensor senses contact at a fifth position of
contact between the workpiece and a fifth surface of the holding fixture, and computing the
three-dimensional center point of the holding fixture using the first position of contact, the
second position of contact, the third position of contact, the fourth position of contact and the
fifth position of contact. In another aspect, the sensor is a force sensor coupled to an end of arm
of the robot. In a further aspect, the plurality of instructions when executed by the controller
further cause the controller to cause the robot to move the workpiece to an in-machine position.
In still another aspect, the plurality of instructions when executed by the controller further cause
the controller to present an interface on a display of the controller which permits the operator to
select axes of motion permitted for the robot when being moved while in free-drive mode. In a
variant of this aspect, the interface further permits the operator to select which axes, if any, the
robot is permitted to be rotated about when being moved in free-drive mode. In another aspect,
the first surface is a first side surface of a first jaw of the holding fixture, the second surface is a
second side surface of a second jaw of the holding fixture, and the third surface is a bottom
surface of the holding fixture. In yet another aspect of this embodiment, the second direction is
opposite the first direction and the third direction is perpendicular to the first direction and the
second direction. Another aspect further comprises storing the computed loading location in a
job file and retrieving and executing the job file to load additional workpieces in the holding
fixture without repeating the enabling, causing and computing steps. In another aspect, the
center location routine further includes causing the robot to automatically move to a center
position between the first position of contact and the second position of contact. In still another
aspect, the plurality of instructions when executed by the controller further cause the controller
to execute the center location routine twice, thereby computing the loading location and a second

loading location, and the center location routine further includes computing a final loading
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location by averaging the load location and the second loading location. In another aspect, the
plurality of instructions when executed by the controller further cause the controller to execute a
part removal routine after the workpiece has been formed into a finished part, the part removal
routine causes the controller to: enable the free-drive mode of the robot to permit the operator to
move the robot to a part pick-up location; respond to an input of the operator by commanding
the robot to grip the finished part and commanding the holding fixture to unclamp the finished
part; and move the robot to remove the finished part from the holding fixture. In a variant of this
aspect, the part removal routine further causes the controller to move the robot to an in-machine
position.

[0009] In another embodiment, the present disclosure provides a method of determining a
loading location of a workpiece relative to a holding fixture, comprising: activating, by a
controller, a robot to grip the workpiece; enabling, by the controller, a free-drive mode of operation
of the robot to permit an operator to move the workpiece to a starting location adjacent to a center
of the holding fixture; causing, by the controller, the robot to automatically move in a first direction
until a sensor coupled to the robot senses contact at a first position of contact between the
workpiece and a first surface of the holding fixture; causing, by the controller, the robot to
automatically move in a second direction until the sensor senses contact at a second position of
contact between the workpiece and a second surface of the holding fixture; causing, by the
controller, the robot to automatically move in a third direction until the sensor senses contact at a
third position of contact between the workpiece and a third surface of the holding fixture; and
computing, by the controller, a three-dimensional center point of the holding fixture representing
the loading location of the workpiece using the first position of contact, the second position of
contact and the third position of contact. One aspect of this embodiment further comprises causing
the robot to automatically move in a fourth direction until the sensor senses contact at a fourth
position of contact between the workpiece and a fourth surface of the holding fixture, and
computing the three-dimensional center point of the holding fixture includes using the first position
of contact, the second position of contact, the third position of contact and the fourth position of
contact. A variant of this aspect further comprises causing the robot to automatically move in a
fifth direction until the sensor senses contact at a fifth position of contact between the workpiece
and a fifth surface of the holding fixture, and computing the three-dimensional center point of the

holding fixture includes using the first position of contact, the second position of contact, the third
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position of contact, the fourth position of contact and the fifth position of contact. In another
aspect, the sensor is a force sensor coupled to an arm of the robot. Still another aspect further
comprises presenting, by the controller, an interface on a display of the controller which permits
the operator to select axes of motion permitted for the robot when being moved while in free-drive
mode. In another aspect, the first surface is a first side surface of a first jaw of the holding fixture,
the second surface 1s a second side surface of a second jaw of the holding fixture, and the third
surface is a bottom surface of the holding fixture. In yet another aspect, the second direction is
opposite the first direction and the third direction is perpendicular to the first direction and the
second direction.

[00010] In yet another embodiment, the present disclosure provides a non-transitory,
computer-readable medium storing instructions that, when executed by a controller, cause the
controller to: activate a robot to grip a workpiece; enable a free-drive mode of operation of the
robot to permit an operator to move the workpiece to a starting location adjacent to a center of a
holding fixture; cause the robot to automatically move in a first direction until a sensor coupled to
the robot senses contact at a first position of contact between the workpiece and a first surface of
the holding fixture; cause the robot to automatically move in a second direction until the sensor
senses contact at a second position of contact between the workpiece and a second surface of the
holding fixture; cause the robot to automatically move in a third direction until the sensor senses
contact at a third position of contact between the workpiece and a third surface of the holding
fixture; and compute a three-dimensional center point of the holding fixture representing a loading
location of the workpiece using the first position of contact, the second position of contact and the
third position of contact. In one aspect of this embodiment, the instructions further cause the
controller to cause the robot to automatically move in a fourth direction until the sensor senses
contact at a fourth position of contact between the workpiece and a fourth surface of the holding
fixture, and compute the three-dimensional center point of the holding fixture using the first
position of contact, the second position of contact, the third position of contact and the fourth
position of contact. In a variant of this aspect, the instructions further cause the controller to cause
the robot to automatically move in a fifth direction until the sensor senses contact at a fifth position
of contact between the workpiece and a fifth surface of the holding fixture, and compute the three-

dimensional center point of the holding fixture using the first position of contact, the second
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position of contact, the third position of contact, the fourth position of contact and the fifth position
of contact.

[00011] While multiple embodiments are disclosed, still other embodiments of the present
invention will become apparent to those skilled in the art from the following detailed description,
which shows and describes illustrative embodiments of the invention. Accordingly, the drawings

and detailed description are to be regarded as illustrative in nature and not restrictive.

Brief Description of the Drawings

[00012] The above-mentioned and other features of this disclosure and the manner of
obtaining them will become more apparent and the disclosure itself will be better understood by
reference to the following description of embodiments of the present disclosure taken in
conjunction with the accompanying drawings, wherein:

[00013] FIG. 1is a schematic diagram of a machine tool system;

[00014] FIG. 2 is a high-level block diagram of components of a robot system for use in
conjunction with a machine tool system;

[00015] FIG. 3 is a perspective view of a machine tool system, workpiece station and robot

system according to one embodiment of the present disclosure;

[00016] FIG. 4 is a perspective view of the workpiece station of FIG. 3;

[00017] FIG. 5 is a perspective view of the robot system of FIG. 3;

[00018] FIG. 6 is a perspective view of a workpiece holding fixture;

[00019] FIG. 7 is a perspective view of a robot holding a workpiece in an in-machine
position;

[00020] FIG. 8 is a screenshot of an interface of the robot system of FIG. 3;

[00021] FIGS. 9 and 10 are perspective views of a robot holding a workpiece in a starting

location near the center of a holding fixture;

[00022] FIG. 11 is a screenshot of an interface of the robot system of FIG. 3;

[00023] FIG. 12 is a perspective view of a robot in an in-machine position,

[00024] FIG. 13 is a perspective view of a robot holding a workpiece near a chuck of a
machine tool system;

[00025] FIGS. 14A and 14B are perspective views depicting adjustment of a robot

orientation to align with a mounting surface of a holding fixture;



WO 2023/220193 PCT/US2023/021756

[00026] FIG. 15 is a perspective view of a robot in an in-machine position;,

[00027] FIGS. 16 and 17 are flow charts depicting a method of determining a loading
location of a workpiece according to the present disclosure; and

[00028] FIG. 18 is a flow chart depicting a part removal routine according to the present
disclosure.

[00029] While the present disclosure is amenable to various modifications and alternative

forms, specific embodiments have been shown by way of example in the drawings and are
described in detail below. The present disclosure, however, is not to limit the particular
embodiments described. On the contrary, the present disclosure is intended to cover all

modifications, equivalents, and alternatives falling within the scope of the appended claims.

Detailed Description of Embodiments of the Disclosure

[00030] In general, the method and system of the present disclosure uses a force sensor
mounted to a robot or, alternatively, the joint torque sensors commonly found on collaborative
robots to sense and compute the holding fixture location to reliably and automatically load
workpieces into the holding fixture without requiring accurate jogging and positioning of the robot
to manually teach the location for loading the workpiece.

[00031] Referring now to FIG. 1, a machine tool system100 of a type that may be used with
the present disclosure is shown having a motion control system 200. Hereinafter, all variations of
machine tool system 100 discussed are commonly referred to as “CNC machine 100.” In this
example, CNC machine 100 includes a frame 102 having a first saddle 104 coupled thereto. Saddle
104 is translatable in directions 106 and 108. A second saddle 110 is supported by first saddle
104. Saddle 110 is translatable in directions 112 and 114 relative to saddle 104. A platform 120
is supported by saddle 110 and is rotatable relative to saddle 110 in directions 122 and 124. In one
example, each of saddle 104, saddle 110, and platform 120 are moveable by motors (not shown)
which are controlled by motion control system 200.

[00032] Further, a third saddle 126 is supported by frame 102. Saddle 126 is translatable in
directions 128 and 130. Saddle 126 supports a rotatable member 132. Rotatable member 132 is
rotatable in directions 134 and 136 relative to saddle 126. In one example, each of saddle 126 and
rotatable member 132 are moveable by motors (not shown) which are controlled by motion control

system 200.
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[00033] A tool spindle 138 is supported by rotatable member 132. Various tools 141 may
be coupled to tool spindle 138 to perform various operations with CNC machine 100 as is known
in the art. Tool spindle 138 is rotatable about a tool spindle axis 139 to input a rotation to the tool
141. In one example, a plurality of tools 141 are stored in a tool carousal 144,

[00034] The movement of saddle 104 in direction 106 or direction 108 is illustrated as a
movement along a y-axis 150. The movement of saddle 110 in direction 112 or direction 114 is
illustrated as a movement along an x-axis 152. The movement of saddle 126 in direction 128 and
direction 130 is illustrated as a movement along a z-axis 154. The rotation of rotatable member
132 in direction 134 or direction 136 is illustrated as a movement about a B-axis 156. The rotation
of platform 120 in direction 122 or direction 124 is illustrated as a movement about a C-axis 158.
CNC machine 100 is an exemplary 5-axis machine. In one example, one of B-axis 156 and C-axis
158 is replaced with an A-axis wherein platform 120 is tiltable about one of x-axis 152 and y-axis
150.

[00035] Through the movement of one or more of the 5-axes of CNC machine 100 a tool
141 may be positioned relative to a part or workpiece supported by platform 120 to be machined.
The workpiece may be secured to platform 120 to maintain the position of the workpiece to
platform 120 using a holding fixture, such as a vice, as described below.

[00036] FIG. 2 is a high-level block diagram of certain components of a robot system 300
configured according to the present disclosure to load and unload workpieces to and from a CNC
machine 100. Robot system 300 generally includes a controller 310 and a robot 320. Controller
310 includes a variety of different components such as processors and drivers that are not shown
for simplicity. Controller 310 generally functions as a computer and includes a memory 311 which
stores a plurality of computer instructions 313 which are executed by controller 310. Controller
310 also includes a teach pendant having a display 315 which may function as a user interface. As
is further described below, robot 320 includes several components which function as an automated
arm for gripping objects, such as workpieces on a tray 312 and relocating them. Robot 320 is
controlled by controller 310 to move the plurality of moveable components of robot 320 using a
plurality of motors 317 and associated hardware/software. At least one sensor 392 of robot 320 is
configured to detect contact of robot 320 with other objects such as holding fixture 350 of CNC

machine 100 as is further described below.
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[00037] Referring now to FIG. 3, a simplified version of CNC machine 100 is shown as
well as robot system 300 and a workpiece station 302 including tray 312. As shown, a holding
fixture 350 is mounted to platform 120 of CNC machine 100. In this example, robot system 300
is mounted to a bracket 306, which in turn is mounted to a base 308 of workpiece station 302.
Controller 310 is also mounted to bracket 306.

[00038] As shown more clearly in FIG. 4, workpiece station 302 includes a tray 312
mounted to the upper portion of base 308. Tray 312 includes a plurality of workpiece recesses 314
which are precisely spaced on tray 312. A plurality of raw workpieces 316 are loaded into recesses
314, in this example, such that a corner of each workpiece 316 is registered in contact with a corner
of the corresponding recess 314. In this manner, the locations of the workpieces 316 can be
programmed into the robot system 300 during set up by determining the position of a single
workpiece 316 in a single recess 314. Asis also shown, finished parts 318 formed from workpieces
316 by CNC machine 100 are placed by robot system 300 back into a corresponding recess 314
when machining is complete.

[00039] Referring now to FIG. S, an enlarged view of robot system 300 is shown. As
indicated above, robot system 300 generally includes controller 310 and robot 320. Robot 320
includes a base 322 mounted to bracket 306, a riser 324 mounted to base 322 which permits
swiveling of robot 320 about a z-axis of the robot coordinate system 326 at joint J1, an extension
328 coupled to riser 324 for rotation at joint J2, a first arm segment 330 coupled to extension 328,
a second arm segment 334 coupled to first arm segment 330 at joint J3, a third arm segment 336
coupled to second arm segment 334 at joint J4, a fourth arm segment 338 coupled to third arm
segment 336 at joint J5, an end of arm 342 coupled to fourth arm segment 340 at joint J6, and a
pair of grippers 344 coupled to end of arm 342. Each gripper 344 includes a pair of opposed
fingers 346 configured to grip a workpiece 316. As shown, an end of arm coordinate system 348
is associated with the position and orientation of each gripper 344. It should be understood that
the principles of the present disclosure may be applied to a wide variety of robot configurations.
Robot 320 is simply depicted as one example.

[00040] FIG. 6 depicts one example of a holding fixture 350 that may be used with the
teachings of the present disclosure. In this example, holding fixture 350 is a pneumatic vice having
a base 352 and a pair of opposed jaws 354 that when closed (as shown) create an opening 356 (in

this example, a pocket). Base 352 is mounted to CNC machine 100 using a plurality of bolts 353
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that are threaded into corresponding openings (not shown) formed on the mounting structure.
Opening 356 includes a bottom surface 358, two side surfaces 360 (one on each jaw 354) and two
end surfaces 362. Approximately one half of each end surface 362 is formed on one of the jaws
354 and the other half is formed on the other jaw. Jaws 354 are actuated via pneumatic tubing 364
under controller 310 in certain embodiments. In other embodiments, jaws 354 are controlled by
motion control system 200 or an external PLC.

[00041] It should be understood that a wide variety of different holding fixtures 350 may be
used in different machining set ups consistent with the teachings of the present disclosure. As is
described below, for example, the jaws of a chuck may be used to hold workpieces on a lathe.
Moreover, other types of vices may be used such as the vice depicted in FIGS. 9 and 10, which
provides an opening between the side surfaces of the jaws and a single end surface.

[00042] As described below, the methods and systems of the present disclosure use at least
one force sensor 392 mounted to robot 320 (or alternatively the joint torque sensors commonly
found on collaborative robots) to sense and compute the holding fixture 350 location to reliably
and automatically load workpieces 316 into holding fixture 350 without requiring accurate jogging
and positioning of robot 320 to manually teach the location for loading workpiece 316. It should
be understood that the term “force sensor 3927 is used herein to refer to any device that provides
feedback to controller 310 indicating that robot 320 has made contact with another surface,
including but not limited to one or more force sensors, one or more joint torque sensors, one or
more motor monitors that indicate the torque output of the motor, or other devices.

[00043] After robot 320 is located adjacent CNC machine 100, robot 320 is taught in a
manner known to those skilled in the art the location of workpieces 316 in tray 312 and a route or
motion path from the workpieces 316 to an “in-machine” position in the interior of CNC machine
100. After this set up, robot 320 is activated to pick up a workpiece 316 to be loaded in holding
fixture 350. Robot 320 then moves workpiece 316 to the pre-taught, in-machine position. This
position does not need to be accurate. Instead, the initial position only needs to be free from
colliding with any objects like the machine tool enclosure and/or spindle 138.

[00044] FIG. 7 shows gripper 344 of robot 320 holding a raw workpiece 316 between
fingers 346 of gripper 344 above and in proximity to holding fixture 350, which is mounted to a
table or saddle 110 of CNC machine 100. In other words, FIG. 7 shows robot 320 holding

workpiece 316 in the pre-taught, in-machine position.
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[00045] Next, controller 310 executes instructions 313 in memory 311 to enable a free-drive
mode of robot 320 and instructs the operator to move gripper 344 of robot 320 (and therefore
workpiece 316) to near the center of holding fixture 350 (hereinafter referred to as “the starting
location™). This manual operation does not require precision as the starting location is not the final
pose of robot 320 to load workpiece 316. To assist the performance of this manual operation,
controller 310 presents the operator with a choice to restrict some directional and rotational motion
of robot 320 in free-drive mode as is further described below.

[00046] For example, FIG. 8 depicts an interface 366 presented on display 315 to the
operator by controller 310 wherein the operator may select to permit manual free-drive movement
of robot 320 in each of the x-axis, the y-axis and the z-axis of either the robot base or gripper
coordinate system by clicking the boxes 368, 370 and 372, respectively, in the move to vice
window 374. As shown, the operator has not enabled the ability to move robot 320 manually about
these axes (i.e., the boxes 376, 378 and 380 are not selected). As such, controller 310 will restrict
movement of robot 320 about the x, y and z-axes when robot 320 is in free-drive mode (i.e., the
orientation of gripper 344 and therefore workpiece 316 cannot manually be changed). In this
manner, workpiece 316 is held in gripper 344 such that it remains in plane with holding fixture
350 and the XY plane of the CNC machine 100 to make it easy to position gripper 344 (and
workpiece 316) near the center of holding fixture 350.

[00047] FIGS. 9 and 10 show gripper 344 holding workpiece 316 between fingers 346 after
having been manually moved by the operator to the starting location near the center of holding
fixture 350. More specifically, workpiece 316 is positioned partly into the opening 356 defined
between side surfaces 360 of jaws 354, slightly above bottom surface 358 of opening 356 and
spaced apart from each side surface 360 and from end surface 362. In this example, workpiece
316 is a cuboid, including an upper surface 382, a lower surface 384 which is parallel with upper
surface 382, a first side surface 384, a second side surface 386 which is parallel with first side
surface 384, a first end surface 388, and a second end surface 390 which is parallel with first end
surface 388.

[00048] Once the operator has completed the task of manually positioning workpiece 316
into the starting location near the center of holding fixture 350, the operator activates a center
location routine on controller 310 which proceeds to detect the precise location of holding fixture

350. Still referring to FIGS. 9 and 10, in one embodiment the program causes robot 320 to move
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in a y-direction of the gripper coordinate system depicted in FIG. 9 relative to base 322 of robot
320 until it detects contact between first side surface 384 of workpiece 316 and side surface 360
of one jaw 354. The contact is detected by force sensor 392 (FIG. 5), in this case mounted within
end of arm 342 of robot 320. It should be understood, however, that the initial movement of robot
320 may be in any direction as long as the movement is toward a clamping surface of holding
fixture 350. Next, the program causes robot 320 to move in an opposite y-direction until force
sensor 392 detects contact between second side surface 386 of workpiece 316 and side surface 360
of the other jaw 354 of holding fixture 350. Controller 310 computes the center (denoted C in
FIG. 10) from the detected locations of side surfaces 360 of jaws 354. Next, controller 310 causes
robot 320 to move in the x-direction until force sensor 392 detects contact between end surface
388 of workpiece 316 and end surface 362 of jaws 354. Once contact is sensed, controller 310
causes robot 320 to move slightly in the opposite x-direction, then downwardly in the z-direction
until force sensor 392 detects contact between lower surface 384 of workpiece 316 and bottom
surface 358 of opening 356. Controller 310 next causes robot 320 to move slightly upwardly in
the z-direction. From the detected locations of side surfaces 360 of jaws 354, bottom surface 358
of opening 356 and end surface 362 of jaws 354, controller 310 computes the three-dimensional
center point of holding fixture 350 (i.e, the loading location), and the process is repeated to average
the result for improved accuracy. The center point location is stored by controller 310 as the
loading location for the workpiece 316 / holding fixture 350 combination.

[00049] When computation of the loading location is complete, robot 320 loads workpiece
316, holding fixture 350 clamps onto workpiece 316 and robot 320 exits CNC machine 100. The
operator then activates CNC machine 100 to machine workpiece 316 to form a first finished part
318.

[00050] Next, the operator initiates a part removal routine on controller 310. Specifically,
the operator activates controller 310 to cause robot 320 to enter CNC machine 100 and assume the
in-machine position described above. Controller 310 then places robot 320 in free-drive mode to
allow the operator to move gripper 344 to the part pick-up location. Controller 310 then presents
interface 366 on display 315 to the operator with a retrieve part window 394 activated as shown in
FIG. 11. As was described above with reference to FIG. 8, the operator may select to permit
manual free-drive movement of robot 320 in each of the x-axis, the y-axis and the z-axis by

clicking the boxes 396, 398 and 400, respectively. As shown, the operator has not enabled the
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ability to move robot 320 manually about these axes (i.e., the boxes 402, 404 and 406 are not
selected). As such, controller 310 will restrict movement of robot 320 about the X, y and z-axes
when robot 320 is in free-drive mode (i.e., the orientation of gripper 344 cannot manually be
changed). In this manner, gripper 344 remains in plane with holding fixture 350 and the XY plane
of the CNC machine 100 to make it easy to position robot 320 onto finished part 318.

[00051] The operator then causes controller 310 to command robot 320 to grip finished part
318 between fingers 346, which causes robot 320 to automatically center itself on finished part
318 as it remains in free-drive mode. The operator then commands holding fixture 350 to unclamp
finished part 318. Then, controller 310 commands robot 320 to remove finished part 318 from
holding fixture 350 and place finished part 318 into recess 314 (FIG. 4) from which the workpiece
was removed when in its raw condition. At this point, robot 320 is completely programmed to
load workpieces 316 into and unload parts 318 out of holding fixture 350.

[00052] The software of controller 310 also permits the operator to specify which directions
should be measured in the process of determining the loading location. In some cases (as depicted
in FIG. 12), only the center between the open jaws 354 of holding fixture 350 (a vise) may need
to be measured for the center location (i.e., contact only need be sensed in directions 408, 410) and
the opposite direction center is not needed. In such cases, robot 320 may load workpiece 316 and
use force sensor 392 to find a positive stop surface to push against while holding fixture 350 clamps
onto workpiece 316.

[00053] In other applications of the present disclosure, robot 320 may need to find the center
of a 3-jaw chuck as depicted in FIG. 13. As shown, chuck 412 includes three jaws 414 (only two
shown) arranged radially about a central axis 416 of chuck 412 and spaced apart from one another
by 120 degrees. The process for finding the center point of chuck 412 is substantially the same as
the process described above, except the gripper 344 moves in a plane perpendicular to central axis
416 and in three directions (toward each of jaws 414) to sense contact. To accomplish this
movement, chuck 412 must be rotated and oriented at a specific angle, which must be programmed
into controller 310.

[00054] For 5-Axis machine tools 100, robot 320 may need to load workpieces 316 into
holding fixtures 350 that are not aligned with the XY plane of coordinate system 326 of base 322
of robot 320 and the XY plane of the coordinate system of machine tool 100. This may be due to

clearance issues inside machine tool 100, or limitations of reach of the arm of robot 320. For
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example, in FIGS. 14A and 14B the gripper 344 of robot 320 must extend farther from base 326
to align with the orientation of trunnion 418 on which holding fixture (not shown) is mounted. As
shown, when trunnion 418 is rotated about the A-axis (arrow 1), gripper 344 must be rotated to
remain perpendicular with the surface of trunnion 418 (arrow 2). To accomplish this, fourth arm
segment 340 must be rotated about second joint 336 (arrow 3), which also requires rotation of
second arm segment 334 about first joint 332 (arrow 4) and rotation of first arm segment 330 about
extension 328 (arrow 5). These joint motions result in gripper 344 being positioned farther away
from base 326, thereby extending the reach of robot 320. As discussed above with reference to
FIGS. 8 and 11, software of controller 310 permits the operator to select the directions in which
robot 320 can be manually moved during free-drive mode, and can restrict robot motion
accordingly using native functions commonly found in robot controllers such as controller 310.
For an oriented workpiece 316 (e.g., a workpiece 316 that needs to be moved out of the XY plane
to align with a holding fixture 350), additional rotation directions can be allowed (i.e., by clicking
boxes 376, 378, 380 of FIG. 8) to permit the operator to orient workpiece 316 to match the
orientation of holding fixture 350.

[00055] In the example depicted in FIG. 15, gripper 344 is shown to be rotated about x-axis
152 of the gripper coordinate system such that it is perpendicular to the bottom of holding fixture
350. In this example, a trunnion 418 on which holding fixture 350 is mounted has been rotated
slightly about x-axis 152. Thus, in the process of moving gripper 344 near the center of holding
fixture 350, gripper 344 needs to have the freedom to be rotated about the x-axis 152 (i.e., box 376
shown in FIG. 8 needs to be checked when entering free-drive mode).

[00056] Referring now to FIGS. 16 and 17, a method of determining the loading location of
a workpiece 316 according to the present disclosure is depicted in flow chart form. As shown, the
initial step 420 represents the process of registering robot 320 to the location of a workpiece 316
in tray 312 (FIG. 4) as described above. At step 422, the operator activates controller 310 to cause
robot 320 to pick up workpiece 316. At step 424, controller 310 causes robot 320 to move
workpiece 316 to the in-machine position as described above. After robot 320 is moved to the in-
machine position, controller 310 enables the free-drive mode described above and instructs the
operator to move gripper 344 of robot (and therefore workpiece 316) to near the center of holding
fixture 350 (i.e., the starting location). At step 428, controller 310 presents interface 366 on display

315 which permits the operator to select/restrict axes of motion and movement about those axes
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permitted when robot 320 is in free-drive mode as described above with reference to FIGS. 8 and
11. At step 430, the operator moves gripper 344 and workpiece 316 to the starting location. At
step 432, the operator activates the center location routine on controller 310.

[00057] In the depicted example, the center location routine causes robot 320 to move along
the x-axis, the y-axis, and the z-axis relative to the gripper coordinate system (or in some
embodiments, the base coordinate system) until force sensor 392 senses contact with the surfaces
of holding fixture 350 in the manner described above. At step 434, controller 310 moves robot
320 in a first direction (e.g., along the y-axis). At step 436, controller 310 determines whether
force sensor 392 senses contact with a first surface of holding fixture 350 (e.g., side surface 360
of one jaw 354). If not, then the process checks at step 437 whether robot 320 has moved less than
a maximum distance (i.e, a safety limit such as 10 mm), which if exceeded results in abortion of
the program (step 439). If controller 310 determines that force sensor 392 has not sensed contact
and the maximum distance has not been exceeded, then the process returns to step 434 and
controller 310 continues to move robot 320 in the first direction. If contact is sensed by force
sensor 392, then controller 310 stops movement in the first direction and stores the first position
of contact in memory 311 at step 438. At step 440, controller 310 causes robot 320 to move in a
second direction (e.g., a direction opposite to the first direction). At step 442, controller 310
determines whether force sensor 392 senses contact with a second surface of holding fixture 350
(e.g., side surface 360 of the other jaw 354). If not, then the process checks at step 443 whether
robot 320 has moved less than a maximum distance (i.e., a safety limit such as 10 mm), which if
exceeded results in abortion of the program (step 445). If controller 310 determines that force
sensor 392 has not sensed contact and the maximum distance has not been exceeded, then the
process returns to step 440 and controller 310 continues to move robot 320 in the second direction.
If contact is sensed by force sensor 392, then controller 310 stops movement in the second direction
and stores the second position of contact in memory 311 at step 444. At step 446, controller 310
computes the center position between the first surface of holding fixture 350 and the second surface
using the stored first position of contact and the stored second position of contact.

[00058] Next, controller 310 moves robot 320 to the calculated center position at step 447.
Then, controller 310 moves robot 320 in a third direction (e.g., along the x-axis) at step 448. At
step 450, controller 310 determines whether force sensor 392 senses contact with a third surface

of holding fixture 350 (e.g., end surface 362 of jaws 354). If not, then the process checks at step
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451 whether robot 320 has moved less than a maximum distance (i.e., a safety limit such as 10
mm), which if exceeded results in abortion of the program (step 453). If controller 310 determines
that force sensor 392 has not sensed contact and the maximum distance has not been exceeded,
then the process returns to step 448 and controller 310 continues to move robot 320 in the third
direction. If contact is sensed by force sensor 392, then controller 310 stops movement in the third
direction and stores the third position of contact in memory 311 at step 452.

[00059] At step 455, controller 310 determines whether the holding fixture 350 has another
positive stop in a fourth direction, which is opposite the third direction in certain embodiments.
This information would be programmed into controller 310 during set-up. For example, in
configurations of holding fixtures 350 such as depicted in FIGS. 7, 9, 10 and 12, where holding
fixture 350 includes only one end surface 362 or one positive stop along the x-axis, the center
location routine of FIG. 16 continues to step 456. In other configurations such as holding fixture
350 depicted in FIG. 6 which forms a pocket when jaws 354 are closed providing two end surfaces
362 along the x-axis, controller 310 will be programmed to measure both end surfaces 362 (i.e.,
there is more than one positive stop along the x-axis). As such, the center location routine proceeds
to FIG. 17 and controller 310 moves robot 320 in a fourth direction (e.g., along the x-axis opposite
the third direction) at step 448B. At step 450B, controller 310 determines whether force sensor
392 senses contact with a fourth surface of holding fixture 350 (e.g., a second end surface 362 of
jaws 354). If not, then the process checks at step 451B whether robot 320 has moved less than a
maximum distance (i.e., a safety limit such as 10 mm), which if exceeded results in abortion of the
program (step 453B). If controller 310 determines that force sensor 392 has not sensed contact
and the maximum distance has not been exceeded, then the process returns to step 448B and
controller 310 continues to move robot 320 in the third direction. If contact is sensed by force
sensor 392, then controller 310 stops movement in the fourth direction and stores the fourth
position of contact in memory 311 at step 452B. At step 446B, controller 310 computes the center
position between the third surface of holding fixture 350 and the fourth surface using the stored
third position of contact and the stored fourth position of contact. Next, controller 310 moves
robot 320 to the calculated center position at step 447B and the process returns to FIG. 16.
[00060] At step 456, controller 310 moves robot 320 in a fifth direction (e.g., along the z-
axis toward the bottom of holding fixture 350). At step 458, controller 310 determines whether

force sensor 392 senses contact with a fifth surface of holding fixture 350 (e.g., bottom surface

17



WO 2023/220193 PCT/US2023/021756

358 of holding fixture 350). If not, then the process checks at step 459 whether robot 320 has
moved less than a maximum distance (i.e., a safety limit such as 10 mm), which if exceeded results
in abortion of the program (step 461). If controller 310 determines that force sensor 392 has not
sensed contact and the maximum distance has not been exceeded, then the process returns to step
456 and controller 310 continues to move robot 320 in the fifth direction. If contact is sensed by
force sensor 392, then controller 310 stops movement in the fifth direction and stores the fifth
position of contact in memory 311 at step 460. At step 462, controller 310 computes the three-
dimensional center point of holding fixture 350 (i.e., the loading location) using the stored first,
second, third, fourth (if applicable) and fifth positions of contact.

[00061] At step 464, controller 310 determines whether the loading location has been
computed twice. It should be understood, however, that the number of measurements and
calculations of the loading location may be fewer than two or more than two, and is configurable
by the operator. If not, the process returns to step 434 to repeat the steps of sensing contact with
the first, second, third, fourth (if applicable) and fifth surfaces of holding fixture 350 as described
above. In this example, when the locating location has been computed twice, controller 310
computes an average of the two results to establish the final loading location at step 466. As
described above, when the loading location computation is complete, controller 310 causes robot
to load workpiece 316 onto holding fixture 350, commands holding fixture 350 to clamp onto
workpiece 316 and causes robot 320 to exit CNC machine 100.

[00062] It should be understood that certain steps of the method depicted in FIGS. 16 and
17 may be optional, and the steps may be performed in a different order is certain embodiments.
For example, in one embodiment steps associated with detecting the fourth position of contact (i.e.,
steps 448B, 450B, 452B, 451B, 453B, 446B and 447B) may be omitted. In other embodiments
where holding fixture 350 is configured as depicted in FIG. 14 with no positive stop in the x-
direction, the steps associated with detecting the third position of contact and the fourth position
of contact (i.e., steps 448.450, 452, 451, 453, 455, 448B, 450B, 452B, 451B, 453B, 446B and
447B) may be omitted. As another example, the steps of determining whether the loading location
was computed twice (step 464) and averaging the results (step 466) may be omitted or increased.
Other variations are contemplated by the present disclosure.

[00063] After the operator activates CNC machine 100 to machine workpiece 316 to form

a first finished part 318, the operator initiates the part removal routine on controller 310 as
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described above. The part removal routine is depicted in flow chart form in FIG. 18. As shown,
at step 468, controller 310 causes robot 320 to reenter CNC machine 100 and move to the in-
machine position described above. Controller 310 then places robot 320 in free-drive mode at step
470. Controller 310 presents the operator at step 472 with interface 366 described above to permit
the operator to select/restrict the movements of robot 320 when in free-drive mode. After
selecting/restricting the movements of robot 320, the operator manually moves gripper 344 of
robot 320 to the part pick-up location at step 474. Next, at step 476, controller 310 commands
robot 320 to grip finished part 318 between fingers 346, which causes robot 320 to automatically
center itself on finished part 318 as it remains in free-drive mode. After the operator commands
holding fixture 350 to unclamp finished part 318 at step 478, controller 310 commands robot 320
at step 480 to remove finished part 318 from holding fixture 350 and place finished part 318 onto
tray 312 as described above. After the part removal routine is complete, robot 320 is completely
programmed to load workpieces 316 into holding fixture 318 and unload finished parts 318.
[00064] After robot 320 is fully programmed as described above, the computed loading
location and finished part removal locations may be stored in a job file which includes the CNC
program and the robot job program. This job file may be retrieved for future use to re-run
additional workpieces 316 if the robot 320 and holding fixture 350 configurations have not
changed. In this way, an operator does not need to repeat the steps described above for determining
the loading location and finished part removal location.

[00065] One of ordinary skill in the art will realize that the embodiments provided can be
implemented in hardware, software, firmware, and/or a combination thereof. For example, the
controllers disclosed herein may form a portion of a processing subsystem including one or more
computing devices having memory, processing, and communication hardware. The controllers
may be a single device or a distributed device, and the functions of the controllers may be
performed by hardware and/or as computer instructions on a non-transient computer readable
storage medium. For example, the computer instructions or programming code in the controller
may be implemented in any viable programming language such as C, C++, C#, python, JAVA or
any other viable high-level programming language, or a combination of a high-level programming
language and a lower level programming language.

[00066] As used herein, the modifier “about” used in connection with a quantity is inclusive

of the stated value and has the meaning dictated by the context (for example, it includes at least
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the degree of error associated with the measurement of the particular quantity). When used in the
context of a range, the modifier “about” should also be considered as disclosing the range defined
by the absolute values of the two endpoints. For example, the range “from about 2 to about 4”
also discloses the range “from 2 to 4.”

[00067] It should be understood that the connecting lines shown in the various figures
contained herein are intended to represent exemplary functional relationships and/or physical
couplings between the various elements. It should be noted that many alternative or additional
functional relationships or physical connections may be present in a practical system. However,
the benefits, advantages, solutions to problems, and any elements that may cause any benefit,
advantage, or solution to occur or become more pronounced are not to be construed as critical,
required, or essential features or elements. The scope is accordingly to be limited by nothing other
than the appended claims, in which reference to an element in the singular is not intended to mean
“one and only one” unless explicitly so stated, but rather “one or more.” Moreover, where a phrase
similar to “at least one of A, B, or C” is used in the claims, it is intended that the phrase be
interpreted to mean that A alone may be present in an embodiment, B alone may be present in an
embodiment, C alone may be present in an embodiment, or that any combination of the elements
A, B or C may be present in a single embodiment; for example, A and B, A and C, Band C, or A
and B and C.

113

[00068] In the detailed description herein, references to “one embodiment,” “an

7«

embodiment,” “an example embodiment,” etc., indicate that the embodiment described may
include a particular feature, structure, or characteristic, but every embodiment may not necessarily
include the particular feature, structure, or characteristic. Moreover, such phrases are not
necessarily referring to the same embodiment. Further, when a particular feature, structure, or
characteristic is described in connection with an embodiment, it is submitted that it is within the
knowledge of one skilled in the art with the benefit of the present disclosure to affect such feature,
structure, or characteristic in connection with other embodiments whether or not explicitly
described. After reading the description, it will be apparent to one skilled in the relevant art(s) how
to implement the disclosure in alternative embodiments.

[00069] Furthermore, no element, component, or method step in the present disclosure is

intended to be dedicated to the public regardless of whether the element, component, or method

step is explicitly recited in the claims. No claim element herein is to be construed under the
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provisions of 35 U.S.C. 112(f), unless the element is expressly recited using the phrase “means

EEINT

for.” As used herein, the terms “comprises,” “comprising,” or any other variation thereof, are
intended to cover a non-exclusive inclusion, such that a process, method, article, or apparatus that
comprises a list of elements does not include only those elements but may include other elements
not expressly listed or inherent to such process, method, article, or apparatus

[00070] Various modifications and additions can be made to the exemplary embodiments
discussed without departing from the scope of the present disclosure. For example, while the
embodiments described above refer to particular features, the scope of this disclosure also includes
embodiments having different combinations of features and embodiments that do not include all
of the described features. Accordingly, the scope of the present disclosure is intended to embrace

all such alternatives, modifications, and variations as fall within the scope of the claims, together

with all equivalents thereof.
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CLAIMS

We claim:
1. A system for determining a loading location of a workpiece relative to a holding fixture,
comprising:
a robot configured to grip a workpiece and including a sensor; and
a controller communicatively coupled to the robot, the controller having a memory
including a plurality of instructions that when executed by the controller cause the controller to:
activate the robot to grip the workpiece;
enable a free-drive mode of operation of the robot to permit an operator to move
the workpiece to a starting location adjacent to a center of the holding fixture; and
respond to an input of the operator by executing a center location routine;
wherein the center location routine includes:
causing the robot to automatically move in a first direction until the sensor
senses contact at a first position of contact between the workpiece and a first
surface of the holding fixture;
causing the robot to automatically move in a second direction until the
sensor senses contact at a second position of contact between the workpiece and a
second surface of the holding fixture;
causing the robot to automatically move in a third direction until the
sensor senses contact at a third position of contact between the workpiece and a
third surface of the holding fixture; and
computing a three-dimensional center point of the holding fixture
representing the loading location of the workpiece using the first position of

contact, the second position of contact and the third position of contact.

2. The system of claim 1, wherein the center location routine further includes causing the
robot to automatically move in a fourth direction until the sensor senses contact at a fourth
position of contact between the workpiece and a fourth surface of the holding fixture, and

computing the three-dimensional center point of the holding fixture using the first position of
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contact, the second position of contact, the third position of contact and the fourth position of

contact.

3. The system of claim 2, wherein the center location routine further includes causing the
robot to automatically move in a fifth direction until the sensor senses contact at a fifth position
of contact between the workpiece and a fifth surface of the holding fixture, and computing the
three-dimensional center point of the holding fixture using the first position of contact, the
second position of contact, the third position of contact, the fourth position of contact and the

fifth position of contact.

4. The system of claim 1, wherein the sensor is a force sensor coupled to an arm of the
robot.
5. The system of claim 1, wherein the plurality of instructions when executed by the

controller further cause the controller to cause the robot to move the workpiece to an in-machine

position,

0. The system of claim 1, wherein the plurality of instructions when executed by the
controller further cause the controller to present an interface on a display of the controller which
permits the operator to select axes of motion permitted for the robot when being moved while in

free-drive mode.

7. The system of claim 6, wherein the interface further permits the operator to select which

axes, if any, the robot is permitted to be rotated about when being moved in free-drive mode.

8. The system of claim 1, wherein the first surface is a first side surface of a first jaw of the
holding fixture, the second surface 1s a second side surface of a second jaw of the holding

fixture, and the third surface is a bottom surface of the holding fixture.

9. The system of claim 1, wherein the second direction is opposite the first direction and the

third direction is perpendicular to the first direction and the second direction.
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10.  The system of claim 1, wherein the center location routine further includes causing the
robot to automatically move to a center position between the first position of contact and the

second position of contact.

11.  The system of claim 1, wherein the plurality of instructions when executed by the
controller further cause the controller to execute the center location routine twice, thereby
computing the loading location and a second loading location, and the center location routine
further includes computing a final loading location by averaging the load location and the second

loading location.

12. The system of claim 1, wherein the plurality of instructions when executed by the
controller further cause the controller to execute a part removal routine after the workpiece has
been formed into a finished part, the part removal routine causes the controller to:

enable the free-drive mode of the robot to permit the operator to move the robot to a part
pick-up location;

respond to an input of the operator by commanding the robot to grip the finished part and
commanding the holding fixture to unclamp the finished part; and

move the robot to remove the finished part from the holding fixture.

13, The system of claim 12, wherein the part removal routine further causes the controller to

move the robot to an in-machine position.

14. A method of determining a loading location of a workpiece relative to a holding fixture,
comprising:

activating, by a controller, a robot to grip the workpiece;

enabling, by the controller, a free-drive mode of operation of the robot to permit an
operator to move the workpiece to a starting location adjacent to a center of the holding fixture;

causing, by the controller, the robot to automatically move in a first direction until a
sensor coupled to the robot senses contact at a first position of contact between the workpiece

and a first surface of the holding fixture;
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causing, by the controller, the robot to automatically move in a second direction until the
sensor senses contact at a second position of contact between the workpiece and a second surface
of the holding fixture;

causing, by the controller, the robot to automatically move in a third direction until the
sensor senses contact at a third position of contact between the workpiece and a third surface of
the holding fixture; and

computing, by the controller, a three-dimensional center point of the holding fixture
representing the loading location of the workpiece using the first position of contact, the second

position of contact and the third position of contact.

15.  The method of claim 14, further comprising causing the robot to automatically move in a
fourth direction until the sensor senses contact at a fourth position of contact between the
workpiece and a fourth surface of the holding fixture, and computing the three-dimensional
center point of the holding fixture includes using the first position of contact, the second position

of contact, the third position of contact and the fourth position of contact.

16.  The method of claim 15, further comprising causing the robot to automatically move in a
fifth direction until the sensor senses contact at a fifth position of contact between the workpiece
and a fifth surface of the holding fixture, and computing the three-dimensional center point of the
holding fixture includes using the first position of contact, the second position of contact, the

third position of contact, the fourth position of contact and the fifth position of contact.

17.  The method of claim 14, wherein the sensor is a force sensor coupled to an end of arm of

the robot.
18.  The method of claim 14, further comprising presenting, by the controller, an interface on

a display of the controller which permits the operator to select axes of motion permitted for the

robot when being moved while in free-drive mode.
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19.  The method of claim 14, wherein the first surface is a first side surface of a first jaw of
the holding fixture, the second surface is a second side surface of a second jaw of the holding

fixture, and the third surface is a bottom surface of the holding fixture.

20.  The method of claim 14, wherein the second direction is opposite the first direction and

the third direction 1s perpendicular to the first direction and the second direction.

21.  The method of claim 14, further comprising storing the computed loading location in a
job file and retrieving and executing the job file to load additional workpieces in the holding

fixture without repeating the enabling, causing and computing steps.

22. A non-transitory, computer-readable medium storing instructions that, when executed by
a controller, cause the controller to:

activate a robot to grip a workpiece;

enable a free-drive mode of operation of the robot to permit an operator to move the
workpiece to a starting location adjacent to a center of a holding fixture;

cause the robot to automatically move in a first direction until a sensor coupled to the
robot senses contact at a first position of contact between the workpiece and a first surface of the
holding fixture;

cause the robot to automatically move in a second direction until the sensor senses
contact at a second position of contact between the workpiece and a second surface of the
holding fixture;

cause the robot to automatically move in a third direction until the sensor senses contact
at a third position of contact between the workpiece and a third surface of the holding fixture;
and

compute a three-dimensional center point of the holding fixture representing a loading
location of the workpiece using the first position of contact, the second position of contact and

the third position of contact.

23, The non-transitory, computer-readable medium of claim 22, wherein the instructions

further cause the controller to cause the robot to automatically move in a fourth direction until
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the sensor senses contact at a fourth position of contact between the workpiece and a fourth
surface of the holding fixture, and compute the three-dimensional center point of the holding
fixture using the first position of contact, the second position of contact, the third position of

contact and the fourth position of contact.

24.  The non-transitory, computer-readable medium of claim 23, wherein the instructions
further cause the controller to cause the robot to automatically move in a fifth direction until the
sensor senses contact at a fifth position of contact between the workpiece and a fifth surface of
the holding fixture, and compute the three-dimensional center point of the holding fixture using
the first position of contact, the second position of contact, the third position of contact, the

fourth position of contact and the fifth position of contact.
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