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Laser-Based Robotic Systems
for Manufacturing Automation

Henry Watson and Asok Ray

Although laser beam and robotics use has become
widespread in areas of manufacturing, many manu-
facturers still do not see the urgency or necessity
for their use in many manufacturing operations.
Nevertheless, it is always beneficial to keep abreast
of technological upgrades. This article describes la-
ser and robotics implementation at a few manufac-
turing plants,

The research and development programs in
manufacturing technology at Penn State emphasize
automation of materials processing and inspection.
Two major research projects in these areas, which
are based on the application of laser technology,
have recently been completed.

This article presents the background, current
status, research results, and future plans for these
two projects.

Asok Ray holds a PhD in mechanical engi-
neering from Northeastern University and master’s
degrees in electrical engineering, computer science,
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teaching positions at Carnegie-Mellon and MIT. Ray
joined the faculty of mechanical engineering at
Penn State University as an associate professor in
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distributed control systems, knowledge-based ex-
pert systems, robotics, and commumcauon net-
works.

Henry Watson graduated from Clemson Uni-
versity in 1961 with a degree in mechanical engi-
neering. In November 1984, Mr. Watson transferred
to the Applied Research Laboratory at Penn State.
He currently serves as an assistant to the director
for manufacturing technology and as the senior re-
search associate. He is also establishing 2 manufac-
turing science research program at Penn State.
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The application of lasers in manufacturing has
been limited because of requirements for the
workpiece to be moved under a fixed beam. This
process is time-consuming because extensive fix-
turing and alignment are required to ensure that
the laser beam contacts the part at the proper po-
sition and orientation for the process involved.

Advances in sensor and control technology
have made it possible to manipulate laser beams
in space along a precise path using robots. This
development has created a surge of interest in the
apphcanon of lasers for materials processing and
inspection.” Hence, the manufacruring science
program has been established by the Applied Re-
search Laboratory at Penn State to develop solu-
tions to the unique problems associated with pre-
cision fabrication and inspecton of components
for surface and underwater vehicles.

The development of advanced welding tech-
nology for manufacturing and repair was planned
to apply laser technology for materials processing,
welding, and cutting thick sections and then to
develop articulating robotics and associated tech-
nology for controlled high-speed manipulation of
a laser beam throughout a large manufacruring
cell

The major thrust of the manufacturing sci-
ence program is to develop equipment for auto-
mated materials processing and inspection. This
requires the use of robots coupled with high-
powered (up to 25 kW) continuous-wave CO, la-
sers for welding, cutting, heat treating, cladding,
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transformation hardening and glazing, and solid
state lasers for measurement.” For laser materials
processing, the Laser Articulated Robotic System
(LARS) is being developed. When interfaced with
a high-power laser, this large robot provides the
manipulation of a beam over large distances and
focuses the beam to a small spot to concentrate
the energy for welding and cutting or a larger con-
figuradon for other processes.

For precision measurement, the Intelligent
Robotic Inspecton System (IRIS) is being devel-
oped. This is a large gantry robot equipped with
laser-based vision systems for precision space lo-
cation and part profiling. Both projects are fund-
ed by the US Navy Manufacturing Technology
Program.

A survey to assess the applicability of high-
power lasers in manufacturing for the navy and
army as well as for the aerospace, electric udlity,
automotive, and pipeline industries was con-
ducted in the hope that it would expand laser ac-

~ ceptance in these fields.” Copies-of this survey re-

port are available upon request. The background,
current status, research results, and future plans

LARS in August 1983. Upon completion, the LARS
will be delivered to the Westinghouse Research
and De2velopment Center in Pittsburgh and inter-
faced with a 15-kW CO, continuous-wave laser
for technology demonstration and transfer.

LARS is still in the development stage. When
completed, it will consist of six major subsystems
including the robot, beam transport, workhead, vi-
sion, electronic control, and software. These sub-
systems and their components are shown in Ex-
hibit 2.

Robot subsystem

After considering all robot configuratons, it
was determined that a gantry-based system was
the only practical structure for this applicaton.

Initally, the system was to be 20 feet by 20 feet by

10 feet. To reduce costs, a prototype system will be
developed first and will have a working volume
for welding in the down hand position of 14 feet
by 14 feet by 3 feet. The gantry provides x, y, and 2

translation of the beam; and an ardculated arm-at- -

the lower end of the z axis provides the remaining
degrees of freedom for random path welding and

for the LARS a’n“d”IRIS"ai'e'pi‘éééﬁfe*d“érid“ bfgan'ized
in five main sectons.

Laser Articulated Robotic System

The LARS program began in 1982 by idend-
fying the requirements for a laser beam delivery
system; they are summarized in Exhibit 1. A con-
tract was awarded for the development of the

Exhibit 1. Important Parameters for LARS

11 X1 X3t
20 X 20 X 10 ft

Modes of Operation Manual
Teach
Offline Program
Automatic

Along Seam’ & 0.005 in
Vertdcal £ 0.015 in
Angular Control £ 1°

Range of Operation

Tracking Precision

Welding and Cutting Speeds 0-200 in/min

Tracking Device Noncontacting
200-Hz Sampling Speed
Closed Loop
Real Time

Welding, Cutting, Heat
Treating, Cladding, Surface
Transformation
Hardening

Capabilities

curdng, The gantry system was designed specifi-
cally for LARS because a commercially available
robot that met the requirements for this system
could not be found.

The robot is designed to be extremely accu-
rate; however, the accuracy requirements shown
in Exhibit 1 are dynamic rather than point to
point and relate to the positon of the focused
beam instead of the robot posidon. As a result, the
beam-positioning accuracy is achieved by a care-
fully controlled positioning mirror with a high-
speed vision system located in the workhead.

Workhead subsystem

The workhead is attached to the gantry’s
lower end of the z axis. The workhead shown in
Exhibit 3 is an integrated system of mechanical
and electromechanical components that focuses
the laser beam and provides final positioning of
the laser beam and process hardware at the work-
piece. The workhead focuses the laser beam to a
0.040-inch-diameter spot for welding and cutting
using /7 oprcs.

In addition to focusing and beam position-
ing optics, the workhead contains a gas shield for
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Exhibit 2. LARS Subsystem Breakdown
LARS
System
) .
Beam Articulating Workhead Vision Elecrronic Sofrware
Transpont Rob. Sub: Sub Conurol b
Subsystem obot ubsystem ubsystern Subsystem Subsystem
Interface 10 X-y-Z ) . Space Location Motor User Interface
— Existing Laser ~ Gantry j— Final Joint System Controllers Software
Workhead Focusing Workhead Digital Real-time Conmrol
Beam Tube [~ Attachment ™~ Mirrors Sensor Collar Controls Soe?max::e ontro
| Transport _ Joint . Fine-Control Pool Host
Mirrors Drivers Joint Driver 00! Sensor Computer
N |_ Joint . Wire-Feed Seam Sensor i
geaasm Transpon Transducer Apparatus Peripherals
- Workplace Microcomputer
Gas Jets Normal Sensors Network

plasma suppression, a wire feeder and positoner,
seam tracking vision components, and a gas cut-
e

Vision system

The positioning requirements for the LARS
include tracking the center of a butt joint, main-
taining the desired standoff distance, and conmrol-
ling the angle of the incident beam with respect to
the workpiece. This tracking requirement must be
met for random path welds throughout the work-
ing envelope without preprogramming and must
operate at speeds of 200 inches per minute. For
metalworking processes other than welding in
which there is no seam to follow, LARS must fol-
low a preprogrammed path to the same accuracies
as that stated for welding,

The A sensor. The LARS vision system has
four vision subsystems for space location and
seam following, the latter of which uses the two
independent closed-loop systems: fine loop and
coarse loop. The sensors and their function are
shown schematically in Exhibit 4. The A sensor
uses three linear charged coupled devices (CCDs)
to monitor the x, y, and z coordinates of the laser
spot at the surface of the workpiece and measures
the workpiece surface angle. The output of Sensor
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A, combined with the fine-control mirror drives,
provides the precision positioning of the focused
laser beam.

The B sensor. Sensor B measures the y co-
ordinate of the seam at three locations, finds the
seam position by scanning an intense beam of
light across the weld seam, and monitors the re-
flected light pattern. By controlling the RF drive
frequency of the device, the angular position of
the scanning laser bearn and the beam position on
the workpiece can be determined with precision.
The solid-state light deflector can create a com-
plex pattern of light Another benefit of this ap-
proach is its flexibility. An acousto-optic deflector
can be programmed to generate any sequence of
light patterns within the range of operation. Sen-
sors A and B acquire data at a 1-kHz rate and up-
date the fine-position mirror controller at 200 Hz
for seam tracking. By comparison, current seam-
tracking systems for arc welding operate at up to
30 Hz.

The informaton from these two sensor sys-
tems is obtained synchronously. The desired
weld-pool location determined by Sensor B is
compared to the actual weld-pool location from
Sensor A. If these positions differ, an error signal is
sent to the fine-position mirror conwoller and a
correction is made.
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Exhibit 3. LARS Workhead
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Exhibit 4. LARS Sensor Systems

/
~ -
— = .
‘Workhead — -~ —~_ -~
P
Name Function

A. Beam Sensor Locates puddle center
inx, y z
Locates seam (y) position

directy in front of puddle

B. In-Close Seam Tracker

_C. Look-Ahead Seam Tracker. Locates seam coordinates
and angles about 2 inches

in front of puddie

D. Space Locadon System Locates position of

z-axis control)

workhead-in-world

coordinate system

The C sensor. Sensor C is the workpiece
profile sensor that measures the angular orienta-
tion of the workpiece surfaces and deduces the
shape and orientadon of the part ahead of the
welding area. It then informs the robot controller
at a 50-Hz rate for course robot position control
and develops data to be used during the fine-
position conwol.

The D sensor. The space location system,
Sensor D, locates and tracks the position of the
workhead in world coordinates for those prepro-
grammed metalworking operations in which no
seamn is available for guidance. This system must
know the position of the robot workhead to
within 0.005 inches. Because it is not possible to
obtain such accuracy using robot joint encoders, a
tracking interferometric system, mounted on the
workhead, was selected.

Control system

The control systemn and precision digital in-
terface hardware must be capable of the following;
* Providing control accuracy over exueme con-
wol ranges.
* Coordinating online the moton of a complex
robot.
* Providing online compensation for variations
in control that occur during operation.
To accomplish these tasks, a hierarchical mult-
processor control system must be used. The LARS
control system tasks are divided into six subsec-
tons:
Operator interface and system management
Coarse loop control.
Coordinate conversion and servo control.
Fine loop control.
Safery.
Task support.
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The tasks in each subsection are accom-
plished by either a computer system or a cluster of
microcomputers. A particular computer or
special-purpose hardware and software modules
can be specified to perform the critical tasks of a
partcular subsection.

Intelligent Robotic Inspection

System

The Applied Research Laboratory has been
involved in the design and inspection of muld-
blade propulsors for underwater vehicles for many
years. Unfortunately, because of the complex
shape and limited space between blades, the in-
spection equipment can only measure to an accu-
racy of +0.003 inches. As a result, it's been im-
possible to establish a relationship between
manufacturing accuracy and performance. Recog-
nizing this need, the navy developed IRIS, which
will use the enhanced vision and control technol-
ogy already developed for the LARS project. The
_contract was awarded for IRIS in January 1985.

- The LARS is designed for precise
manipulation of high-power
(up to 25 kW) laser beams

The IRIS is essendally a robotc, laser-based
measuring system capable of accurately compar-
ing actual part dimensions with design require-
ments. The major technology issues to be ad-
dressed include world coordinate and orientation
measuremnent, noncontact part sensing, advanced
robot control development, advanced user inter-
face capabilides, and dynamic accuracy.

The IRIS is shown schematically in Exhibit
5. The system consists of three major components
including the mechanical, sensor, and control sub-
systems.

Mechanical subsystem

The primary mechanical components of the
IRIS include the robot, a two-degree-of-freedom
wrist assembly, the retroreflector, a granite base, a
rotary table, and the robot end effector.

In contrast to the LARS, the IRIS robot pro-
vides x, y, and z tanslaton. A highly repeatable,
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two-degree-of-freedom wrist assembly is located
at the end of the z-axis column of the robot and is
almost identical to the ones found on the more
accurate coordinate-measuring machines except
that the measuring component has b- ¢n replaced
with an end effector for part piofiling,

The remoreflector is also located on the z-
axis column. It is part of the space locaton system
and consists of three mirror assemblies that return
the beam back to its source along a parallel path.
The base of the IRIS is constructed of granite to
ensure dimensional stability during the inspection
process. A precision rotary table is also mounted
on the granite base.

Sensor subsystem

In conventional systems, measurement ac-
curacy is functionally connected to the control ac-
curacy which determines the accuracy of the ro-
bot or manipulaton device. The equipment can
only be as accurate as the manipuladon device for
dynamic measurements. In the design of the IRIS,
the measurement accuracy and the control accu-
racy are functionally separated; therefore, overall
accuracy can be obtained in the dynamic mode.

To meet accuracy requirements, two sensor
subsystems, as shown in Exhibit 6, were devel-
oped for IRIS: the space location system (SLS) and
the part sensor. The part sensor determines the
surface position of the part with respect io the ret-
roreflectors. The part sensor shown schematcally
in Exhibit 7 consists of a solid state laser, optics,
mirror, and a 3,000-element linear array. The laser
bearmn is focused by the optics and reflected to and
from the part surface by the mirror. Distance mea-
surements are determined by the position that the
reflected laser beam strikes the linear array, and
data is collected at a speed of 1000 Hz.

Control subsystem

The IRIS conwol system has two major re-
quirements. It must be able to position precisely
the end effector within the work envelope, and the
part sensor feedback must be used to monitor the
location of the measured part To meet these re-
quirements, the conwtol system uses two position-
locating devices—the SLS and the motor resolvers.
The sum of these signals form a composite feed-
back signal: one from the SLS at low frequencies
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Exhibit 5. The IRIS and Its Major Components

Exhibit 6. The IRIS Sensor Subsystem

Space Location System (SLS)

6 Laser interferometers

3 Rerro reflectors

6 Degrees of freedom measured
0.00025-in accuracy

1,000-Hz data rate

® Laser riangulation ranging

o Profile obtained by scanning
the laser source on the part

® 0.00025-in accuracy

¢ 1,000-Hz data rate

and one from the motor resolver at higher fre-
quencies. This provides the control system with a
broad range of frequency response, thereby ex-
tending the usable bandwidth of the posidon con-
trol loop and improving the measurement speed
and accuracy (i.e., dynamic response).

Future Directions

LARS-related activities will continue even af-
ter installation with system refinement and pro-
cess development. Equipment must be developed
and integrated with the LARS to permit coordi-
nated control of the process parameters as well as
the real-time determination of weld quality. To
improve LARS, its control system should be inte-
grated with a knowledge-based system capable of
decision making in real time for high-speed laser
welding,' New applications of laser technology
must be developed for the military and the private
sectors. Westinghouse and Penn State have been
developing the process requirements for other
materials that are difficult to weld (eg., high-
strength steels, copper, and aluminum).
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Exhibit 7. The Part Sensor for IRIS

Source
(3 Sensor \Change in Sensor

Surface 1
Slurface 2 g ﬁl Change in Surface
a. Triangulation

b. Look-to-the-Side Triangulation Part Sensor

Future plans for the IRIS include hardware
enhancement and applications of advanced in-
spection technology; higher accuracy extends pre-
cision engineering to efficiency and manufactur-
ing cost. - The knowledge-based system could
autonomously determine the location of inspec-
don points and the amount of data required for
the desired inspection accuracy.

Although the IRIS addresses the navy’s prob-
lem with multiblade propulsor design and inspec-
ton, it is considered a generic system capable of
inspecting any part that fits within the work enve-
lope and has a measurement data base.

Summary

This article summarizes the background,
current status, results, and future plans for two la-
ser technology-based research projects at the Ap-
plied Research Laboratory of Penn State. Both
projects are supported by the US Navy Manufac-
turing Technology Program.

The LARS is designed for precise manipula-
tion of high-power (up to 25 kW) laser beams for
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welding, cutting, heat treating, cladding, and sur-
face transformation for materials such as alumi-
num, high-strength alloy steels, ceramice. and
composites. The initial thrust of the LARS project
was on applying laser technology to materials pro-
cessing and related technologies such as seam
tracking, real-time control of welding parameters,
and CAD/CAM interface development. Human
factors will be applied to arc welding in the fu-
ture’.

The first application of the LARS is sched-
uled to be the welding of catapult-paunch rail
trough covers and rails to produce one-piece as-
semblies for aircraft carriers. The first applica-
ton of the IRIS is scheduled to be the design and
certification of components for underwater
vehicles. A
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