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The characteristics ofelectronics manufacture have
changed: instead ofhigh volumes of the same product,
the trend is toward much smaller volumes ofmany
varieties ofsimilar products. In this environment, the
ideal assembly machine would be capable ofvirtually
limitless adaptability. Using robotic technology, AT&T
at Merrimack Valley has undertaken a project to design
such a machine for printed-wiring-board assembly.
This paper describes the configuration of the resulting
workstation for component insertion on the automated
in-line manufacturing system.
Introduction

Electronics manufacture haschanged from a business turning
outhigh volumes ofthe same product to one generating much smaller
volumes ofmany similar products. Themanufacturing engineer must
notonly respond to this change butmust also continue to improve man­
ufacturing quality, consistency, and costs. In thisenvironment, the ideal
electronic assembly machine would be capable ofvirtually limitless
adaptability. Through computer integration ofdesign and assembly
equipment, it is possible to transfer electronically design data from a
computer-aided design (CAD) system to the shop floor. The challenge,
then, is to design anassembly machine thatcan use design data to
assemble any ofa large variety ofproducts with no human intervention
or downtime.

Significant progress toward thisideal hasbeenmade since 1984
at the Merrimack valley Works. Engineers there have been actively
involved inthe development ofa robotic workstation for printed-wiring­
board component insertion. During thistime, similar development
efforts have focused onthis application ofrobotic technology at many
otherAT&Tlocations as well.

Initially, Merrimack Valley engineers concentrated onthrough­
hole insertion of"nonstandard" components-thatis, components that
cannot be inserted bycommercial automatic insertion machines. This
work hasbeenexpanded to include standard components incases when
there arenotenough partsper board to justify the setup time required
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for high-speed insertion machines. Experience resulting
from thisearly through-hole insertion work hasalso been
helpful 'with application development efforts to place sur­
face-mounted components with similar robotic
manipulators.

TheAIM Line
Workstation development at Merrimack Valley is

partofa larger project to implement anautomated in-line
manufacturing (AIM) process to assemble digital terminal
circuit boards. TheAIM line at Merrimack Valley is one of
the most automated circuit-board assembly processes
within AT&T. The assembly portion ofthe process is sepa­
ratedinto six workcells, as illustrated inFigure 1, each
with anAT&T 3B2 computer as a local host. All ofthe
computers are tiedinto anAT&T 3B20 mainframe com­
puter, onwhich the manufacturing process control system
(MPCS) operates. This constitutes the information and
process control architecture ofthe assembly portion ofthe
AIM line.

Product flows through each workcell inpanelized
form, that is, ina standard panel size that contains one or
two circuit boards. Panelization eliminates mechanical
changes when circuit-board sizes are changed. Abar-coded
serial number is applied to each circuit board ona panel at
the beginning ofthe assembly process to permit product
tracking and data collection through the assembly and test
processes.

Currently, circuit boards for both the D4 and D5
transmission systems are assembled onthe AIM line­
approximately 60different codes. Lot sizes vary from a
minimum of23 circuit packs to as many as 1000.

Workcell Description
Therobotic workstations discussed inthispaper

arepartofthe in-line insertion, inspection, and repair
workcell. The components ofthisworkcell and theirinter­
connections are illustrated inFigure 2.

After high-speed insertion ofstandard compo­
nents, circuit boards are passed sequentially down a
palletless conveyor line through aninspection station, man­
ual and robotic assembly stations, a second inspection
station, and, ifnecessary, a repair station. Theworkcell

Figure 1. Automated in-line manufacturing (AIM) system
workcell functions and sequence.

conveyor is actually made upof23individual modules, each
5 feet long. Threebelts oneach module operate as a non­
synchronous buffer-stop-buffer system, resulting ina pull
assembly process. In otherwords, work is "pulled" into
the next station only when thatstation is ready to receive
the work and perform the required operation. Each station
inthe in-line insertion, inspection, and repair workcell
operates independently ofotherstations in the cell.

No lead clinching is done on-line at the present
time. Snap-in forms onsome component leads are used
when required, although for the most partproper board
handling is relied onto prevent components from falling
out.

After assembly is complete, all boards are con­
veyed through the line-scan automated inspection station
developed by the AT&T Engineering Research Center/
Manufacturing Development Center (ERCIMDC). If a
defect is identified, or a previous assembly defect is logged
against the board's serial number, the board is routed
through the real-time repair loop. After the board has
passed inspection, it is moved directly into thewave­
soldering workcell.

Currently, seven robotic workstations are installed
along the conveyor line (Figure 3), and anadditional station
is scheduled for installation. Therobotic workstations on
the line insert13different families ofparts, as illustrated
inFigure 4. Theboard component population determines



Figure 2. Components and interconnections of the in-line
insertion, inspection, and repairworkcell.

Figure 3. Workstations In the automated in-linemanufactur­
Ing system at MerrimackValley.

the number ofrobotic stations needed for assembly. The
mixes ofcomponent types require various levels ofrobotic
and manual activity: anywhere from zero to all seven robot
stations and from zeroto eight manual stations.

Workstation Description
Thecomponents ofeach workstation and their

interconnection are illustrated inFigure 5. Each worksta­
tion consists of:
• One robot
• One to four parts-preparation and presentation feeders
• One conveyor section
• End-of-arm tooling.

Therobot usedonsixofthe seven workstations is
the Adept One™ system (trademark ofAdept Technology
Inc.). This robot (Figure 6), was selected afterspecifica­
tion data onmore than a dozen commercially available
robot arms were compared. It was found to offer the best
combination ofspeed, shape and size ofwork envelope,
repeatability, accuracy, software features, and costfor the
needs ofthe particular workstation design. Theremaining
workstation usesa manipulator developed by theAT&T
ERCIMDC, called the FWS-200. 1 This robot is being used
onthe AIM line to evaluate its performance ina factory
environment. Although different manipulators are used in
the workstations on-line, the basic station integration and
operation is the same.
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Figure 4. Parts
inserted by robotic
workstations.

Figure 5. Organization
of a robotic
workstation.



Figure 6. Robot manipulator at a parts·insertion workstation.

The parts preparation and presentation feeders
were designed byengineers inthe Merrimack Valley Ma­
chine Design Department. All nonstandard components
are packaged bythe suppliers in tubes, to be fed from one
oftwo basic types offeeders, the rack or the turret. The
type offeeder is determined bycomponent shape and ori­
entation inthe tube. Components are singled outto a
walking-beam mechanism, which transfers parts through
lead-cutting, lead-straightening, and lead-verification oper­
ations and onto the lead-locating nest for robot pickup.

The feeders are located ona basethat contains
control electronics for up to four feeders. Each feeder is
controlled bya single-board computer and is interfaced to
the robot via three digital signals. Thefeeder indicates to
therobot when a part is ready for pickup and whether the
part is insertable or not. Therobot, afterclearing the
feeder, tells it to index the next component to the pickup
nest. The feeders are set ondowel pins forquick and accu­
rate positioning and are interchangeable between positions

ona base as well as from baseto base.
Each workstation in the cell contains one conveyor

module. Spare sections were purchased at the beginning of
the project to allow off-line integration. Workstations were
assembled and demonstrated inthe Merrimack Valley
Machine Construction shop and installed in the AIM shop
with no line downtime. Each station can be set to stop the
board for an operation or to pass the board through with­
outstopping it. Boards requiring assembly are positioned
over anelevator mechanism in the centerofthe station.
Themechanism lifts the board slightly and uses tooling
holes inthe circuit-board panel to locate the panel. Two
digital signals interface the conveyor to the workstation­
one to signal the robot that the board is ready for assembly
and the other to signal the conveyor to index the board to
the next station.

Simple end-of-arm tooling was also designed by
Merrimack valley engineers for five oftheworkstations.
The tooling allows for aninterchangeable vacuum nozzle
and calibration sensorand hasproved quite versatile. The
use ofvacuum nozzles to pick upcomponents offers sev­
eraladvantages. Thenozzles:
1. Require little or noclearance between components
2. Eliminate body-to-lead location tolerance problems
3. Are simple to design and maintain
4. Can handle a wide variety ofparts.

Compliance inthe end-of-arm tooling prevents
forcing the components onthe board; such forcing often
causes components notsecured to the board to bounce
out. Compliance also provides a means to sensewhether
the insertion attempt is successful. With straight leads, a
properly positioned component will notrequire any force to
insert. When a misinsertion occurs, a small force in the
upward direction is usedto move the vacuum tool upward.
Aflag onthe end-of-arm tool breaks a photoelectric-cell
beam, indicating that the leads did notgothrough the
board. The tooling design works well with a spiral search
pattern, which the robot usesifthe part fails to fall inon
the first attempt.

Vacuum cannot, however, handle all parts. For
example, partswith irregular or verysmall top surfaces
require a mechanical gripper. One station onthe AIM line
uses a servo gripper to insertbox-type capacitors. The
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gripper has its own controller and programming language
and communicates with the robot through a combination of
digital input/output and RS232C serial input/output.

Workstation Operation
All workstations are set upand monitored by a

machine operator. Experience has indicated thatone oper­
atorcan manage up to five workstations at a time. The
operator interfaces onall the workstations provide the
same information, although they differ somewhat intheir
physical design. TheAdept robots are operated by means
ofa cathode-ray tube (CRT) and keyboard. Through the
keyboard, the operator informs the station ofthe code to
be assembled, the components inthe feeders, and the con­
figuration ofthe feeders. On the new FWS-200, this
information is conveyed through a touch screen oneither
side ofthe controller. The touchscreen interface has
proven very reliable and preferable to the keyboard.

Parts feeders are operated through a control
panel, accessible from the front or back ofthe station. The
panel hason/off, reset, and manual index buttons for each
ofthe four possible feeders ona base. In addition, the
panel hasindicator lights for a feeder jam and for low-on­
partsand out-of-parts conditions for each ofthe feeders.

Once the station is running, operator attention is
required to keep the feeders loaded with parts, clear any
feeder jams, and generally monitor the workstation per­
formance. The robot insertsparts inorderbased on
feeder availability. Each component insertion is attempted
once, using a spiral search patternif necessary. If the com­
ponent fails to fall in, the miss is logged into a data file and
the part is placed ina reject box, butthe insertion is not
attempted again. The component will be placed inthe
board at the repair station down the line before soldering.
Components in the rejectbox are inspected, tested if nec­
essary, and usedto stock the repair station.

Design Objectives
The two principal design objectives that led to the

configuration ofthe current systems were modularity and
flexibility. These attributes were considered key inoptimiz­
ing system performance and allowing for future
implementation oftechnical developments. Modularity was
designed into the workstation by separating the control of

components and by keeping the communication between
them simple. As a result, none ofthe component brands is
essential to the station design.

For example, even afteranin-depth study ofcom­
mercial robots to select the best one available for the
application, a new and better robot became available after
the first station had beenbuilt and installed. Because of
the system's modular design, it was possible to switch to
the new robot, which was more reliable and faster, with
very little additional design effort.

Moreover, the modular workstation design has
allowed Merrimack Valley to participate inperformance
studies ofrobots developed bythe ERCIMDC. Feeders
and a conveyor section were supplied to the ERCIMDC as
standard workstation components, interfaced to the ERC/
MDC manipulator, and theninstalled as a system inthe
AIM line.

Workstation flexibility proved to be animportant
factor in the ability to adapt to a changing product design.
Not only are individual codes ofthe product family chang­
ing (components removed, added, and moved) but entirely
new product families have beenadded to the AIM line. The
changing product mix hasnotbeena problem because of
the high degree offlexibility ofthe workstation realized
through:
- Interchangeability offeeders
- Using a workspace calibration sensor
- Software development.

Typically in robotic workstation design, the chal­
lenge is to utilize fully the robot's flexibility without
outrageous hard-tooling expense. Themajor design chal­
lenge inthe Merrimack Valley workstation for component
insertion was in the component feeder part ofthe system.
Flexibility was achieved bymaking feeders interchange­
able, connectorized, and doweled inposition for quick
changes inline configuration. It hasbeen possible to shift
feeders among stations, allowing maximum usage ofeach
station, without slowing the line byputting intoomany
components at anyone station.

Another major factor indetermining workstation
flexibility is the calibration routine. The vacuum nozzle can
be replaced with aninfrared reflective sensor that the
robot usesto scan for the edges ofthe component presen­
tation nestoneach feeder. These points are used to set up



a reference frame for each nest. Edges ofa "golden" board
positioned on the conveyor tooling pins are found in the
same manner, and a frame is set upfor the board with the
origin at the circuit-board datum.

The benefits ofthissimple and quick calibration
routine have beensignificant. First, identifying the location
ofthe circuit-board datum, which is notphysically located
onthe circuit board, facilitates the use ofraw CAD data as
received from the drafting system. Secondly, the calibra­
tion routine eliminates the need for anoperator or
engineer to teach precise pickup and placement points,
using the robot's teach pendant. Teaching precise points
by moving the robot around with a teach pendant is a tedi­
ous, time-consuming task. Compounding this effort by
multiple robot workstations ina workcell renders thejob
unreasonable. Since it often requires that the teacher
move into the robot's work envelope to better see its posi­
tion, the job also requires greatcaution. By eliminating the
need to teach precise points, the calibration routine has
greatly improved the workstations' utility onthe factory
floor.

The program software ofeach ofthe six Adept
robots on-line is identical, which also helps to maximize
the stations' flexibility. The software requires the operator
to set up the feeder configuration and input circuit-board
code information. The program thenreferences a CAD
database onthe local 3B2 computer or, ifthat link fails,
reads the information from its own system disk. Therobot
searches the CAD file to find a match between what is
available in the feeders and what is required to assemble
the board.

Each CAD file contains anx,y location ofthe com­
ponent center relative to the board datum, a component
orientation (given as 0, 1, 2, or 3), and the reference des­
ignator (such as R13 or K2). Anadditional file, created by
Engineering, contains otherrequired data such as compo­
nentheight, part orientation infeeder, and required robot
wristorientation to pick upthe part. With this information,
along with board and feeder position, the robot can assem­
ble any product.

The FWS-200 runs a user program modeled after
the one running onthe Adept units butina different lan­
guage, MRL. Similarities in the language and use ofthe
same CAD and engineering data structures minimize the

problem ofhaving two different kinds ofrobots onthe
same line.

Design Constraints
Lack ofexperience with robots resulted insome

design objectives thatproved to be constraints ratherthan
necessities. For example, therewas concern regarding
how reliable the robot would be ina manufacturing envi­
ronment over the life ofthe installation. Therefore, it was
decided thatit should be possible to operate the station
manually incase the robot failed. Ahuman operator could
perform the taskby picking upcomponents from the same
feeders the robot used. In the event ofa robot failure, an
operator could occupy a robotic station, allowing the line to
continue inoperation.

For thisreason, the robot and feeders were
arranged about the conveyor insuch a way that the station
could be manually operated without removing the robot.
Experience so farhasshown, however, that inmost
instances it is a feeder that fails in the workstation, not the
robot. Thus, the objective proved unnecessary and con­
straining since the feeders could have beenbetter
arranged for maintenance accessibility and more feeders
could have beenmade accessible to the robot ifthe station
were designed for automatic operation only.

Abetter approach, in retrospect, would have been
to provide extramanual stations, while more fully utilizing
the robot's work envelope with more than four feeders.
This way, feeders could have been moved around incase of
a robot failure and manual stations could have been used in
case offeeder failures. Because ofthe higher feeder-to­
robot ratio, fewer robot stations would be needed so that
the additional manual stations would nothave increased the
overall length ofthe line.

Conclusions
Theapplication ofrobotic technology to compo­

nentinsertion tasksis expected to improve quality,
increase test yields, and maintain flexibility while reducing
direct labor costs. Themain barriers to realizing these
goals are:
- Insertion reliability
- Workstation cost
- Utility onfactory floor.
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The insertion reliability that should be expected
with a robotic insertion workstation was virtually unknown
before the first station was installed in the AIM line. A
number ofvariables affect the frequency with which a
robot is able to successfully inserta component onthe first
try. These factors include component lead location and
board location tolerances, robot repeatability, and robot
accuracy. Although approaches such as retry and search
patterns can be usedto improve insertion reliability, both
have a negative impact the insertion cycle.

On the basis ofdata collected from the installed
stations, insertion reliability at each station is approxi­
mately 99percent. This assumes thata search pattern is
usedifthe part misses the holes at first, butno retry ifthe
part still does notgoin. Some components have been more
difficult to insert than others, depending onthe shape of
the leads, shape ofthe component body, and the lead-to­
hole clearance. The goal for insertion reliability of99.9
percent is being pursued through better component design,
component packaging, board layout, and improved end-of­
armtooling.

At the outsetofthe project, a targetcostwas set
for a workstation that could operate as efficiently as an
operator performing the same task. Thegoal was to design
the station with as much flexibility as thiscostwould allow.
For a workstation to handle even close to the variety of
work anoperator does onthe line, numerous and/or very
flexible partsfeeders are required. These increase the
overall workstation cost.

Cost reduction effort, then, hasfocused onthe
feeder design. Working with component vendors, we have
made progress inimproving component quality with
respect to insertability. This hasfacilitated the elimination
ofthe walking-beam part ofthe feeder design. Compo­
nents can still be straightened, when necessary, byhaving
the robot place the component inanactive lead-straighten­
ing nest. It is believed that, without sacrificing insertion
reliability, the simplified version ofthe feeders could be
used to present components to the robot. This would
result ina four-feeder robot station for less than the origi­
nal targetcost. Aside benefit ofthe development work has
been a fasteraverage cycle time, from four components in
16seconds to eight in16seconds.

Finally, it has been demonstrated thatmultiple
workstations can be operated easily bya single machine
operator. Simplifying the feeders has affected the amount
ofattention the stations require by reducing minor mainte­
nance problems. Generally speaking, the workstations
have beenwell received bythe machine operators onthe
AIM line.

In conclusion, the use ofa robot workstation as a
flexible component insertion machine is both feasible and
attractive. Much hasbeen learned from the design, inte­
gration, and installation ofthe workstations onthe AIM
line. Although the design ofa new station would look very
different from those currently installed, the stations on
line continue to assemble boards and allow further explora­
tion ofthe capabilities ofrobotic technology and the effects
ofimproved product design, component design, and com­
ponent packaging. Further, aneven more flexible station
with, for example, 50feeders accessible to a robot armis
certainly technically possible and potentially economically
advantageous.
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