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The need to manufacture accurate and inexpensive components in small batches has spurred the development of
flexible manufacturing systems (FMSs). This paper reviews the basic components of FMSs and describes efforts
currently underway at Carnegie-Mellon University to create an autonomous machine tool for the factory of the
future. The machine tool would operate under computer control for part handling (manipulation), part fixturing, and
metal cutting. This work argues for model-based engineering approaches integrated with expert systems that attempt
to encapsulate the craftsmanship skills of human expert machinists.

INTRODUCTION

During the last decade, the United States and other
Western industrial nations have experienced a signifi-
cant lag in productivity. In these traditionally manu-
facturing-based economies, there has been a shift away
from mass-production and toward the production of
items in small batches, e.g. from 1 to 100 items. The
prominence of batch manufacturing is evident in
many industries, including the aerospace industries.
Its importance is even being felt by industries with
strong historical connections to mass-production such
as the automotive industries. Pressure to offer more
consumer choice has prompted smaller batches and
rapid turn-around production of many items.

Batch manufacturing relies upon the skill of the
human worker to achieve the flexibility required to get
“a good first part right the first time”. Yet, today there
is a nationwide shortage of skilled craftsmen, includ-
ing expert machinists, and projections based on
apprenticeship appointments point to further dwin-
dling numbers. To be a competitive manufacturing
power, the United States must make automating the
operations of batch manufacturing a high national
priority.

In the past, industries have embraced hard automa-
tion, a key feature of mass production. In hard auto-
mation, there is emphasis on throughput (a time
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domain variable, i.e. number of items per time) and on
accuracy, but not on flexibility. In contrast, the goal of
flexible manufacturing is to offer flexibility without
sacrificing accuracy, while hopefully maintaining
throughput. Throughput, though, is not the principal
goal, and industry today could be very competitive if
its factories excelled in producing accurate parts with
flexible manufacturing but could do so only in me-
dium size lots.? In the factory of the future, machine
tools will balance the requirements of throughput,
accuracy, and flexibility.

In the Flexible Manufacturing Laboratory at Car-
negie-Mellon University (Fig. 1) research is being
conducted to create a factory floor machine tool that
would offer flexibility and accuracy. This intelligent
machine tool would operate unattended and would
function as a robotic part-handling device, flexible
fixture, and automated tooling system for batch ma-
chining of metal parts of medium size.

Flexible manufacturing systems

Flexible manufacturing systems (FMSs) or cells
represent efficiently grouped machine tools for batch
manufacturing. The early applications in the late
1960s consisted of only one or two hard-wired ma-
chines with simple conveyor systems. During the
1970s, computer control enabled the design of larger
systems with different machines carrying out a variety
of processes (e.g. machining, grinding, measuring).
Today, FMSs typically consist of several machines
coupled by sensor-based robots and controlled by an
integrated computer system. Users of such systems
realize that individual machine tools must be
equipped with reliable and rugged sensors and the
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Fig. 1. The flexible manufacturing laboratory at Carnegie-Mellon.

host software must be responsive to unexpected
problems.” Only then can larger autonomous systems
be installed that will operate unattended for long
periods. In the factory of the future, batch manufactur-
ing will require some component of reflexive adapta-
tion to a host of short-term minor disturbances. There
will be a balance between ‘proactive’ and ‘reactive’
strategies to account for factors that work against any
predetermined plan.

Over the last decade, many industries have realized
the need of modern manufacturing to react quickly
and economically to changing market demands. There
has been widespread advertisement of major indus-
tries installing FMSs. Some of these systems have
failed because of incompatibility of devices (machine
tools, robots, etc. from different vendors). Some have
failed for lack of appropriate software orchestrating
the equipment. (Recently, promising strides in the area
of governing information flow in manufacturing cells
have been made at Carnegie-Mellon by the develop-
ment of the Cell Management Language, CML.')

Successful systems seem to limit variability dramati-
cally, i.e. they make the machining processes as deter-
ministic as possible. For example, feed rates and
machine tool speeds are set conservatively in an
attempt to make the cutting process predictable; in-
coming parts are closely screened for anomalies so
that the stock removal process may be more predict-
able; part material is constrained to a limited range of
surface grades and prefabrication forms; schedules are
carefully selected to provide a match between the
parts in the queues and the desired running time; and
part programs are painstakingly debugged during
fully manned operations. In short, successful systems
operate within constraints that limit flexibility.
Furthermore, many of the implementations are effi-
cient only for large batch sizes and for accuracies less
than 0.005 in (which compares to accuracies attain-
able by human machinists on the order of 0.0002 in
commonplace today).

To create a flexible, autonomous factory, human
experience and manual dexterity must be understood






