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Introduction to Manufacturing Systems J

We define a manufacturing system to be a collection of integrated equipment and human resources,
whose function is to perform one or more processing and/or assembly operations on a starting raw
material, part, or set of parts. The integrated equipment includes production machines and tools,
material handling and work positioning devices, and computer systems. Human resources are required
either full time or periodically to keep the system running. The manufacturing system is where the value-
added work is accomplished on the part or product.

1.1 COMPONENTS OF A MANUFACTURING SYSTEM

A manufacturing system consists of several components. In a given system, these components usually
include:

@ production machines plus tools, fixtures, and other related hardware

@ material handling system

@ computer systems to coordinate and/or control the above components

@ human workers
1.1.1 Production Machines

In virtually all modem manufacturing systems, most of the actual processing or assembly work is
accomplished by machines or with the aid of tools. The machines can be classified as (1) manually
operated, (2) semi-automated, or (3) fully automated. Manually operated machines are directed or
supervised by a human worker. The machine provides the power for the operation and the worker provides
the control. Conventional machine tools (e. g. lathes, milling machines, drill presses) fit into this
category. The worker must be at the machine continuously.

A semi-automated machine performs a portion of the work cycle under some form of program control,
and a human worker tends to the machine for the remainder of the cycle, by loading and unloading it or
performing some other task each cycle. (1] In these cases, the worker must attend to the machine every
cycle, but continuous presence during the cycle is not always required. If the automatic machine cycle
takes, say, 10 min, while the part unloading and loading portion of the work cycle only takes 1 min,
then there may be an opportunity for one worker to tend more than one machine. (2]

What distinguishes a fully automated machine from its semi-automated cousin is its capacity to
operate for extended periods of time with no human attention. By extended periods of time, we generally
mean longer than one work cycle. A worker is not required to be present during each cycle. Instead, the




worker may need to tend the machine every tenth cycle or every hundredth cycle.

In manufacturing systems, we use the term workstation to refer to a location in the factory where
some well-defined task or operation is accomplished by an automated machine, a worker-and-machine
combination, or a worker using hand tools and/or portable powered tools. [} A given manufacturing
system may consist of one or more workstations. A system with multiple stations is called a production

line, or assembly line, or machine cell, or other name, depending on its configuration and function.

1.1.2 Material Handling System

In most processing and assembly operations performed on discrete parts and products, the following
ancillary functions must be provided: (1) loading and unloading work units and (2) positioning the
work units at each station. In manufacturing systems composed of multiple workstations, a means of (3)
transporting work units between stations is also required. These functions are accomplished by the
material handling system. In many cases, the units are moved by the workers themselves, but more often
some form of mechanized or automated material transport system is used to reduce human effort. Most
material handling systems used in production also provide (4) a temporary storage function. The purpose
of storage in these systems is usually to make sure that work is always present for the stations, that is,
that the stations are not starved.

Loading, Positioning, and Unloading.  These material handling functions occur at each
workstation. Loading involves moving the work units into the production machine or processing equipment
from a source inside the station. For most processing operations, especially those requiring accuracy and
precision, - the work unit must be positioned in the production machine. Positioning provides for the part
to be in a known location and orientation relative to the workhead or tooling that performs the operation.
Positioning in the production equipment is often accomplished using a workholder. A workholder is a
device that accurately locates, orients, and clamps the part for the operation and resists any forces that
may occur during processing. Common workholders include jigs, fixtures, and chucks. When the
production operation has been completed, the work unit must be unloaded, that is, removed from the
production machine and either placed in a container at the workstation or prepared for transport to the next
workstation in the processing sequence.

When the production machine is manually operated or semi-automatic, loading, positioning, and
unloading are performed by the worker either by hand or with the aid of hoist. In fully automated stations,
a mechanized device such as an industrial robot, part feeder, coil feeder (in sheet metal stamping), or
automatic pallet changer is used to accomplish these material handling functions.

Work Transport Between Stations. In the context of manufacturing system, work transport means
moving parts between workstations in a multi-station system. The transport function can be accomplished
manually or by the most appropriate material transport equipment.

In some manufacturing systems, work units are passed from station to station by hand. Manual work
transport can be accomplished by moving the units one at a time or in batches. Manual work transport is
limited to cases in which the parts are small and light, so that the manual labor is ergonomically
acceptable. When the load to be moved exceeds certain weight standards, powered hoists and similar lift



equipment are used. Manufacturing systems that utilize manual work transport include manual assembly
lines and group technology machine cells.

Various types of mechanized and automated material handling equipment are widely used to transport
work units in manufacturing systems. We distinguish two general categories of work transport, according
to the type of routing between stations: (1) variable routing and (2) fixed routing. In varigble routing ,
work units are transported through a variety of different station sequences. This means that the
manufacturing system is processing or assembling different work units. Variable routing transport is
associated with job shop production and many batch production operations. Manufacturing systems that
use variable routing include group technology machine cells and flexible manufacturing systems. In fixed
routing, the work units always flow through the same sequence of stations. This means that the work
units are identical or similar enough that the processing sequence is identical. Fixed routing transport is
used on production lines. The difference between variable and fixed, routing is. portrayed in Figure 1.1.

Arrows indicate :
work flow Workstations

/

Starting Completed
work units / work units

2)
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00— =~ |- o000
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Figwre 1.1 Types of routing in multiple station manufacturing systems
a)variable routing b)fixed routing

Pallet Fixtures and Work Carriers in Transport Systems. - Depending on the geometry of the
work units and the nature of the processing and/or assembly operation to be performed, the transport
system may be designed to accommodate some form of pallet fixture. A pallet fixturé is a workholder that
is designed to be transported by the material handling system. The part is accurately attached to the
fixture on the upper face of the pallet, and the under portion of the pallet is designed to be moved,
located, and clamped in position at each workstation in the system. Since the part is accurately located in
the fixture, and the pallet is accurately clamped at the station, the part is therefore accurately located at
each station for processing or assembly. Use of pallet fixtures is common in automated manufacturing
systems, such as single machine cells with automatic pallet changers, n-ansfei-liﬂes, and automated
assembly systems.

The fixtures can be designed with modular features that allow them to be used for different workpart
geometries. By changing components and making adjustments in the fixture, variations in part sizes and
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shapes can be accommodated. These modular pallet fixtures are ideal for use in flexible manufacturing
systems.

Alternative methods of workpart transport avoid the use of pallet fixtures. Instead, parts are moved
by the handling system either with or without work carriers. A work carrier is a container that holds one
or more part can be moved in the system. Work carriers do not fixture the part(s) in an exact position.
Their role is simply to contain parts during transport. When the parts arrive at the desired destination,
any locating requirements for the next operation must be satisfied at that station.

An altemative to using pallet fixtures or work carriers is direct transport, in which the transport
system is designed to move the work unit itself. The obvious benefit of this arrangement is that it avoids
the expense of pallet fixtures or work cariers as well as the added cost of providing for their retum to the
starting point in the system for reuse. In manually operated manufacturing systems, direct transport is
quite feasible, since any positioning required at workstations can be accomplished by the worker. In
automated manufacturing systems, in particular systems that require accurate positioning at workstations,
the feasibility of direct transport depends on the part’ s geometry and whether an automated handling
method can be devised that is capable of moving, locating, and clamping the part with sufficient precision
and accuracy. Not all part shapes allow for direct handling by a mechanized or automated system.

1.1.3 Computer Control System

In today’s automated manufacturing systems, a computer is required to control the automated and
semi-automated equipment and to participate in the overall coordination and management of the
manufacturing system. Even in manually driven manufacturing systems, such as a completely manual
assembly line, a computer system is useful to support production. Typical computer system functions
include the following:

@ Communicate instructions to workers .

@ Download part programs to computer-controlled machines (e. g. CNC machine tools)

@ Material handling system control. @ Schedule production. @ Failure diagnosis.

@ Safety monitoring . @ Quality control . @ Operations management

1.1.4 Human Resources

In many manufacturing systems, humans perform some or all of the value-added work that is
accomplished on the parts or products. In these cases, the human workers are referred to as direct labor .
Through their physical labor, they directly add to the value of the work unit by performing manual work
on it or by controlling the machines that perform the work. In manufacturing systems that are fully
automated, direct labor is still needed to perform such activities as loading and unloading parts to and
from the system, changing tools, resharpening tools, and similar functions.*) Human workers are also
needed for automated manufacturing systems to manage or support the system as computer progfammers,
computer operators, part programmers for CNC machine tools, maintenance and repair personnel, and
similar indirect labor tasks. In automated systems, the distinction between direct and indirect labor is not

always precise.



1.2 CLASSIFICATION OF MANUFACTURING SYSTEMS

In this section, we explore the variety of manufacturing system types and develop a classification
scheme based on the factors that define and distinguish the different types. The factors are: (1) types of
operations performed, (2) number of workstations and system layout, (3) level of automation, and (4)

part or product variety.
1.2.1 Types of Operations Performed

First of all, manufacturing systems are distinguished by the types of operations they perform. At the
highest level, the distinction is between (1) processing operations on individual work units and (2)
assembly operations to combine individual parts into assembled entities. Beyond this distinction, there are
the technologies of the individual processing and assembly operations.

Additional parameters of the product that play a role in determining the design of the manufacturing
system include: type of material processed, size and weight of the part or product, and part geometry.

1.2.2 Number of Workstations and System Layout

The number of workstations is a key factor in our classification scheme. It exerts a strong influence
on the performance of the manufacturing system in terms of production capacity, productivity, cost per
unit, and maintainability. Let us denote the number of workstations in the system by the symbol n. The
individual stations in a manufacturing system can be identified by the subscript i, where { = I, 2,---,
n. This might be useful in identifying parameters of the individual workstations, such as operation time or
number of workers at a station.

The number of workstations in the manufacturing system is a convenient measure of its size. As the
number of stations is increased, the amount of work that can be accomplished by the system increases.
This translates into a higher production rate, certainly as compared with a single workstation’s output, but
also compared with the same number of single stations working independently. There must be a synergistic
benefit obtained from multiple stations working in a coordinated manner rather than independently;
otherwise, it makes more sense for the stations to work as independent entities. The synergistic benefit
might be derived from the fact that the totality of work performed on the part or product is too complex to
engineer at a single workstation. There are too many individual tasks to perform at one workstation. By
assigning separate tasks to individual stations, the task performed at each station is simplified.

More stations also mean that the system is more complex and therefore more difficult to manage and
maintain. The system consists of more workers, more machines, and more parts being handled. The
logistics and coordination of the system becomes more involved. Maintenance problems occur more
frequently.

Closely related to number of workstations is the arrangement of the workstation, that is, the way the
stations are laid out. This, of course, applies mainly to systems with multiple stations. Are the stations
arranged for variable routing or fixed routing? Workstation layouts organized for variable routing can have




a variety of possible configuration, while layouts organized for fixed routing are usually arranged linearly,
as in a production line. The layout of stations is an important factor in determining the most appropriate
material handling system.

Our classification scheme is applicable to manufacturing systems that perform either processing or
assembly operations. Although these operations are different, the manufacturing systems to perform them
possess similar configurations. According to number of stations and the layout of the stations, our
classification scheme has three levels:

Type 1 Single station. This is the simplest case, consisting of one workstation (n = 1), usually
including a production machine that can be manually operated, semi-automated, or fully automated.

Type I Multiple stations with variable routing . This manufacturing system consists of two or more
stations (n > 1) that are designed and arranged to accommodate the processing or assembly of different
part or product styles.

Type Il Multiple stations with fived routing . This system has two or more workstations (n > 1),

which are laid out as a production line.
1.2.3 Level of Automation

The level of automation is another factor that characterizes the manufacturing system. As defined
above, the workstations ( machines) in a manufacturing system can be manually operated, semi-
automated, or fully automated.

Manning Level.  Closely correlated with the level of automation is the proportion of time that
direct labor must be in attendance at each station. The manning level of a workstation, symbolized M;, is
the proportion of time that a worker is in attendance at the station. If M; =1 for station i, it means that
one worker must be at the station continuously. If one worker tends four automatic machines, then M, =
0.25 for each of the four machines, assuming each machine requires the same amount of attention. On
portions of an automobile final assembly line, there are stations where multiple workers perform assembly
tasks on the car, in which case M; =2 or 3 or more. In general, high values of M;( M;=1) indicate
manual operations at the workstation, while low values (M; < 1) denote some form of automation.

The average manning level of a multi-station manufacturing system is a useful indicator of the direct
labor content of the system. Let us define it as follows:

n
w, + Z w;
i=1 w

M=s—-2F—_ 2
n n

where M = average manning level for the system; 0, = number of utility workers assigned to the system;
w; = number of workers assigned specifically to station i, for i =1, 2,*-, n; and w = total number of
workers assigned to the system. Utility workers are workers who are not specifically assigned to individual
processing or assembly stations; instead they perform functions such as: (1) relieving workers at stations
for personal breaks, (2) maintenance and repair of the system, (3) tool changing, and (4) loading and/
or unloading work units to and from the system. Even a fully automated multi-station manufacturing

system is likely to have one or more workers who are responsible for keeping it running.



Automation in the Classification Scheme. Including automation in our classification scheme, we
have two possible automation levels for single stations and three possible levels for multi-station systems.
The two levels for single stations (type I) are: M = manned station and A = fully automated. The manned
station is identified by the fact that one or more workers must be at the station every cycle. This means
that any machine at the station is manually operated or semi-automatic and that manning is equal to or
greater than one (M =1). However, in some cases, one worker may be able to attend more than one
machine, if the semi-automatic cycle is long relative to the service required each cycle of the worker
(thus, M <1). A fully automated station requires less than full-time attention of a worker (M <1). For
multi-station systems (types I and I ), the levels M and A are applicable, and a third level is
possible: H = hybrid, in which some stations are manned and others are fully automated. Listing the
alternatives, we have the following:

Type I M  Single-station manned cell. (n=1, w=1)

Type [ A Single station automated cell. (M < 1)

Type IM  Mulii-station manual system with variable routing .

Type 1A Multi-station automated system with variable routing. (n>1, w;=0,M < 1)

Type 1 H Mulii-station hybrid system with variable routing .

Type M  Multi-station manual system with fixed routing. (n>1,w;=1)

Type WA  Multi-station automated system with fixed routing. (n>1, w; =0, M<1)

Type IH  Mulii-station hybrid system with fixed routing. (n > 1, w; =1 for some stations , w; =
0 for other stations, M >0)

1.2.4 Part or Product Variety

A fourth factor that characterizes a manufacturing system is the degree to which it is capable of
dealing with variations in the parts or products it produces.'>] Examples of possible variations that a
manufacturing system may have to cope with include:

@ variations in type and/or color of plastic of molded parts in injection molding

@ variations in electronic components placed on a standard size printed circuit board

@ variations in the size of printed circuit boards handled by a component placement machine

@ variations in geometry of machined parts

@ variations in parts and options in an assembled product on a final assembly line.

In this section, we borrow from the terminology of assembly lines to identify three types of
manufacturing systems, distinguished by their capacity to cope with part or product variety. ,We then
discuss two ways in which manufacturing systems can be endowed with this capability.

Model Variations ; Three Cases. Manufacturing systems can be distinguished according to their
capability to deal with variety in the work units produced. Temminology used in assembly line technology
can be applied here. Three cases of part or product variation in manufacturing systems are distinguished:
(1) single model, (2) batch model, and (3) mixed model. The three cases can be identified by letter,
S, B, and X, respectively. The typical level of product variety can also be correlated with the three

categories.




In the single model case, all parts or products made by the manufacturing system are identical .
There are no variations. Fixed automation in single model systems is common.

In the batch model case, different parts or products are made by the system, but they are made in
batches because a changeover in physical setup and/or equipment programming is required between
models. Changeover of the manufacturing system is required because the differences in part or product
style are significant enough that the system cannot cope unless changes in tooling and programming are
made. It is a case of hard product variety. The time needed to accomplish the changeover requires the
system to be operated in a batch mode, in which a batch of one product style is followed by a batch of
another, and so on.

In the mixed model case, different parts or products are made by the manufacturing system, but the
system is able to handle these differences without the need for a changeover in setup and/or program.
This means that the mixture of different styles can be produced continuously rather than in batches. The
requirement for continuous production of different work unit styles is that the manufacturing system be
designed so that whatever adjustments need to be made from one part or product style to the next, these
adjustments can be made quickly enough that it is economical to produce the units in batch sizes of
one . ¢!

Flexibility in Manufacturing Systems . Flexibility is the term used for the attribute that allows a
mixed model manufacturing system to cope with a certain level of variation in part or product style without
interruptions in production for changeovers between models. Flexibility is generally a desirable feature of
a manufacturing system. Systems that possess it are called flexible manufacturing systems, or flexible
assembly systems, or similar names. They can produce different part styles or can readily adapt to new
part styles when the previous ones become obsolete. To be flexible, a manufacturing system must possess
the following capabilities:

@ Identification of the different work units.

@ Quick changeover of operating instructions .

@ Quick changeover of physical setup .

Reconfigurable Manufacturing Systems. In an era when new product styles are being introduced
with ever-shortening life cy.cl%, the cost of designing, building, and installing a new manufacturing
system every time a new part or product must be produced is becoming prohibitive, both in terms of time
and money.m One altemnative is to reuse and reconfigure components of the original system in a new
manufacturing system. In modem manufacturing engineering practice, even single model manufacturing
systems are being built with features that enable them to be changed over to new product styles when this
becomes necessary. These kinds of features include:

@ Ease of mobilit;f . Machine tools and other production machines designed with a three-point base
that allows them be readily lifted and moved by a crane or forklift truck. The three-point base facilitates
leveling of the machine after moving.

@ Modular design of system components. This permits hardware components from different machine
builders to be connected together.

@ Open architecture in computer controls . This permits data interchange between software packages



from different vendors.

@ CNC workstations . Even though the production machines in the system are dedicated to one
product, they are nevertheless computer numerical controlled to allow for upgrades in software,
engineering changes in the part currently produced, and changeover of the equipment when the production

run finally ends. (8]
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1. A semi-automated machine performs a portion of the work cycle under some form of program control,

and a human worker tends to the machine for the remainder of the cycle, by loading and unloading it



or performing some other task each cycle.
e THERSR I —E04y (RHFIEL), 2k ESHLEERFRF MR TEtr, W e TAEE3
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4] performs Fl tends to 33 F1i8i5, by loading and unloading it or performing some other task
each cycle 7E/A] gl FORE

. If the automatic machine cycle takes, say, 10 min, while the part unloading and loading portion of the
work cycle only takes 1 min, then there may be an opportunity for one worker to tend more than one
machine.
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w—sraatial, WARENES—TTARE—EL LA

B S RE AT, say ZE4) P TR R HINENT, TTHEURN W0, BWEN", AT
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. In manufacturing systems, we use the term workstation to refer to a location in the factory where some
well defined task or operation is accomplished by an automated machine, a worker—and—machme

combination, or a worker using hand tools and/or portable powered tools.
EHERGES, EATANX-RE, BHENREL NWE-FEXEANH BT,
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B E‘Jﬂ’:%ﬁﬁﬂ?o
A H “refer to” %uﬁ “YeW R, BRR", “whee” 5IHEEMNFA, A5 “an
automated machine”, “a worker-and-machine combination” F1 “a worker using hand tools and/or

portable powered tools” Ry 3EFUALAT, Ao ARE

. In manufacturing systems that are fully automated, direct labor is still needed to perform such
activities as loading and unloading parts to and from the system, changing tools, resharpening tools,
and similar functions.

L EFBERE S, PABTEEE Y, TRWTES: ARG LHZENARSE LHH.
FHIIH ., TTREEUREUKES.

WAIH M ETFRSH “direct labor is still needed”, HJH, “that are fully automated,” 5
“systems” BISEIR, “to pedorm---" ZEA)PH KARIE, HH, “loading and unloading”
“changing” 1 “resharpening” JAFHFIB 5T o

. A fourth factor that characterizes a manufacturing system is the degree to which it is capable of dealing
with variations in the parts or products it produces.

AR R A 6 O I R B R 2 R R RE A B B A P I A e B R
WARMETH “A fourth factor is the degree”, 4}H, “that characterizes a manufacturing system”
#8 factor ) SEE, I to which it is capable of dealing with variations in the parts or products it
produces. J75EiE M) the degreeo

. The requirement for continuous production of different work unit styles is that the manufacturing system
be designed so that whatever adjustments need to be made from one part or product style to the next,
these adjustments can be made quickly enough that it is economical to produce the units in batch sizes

of one.
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. In an era when new product styles are being introduced with ever-shortening life cycles, the cost of
designing, building, and installing a new manufacturing system every time a new part or product must
be produced is becoming prohibitive, both in terms of time and money.
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. Even though the production machines in the system are dedicated to one product, they are nevertheless
computer numerical controlled to allow for upgrades in software, engineering changes in the part
currently produced, and changeover of the equipment when the production run finally ends.
RERZFHNSRERATE TR, RMETREHTENEIEN, SEIKGNTE.
IEEEFHNFHN TRERURA T BITRAT RGN EE TR,
BAITE ik ARTE M A], B Even though 51, AJH “to allow for-" A E R M HHR
&, 28R “H.- HFIR#H K", HIJG “upgrades in sofiware”, “engineering changes in the
part currently produced”, “changeover of the equipment” X354,




