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Material handling is defined by the Material Handling Industry of America' as"the move-
ment, storage, protection and control of materials throughout the manufacturing aad dis-
tribution process including their consumption and disposal” [5). The handling of materials
must be performed safely, efficiently. at Jow cost, in a timely manner. accurately (the right
materials in the right quantities to the right locations), and without damage to the materi-
als. Material handling is an important yet often overlooked issue in production. The cost
of material handling is a significant portion of total production cost, estimates averaging
around 20-25% of total manufacturing labor cost in the United States [1]. The proportion
varies, depending on the type of production and degree of automation in the material han-
dling function.

in this part of the book, we discuss the types of material handling equipment used in
production systems The position of material handling in the larger production system is

""The Material Handling Tndustry of America (MHIA) is the trade association for material handling com-
panies that do business in North America. The definition is published in their Annual Report each year [5].
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Figure 9.1 Material handfing in the production system.

shown in Figure 9.1, Material transport equipment is surveyed in Chapter 10, Storage sys-
tems are discussed in Chapter 11. And material identification and tracking are described
in Chapter 12. In addition, several kinds of material handling devices are discussed in other
chapters of the text, including: industrial robots used for material handling (Section7.5.1),
pallet shuttles in NC machining centers (Section 14.2.2), conveyors in manual assembly
lines (Section 17.1.2), transfer mechanisms in automated transfer lines {Section 18.1.2),
and parts feeding devices in automated assembly (Section 19.1.2).

This opening chapter serves as an introduction to the subject of material handling.
Here we discuss some of the general considerations and principles that are useful in de-
signing and managing material handling systems. Let us begin by defining the various types
of material handling equipment.

OVERVIEW OF MATERIAL HANDLING EQUIPMENT

A greatvatiety of material handling equipment is available commercially. Material handling
equipment includes: (1) transport equipment, (2) storage systems, (3) unitizing equipment,
and (4) identification and wracking systems.

Material Transport Equipment. Matcrial traasport includes equipment that is
used to move materials inside a factory, warehouse, or other facility. This equipment can
be divided into the following five categories, illustrated in Figure 9.2:

(a) Industrial trucks Industrial trucks divide info two types: non-powered and powered.
Nonpowered trucks are platforms or containers with wheels that are pushed or pulled
by human workers to move materials. Powered industrial trucks are steered by human
workers. They provide mechanized movement of materials.

(b) Auntomared guided vehicles (AGVs). AGVs are battery-powered, automatically steered
vehicles that follow defined pathways in the floor. The pathways are unobtrusive.
AGVs are used to move unit loads between load and unload stations in the facility.
Routing variations are possible, meaning that different loads move between differ-
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Figure 9.2 Examples of the five basic types of material handling
cquipment: {a) fork lift truck, industrial truck, (b} unit load auto-
mated guided vehicle, (c) monorail, (d) roller conveyor. and (e} jib
crane with hoist.

cnt stations. They are usnally interfaced with other systems to achieve the full bene-
fits of integrated automation.

Monorails and other rail guided vehicles. These are self-propelled vehicles that ride
on a fixed rail system that is cither on the floor or suspended from the ceiling, The
vehicles operate independently and are usually driven by electric motors that pick up
power from an electrified rail. Like AGVs, routing variations are possible in rail-guid-
cd vehicle systems.

Conveyors. Conveyors constitule a large family of material transport equipment that
are designed to move materials over fixed paths, generally in Jarge quantities or vol-
umes. Examples include roller, belt. and tow-line conveyors. Conveyors can be ei-
ther powered or nonp | Powered yors are distinguished from other types
of powered material transport cquipment in that the mechanical drive system is built
into the fixed path. Nonpowered conveyors are activated either by human workers
or by gravity.

Craney and hoisis. Thesc are handling devices for lifting, lowering, and transporting
materials, often as very heavy loads. Hoists accomplish vertical lifting; both manual-
ly operated and powered types are available. Cranes provide horizontal travel and
generally include one or more hoists.
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In addition to the equipment types listed here, which are discussed in greater detait in
Chaptcr 10, there are many kinds of transpost equipment that move materials outside the
factory or warehouse, including highway tractor-trailer trucks, railway trains, cargo aircraft,
ships, and barges.

Storage Systems.  Although it is generally desirable to reduce the storage of ma-
terials in manufacturing, it seems unavoidable that raw materials and work-in-process will
spend some time being stored, even if only temporarily. And finished products are likely
to spend some time in a warchouse or distribution center befere being delivered 10 mc
final customer. must give i ion to the most app:
methods far storing materials and products prior to, during, and after manufacture. Stor-
age methods and equipment can be classified as follows:

(a) Bufk storage. This consists of simply storing materials in an open floor area, gener-
ally in palfet loads or other containers. [t requires little or no storage equipment.
(b) Rack systems. Rack systems are structurat frames designed to stack unit loads verti-
caily, thus increasing the vertical storage efficiency compared to bulk storage.

) Shelving and bins. Steel shelving comes in standard widths, depths, and heights to
serve a variety of storage requirements. Shelves can include bins, which are contain-
ers for loose items.

Drawer storage. This storage medium is more costly than shelves, but it is more con-
venient. Finding items stored in shelves can be difficult if the shelf level is too high or
too low or too deep. Drawers compensate for this by pulling out to reveal their entire
contents. Drawer storage is generally used for tools, hardware, and other small items.
Automated siorage systems. Automated and semiautomated systems are available to
deposit and withdraw items into and from the storage compartmenis, There are two
basic types: (1) ieval systems, isting of rack and shelf sys-
tems that are accessed by an automaled or mechanized crane, and (2) carousel sys-
terns that rotate storage bins past a stationary load/unload station.

{
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These storage methods are described in greater detail in Chapter 11, Mathematical mod-
els are developed to predict throughput and other performance measures of the antomat-
ed systems.

The term unitizing refers to (1) i used
to hold md1v|dual items during handling and (2) equipment used to load and package the
containers. Containers include pallets, boxes, baskets, barrels, pails, and drums, some of
which are shown in Figure 9.3. Although seemingly mundane, this type of equipment is
very important for moving materials efficiently as a unit load. rather than as individual
items. A given facility must often standardize on a specific type and size of container if it
utilizes automatic transport and/or storage equipment to handle the foads.
The second category of unitizing i loading and i i in-
Iudcs palletizers, designed to ically load cartons onto pallets and shrink-wrap plas-
tic £itm around them for shipping. Other wrapping and packaging machines are also included
in this equipment category, as are depalletizers, designed to unload cartons from paliets.

Identification and Tracking Systems. Material handling must inclutde a means
of keeping track of the materials being moved or stored. This is usually done by affixing
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Figure 9.3 Examples of unit load containers for material handling:
(a) wooden pallet, (b) pallet box, and (c) tote box.

some kind of label to the item, carton, or unit foad that uniquely identifies it. The most
common label used today consists of bar codes that can be read quickly and automatical-
ly by bar code readers. This is the same basic technology used by grocery stores and retail
merchandisers. Other types of labels include magnetic stripes and radio frequency tags
that are generally capable of encoding more data than bar codes. These and other automatic
identification techniques are discussed in Chapter 12,

8.2 CONSIDERATIONS IN MATERIAL HANDLING SYSTEM DESIGN

Material handling equipment is usually assembled into a system. The system must be spec-
ified and configured to satisfy the requirements of a particular application. Design of the
system depends on the materials to be handled, quantities and distances to be moved, type
of production facility served by the handling system, and other factors, including available
budget. In this section, we consider these factors that influence the design of the material
handling system.

9.2.1 Material Characteristics

For handling purposes, materials can be classified by the physical characteristics present-
ed in Table 9.1, suggested by a classification scheme of Muther and Haganas [7]. Design of
the material handling system must take these factors into account. For example, if the ma-
terial is a liquid and is to be moved in this state over long distances in great volumes, then
a pipeline is probably the appropriate transport means. But this handling method would
be quite inappropriate for moving a tiquid contained in barrels or other containers. Mate-
rials in a factory usually consist of solid items: raw materials, parts, and finished or semi-
finished products.
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TABLE 9.1 Characteristics of Materials in Material Handling

Category Measures or Descriptors
Physical state Solid, liquid, or gas

Sze Volume; length, width, height

Weight Waight per piece, weight per unit volume
Snape Long and flat, round, square, etc.
Condition Hot, cold, wet, dirty, sticky

Risk of damage Fragile, brittle, sturdy

Safety risk Explosive, flammable, toxic, corrosive, etc.

9.2.2 Flow Rate, Routing, and Scheduling

In addition to material characteristics, other factors must be considered in analyzing sys-
tem requirements and determining which type of equipment is most appropriate for the ap-
phication. Thesc other factors include: (1) quantities and flow rates of materials 10 be moved,
(2) routing factors, and (3) scheduling of the moves.

The amount or quantity of material to be maved affects the type of handling system
that should de installed. If large quantities of material must be handled, then a dedicated
handling system 15 appropriate. If the quantity of a particular material type is small but
there are many different material types to be moved. then the handling system must be de-
signed to be shared by the various materials moved. The amount of materiat moved must
be considered in the context of time, that is, how much material is moved within a given time
period. We refer to the amount of material moved per unit time as the flow rate. Depend-
ing on the form of the material, flow ratc is measured in pieces/hr, pallet loads/hr, tons/hr,
ft*/day, or similar units. Whether the material must be moved as individual units, in batch-
es, or continuousty has an effect on the selection of handling method.

Routing factors include pickup and drop-off locations, move distances, routing vari-
ations, and conditions that exist along the routes, Given that other factors remain constant,
handling cost is directly related to the distance of the move: The longer the move distance,
the greater the cost. Routing variations occur because different materials follow different
flow patterns in the factory or warehouse. If these ditferences exist, the material handling
system must be flexible enough to deal with them. Conditions along the route include floor
surface condition, traffic congestion, whether a portion of the move is outdoors, whether
the path is straight line or involves turns and changes in elevation, and the presence or ab-
sence of people along the path. All of these routing factors affect the design of the mater-
ial transport system. Figure 9.4 is presented as a rough guide to the selection of material

Quantitics &
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Figure 9.4 General types of material transpart equipment as a func-
tion of material quantity and distance moved.
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handling equipment for some of the application characteristics we have discussed here,
specifically flow rate and distance moved.

Scheduiing relates to the timing of cach individual delivery. In preduction as well as
1n many other material handling applications, the material must be picked up and delivered
promptly 10 its proper destination to maintain peak performance and efficiency of the
overall system. To the extent required by the application, the handling system must be re-
spomsive o (his need lor timely pickup and delivery of the items. Rush jobs increase ma-
terial handling cost. Scheduling urgency is often mitigated by providing space for buffer
stocks of materials at pickup and drop-off points. This allows a “float™ of materials 1o exist
in the system. thus reducing the pressure on the handling system for immediate response
to a delivery request.

923 Plant Layout

Plant layout is an important factor in the design of a material handling system. In the case
of a new facility. the design of the handling system should be considered part of the layout
design. In this way, there is greater opportunity to create a layout that optimizes material
flow in the building and utilizes the most appropriate type of handling system. In the case
of an existing facility, there is less flexibility in the design of the handling system. The pre-
sent arrangement of departments and equipment in the building usually limits the attain-
ment of optimum flow patterns.

The plant layout design should provide the foliowing data for use in the design of the
handling system: total area of the facility and areas within specific departments in the plant.
arrangement of equipment in the layout, locations where materials must be picked up (Joad
stations) and delivered (unload stations), possible routes between these locations, and dis-
tances traveled. Opportunities o combine deliveries and potential locations in the layout
where congestion might occur must be considered. Each of these [actors affects flow pat-
terns and selcction of material handling equipment.

In Section 1.1, we described the conventional types of plant layout used in manufac-
turing: fixed-position layout, process layout, and product layout. Different material handling
systems are generally required for the three layout types. In a fixed-position layout, the
product is large and heavy and therefore remains in a single location during most of its

abrication. Heavy and ies must be moved (o the product. Han-
dling systems used for these moves in fixed-position layouts are large and often mobilc.
Cranes. hoists, and trucks are common in this situation.

In process layouts. a variety of different products are manufactured in small or medi-
um batch sizes. The handling system must be flexible to deal with the variations. Consid-
erable work-in-process is usually one of the characteristics of batch production, and the
material handling system must be capable of accommodating this inventory, Hand trucks
and forklift trucks (for moving pailet loads of parts) are commonly used in process type lay-
outs. Factory applications of automated guided vehicle systems are growing because they
represent a versatile means of handling the different load configurations in medium and
low volume production. Work-in-progress is often stored on the factory floor near the next
scheduled machines, More systematic ways of managing in-process inventory include au-
tomated storage systems (Section (1.4).

Finally, a product layout involves production of a standard or nearly identical types
of product in relatively high quantities. Final assembly plants for cars, trucks, and appli-
ances are usually designed as product layouts. The transport system that moves the prod-
uct is typically characterized as fixed route. mechanized, and capable of large flow rates. It




288

Chap. 9 / tntroduction to Material Handling

TABLE9.2 Types of Material Handling Equipment Associated with Three Layout Types

Layout Type Characteristics Typical Material Handling Equipment
Fixed-position Large product size, low production rate Cranes, hoists, industrial trucks
Process Variations in product and processing, Hand trucks, forklift trucks, automated

low and medium production rates guided vehicle systems
Product Limited product variety, high Conveyors for product flow, trucks to
produztion rate deliver components to stations.

sometimes serves as a storage arca for work-in-process to reduce effects of downtime be-
tween production areas along the line of product flow. Conveyor systems are common in
product layouts. Delivery of component parts to the various assembly workstations along
the flow path is accomplished by trucks and similar unit load vehicles,

Table 9.2 summarizes the characteristics of the three conventional layout types and
the kinds of material handling equipment usually associated with each layout type.

8.3 THE 10 PRINCIPLES OF MATERIAL HANDLING

Over time certain principles have been found 1o be applicable in the analysis, design, and
operation of material handling systems. The 10 principles of material handling? are listed
and explained in Table 9.3. Implementing these principles will result in safer operating con-
ditions, lower costs, and better utilization and performance of material handling systems.

The unit load principle stands as one of the most important and widely applied prin-
ciples in material handling, In material handling, a unit foad i simply the mass that is (o be
moved or otherwise handled at one time. The unit load may consist of only one part, it
may consist of a container loaded with multiple parts, or it may consist of a pallct loaded
with multiple containers of parts. tn general, the unit load should be designed to be as large
as is practica! for the material handiing system that will move or store it. subject to con-
siderations of safety, convenience, and access to the materials making up the unit load, This
principle is widely applied in the truck, rail, and ship industries. Palletized unit loads are col-
lected into rruck loads, which then become unit loads themselves, but larger. Then these
truck loads are aggregated once again on freight trains or ships, in effect becoming even larg-
er unit loads.

There are good reasons for using unit foads in material handling [9: (1) Multiple
itemy can be handled simultaneously, (2) the required number of trips is reduced, (3) load-
ing and unloading times are reduced, and (4) product damage is decreased. These reasons
result in lower cost and higher operating efficiency.

Included in the definition of unit load is the container that holds or supports the ma-
terials to be moved. To the extent possible, these containers are standardized in size and con-
figuration to be compatible with the material handling system, Examples of containers
used to form unit loads in material handling are illustrated in Figure 9.3, Of the available

*The 10 principies were ceveloped by the College Industry Gouncil on Material Handiing Education
(CICMLIE), a Council of the Material Handling tnstitute (MHI), which 15 the educattonal division of the Mate.
vial Handling Industcy of America. MHI fitst published the 10 principles in 1997 They are based on twa carlier
versians of matenal handling principles published in 1968 and 1993 by CICMHE.
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TAELE 9.3 The 10 Principles of Material Handling [CICMHE]

Pringiple 1. PLANNING PRINGIPLE: Alf material handling should be the result of a deliberate plan whora the needs,
and of the proposed methods are completely defined at the

outset

« The plan should be in between the p and all who will use and benefit from
the equipment to be employed.

Success in planning large-scale material handiing projects generally requires a team approach mvolvlng
suppliers, consultants when appropriate, and end user fro gi

computer and information systems, finance, and operations. X
The plan should promate cancurrent engineering of product, process design, process layout, and material
handling methods as opposed to independent and sequential design practices.

+ The plan should reflect the strategic objectives of the organization as well as the more immediate needs.

Principle 2, STANDARDIZATION PRINCIPLE: Material handling methods, equipment, controls, and software should

be standardized within the limits of achieving overall pe and without 0 needed

fiexibility, modularity, and throughput.

- Standardization means less variety and customization ir the methods and equipment employed.

« Standardization applies o sizes of containers and other foad forming components as well as operating
procedures and equipment.

+ The planner should select methods and equipment that can perform a variety of tasks under a variety of
operating conditions and in anticipation of changing future requirements.

« Standardization, flexibility, and modularity must not be incompatible.

Principle 3. Work PaIncipLE: Material handling work should be minimized without ificing pi ivity or

the level of service required of the operation.

« The measure of material handling work is flow rate (volume, weight, or count per unit of time) multiplied by

distance moved.

Consider each pickup and set-down, or placing material in and out of storage, as distinct moves and
components of the distance moved.

. P by reducing, ini ing, or eliminati y moves will reduce

work.
+ Where possible, gravity should be used to move materials or o assist in their movement while respecting
consideration of safety and the potential for product damage.
The Work Principle applies universally, from mechanized material handling in a factory to over-the-road
trucking.
+ The Work Principle is implemented best by appropriate layout planning: lacating the production equipment
into a physical arrangement corresponding to the flow of work. This arrangement tends to minimize the
distances that must be traveled by the materials being pracessed.

Principle 4. PRINCIPLE: Human ilities and lir i must be ized and respected in the

design of material handling tasks and equipment to ensure safe and effective operations.

+ Ergonomics is the science that seeks to adapt work or working conditions to suit the abilities of the worker.

+ The material handling workplace and the equipment must be designed so they are safe for people.

« The ergonomic principle embraces both physical and mantal tasks.

* Equipment should be selected that eliminates repetitive and strenuous manual labor and that effectively
interacts with human operators and users.

Principle 5. UNIT LoaD PRINGIPLE: Unit loads shall be appropriately sized and configured in a way which

achieves the material flow and inventory objectives at each stage in the supply chain.

* Aunit lead is one that can be stored or moved as a single entity at one time, such as a pallet, container, or
tote, regardless of the number of individual items that make up the (oad.

« Less effort and work are required to ¢ollect and move many individual items as a single load than ta mave
many items one at a time.

. Large unit loads are common both pre- and postmanufacturing in the form of raw materials and finished
goods.

* Smaller unit loads are consistent with manufacturing strategies that embrace operating objectives such as
flexibility, continuous flow and just-in-time delivery. Smaller unit loads {as few as ane itern) yield lgss in-
process inventory and shorter item throughput times.

Continued on next page
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TABLE 8.3 Continued

Principle 6. Seace UTLIZATION PRINCIPLE: Effective and efficient use must be made of ail available space.

« Space in material handling is three-dimensional and therefore 1s counted as cubic space.

« In storage areas, the objective of maximizing storage density must be balanced against accessibility and
selectivity.

- When transparting loads within a facility, the use of overhead space should be considered as an option. Use
of overhead material handling systems saves valuable floor space for productive purposes.

Principle 7. SvsTem PRINCIPLE: Material movement and storage activities should be fully mtsglated to form a
coordinated, operational system that spans receiving, storage, .

unitizing, order selection, shipping, transportation, and the handling of returns.

- Systems intagration should encompass the entire supply chain, including reverse logistics. it should include
suppliers, an

fnventory levels should be minimized at all stages of and distribution while

considerations of process variability and customer service.

information flow and physical material flow should be integrated and treated as concurrent activities.
Methods should be pravidad for easily identifying materiats and products, fos determining their location
and status within facilities and within the supply chain, and for controlling their movement.

Principle 8. Automamon PRNCIPLE: Material handling i should be andfor
where feasible to improve operational efficiency, increese responsiveness, improve consistency and
pred/r:rsbll/!y decrease operating costs, and eliminate repstitive or potentially unsate manual labor.

In any project in which is being pre-existing p and methods should be
simplified andfor re-engineered before any sffarts to install mechanized or automated systems. Such
analysis may lead 10 elimination of unnecessary steps in the method. If the method can be sufficiently
simplified, it may not be necessary ta automate the process.

Items that are expected 1o be handled automatically must have standard shapes and/or featuras that permit
mechanized and/or automated handling.

+ Interface issues are critical to ion, including
foad, , and in-control i
+ Computerized material bandling systems should be cons where priate for effective i
of material flow and information management.
rinciple 9. PRINCIPLE: impact and ion should be i as
criteria when igning or selecting i and matena/ handling systems.

+ Environmental consciousness stems from a desire not to waste natura) resources and to predict and
eliminate the possible negative effects of our daily actions on the environment.

+ Containers, pallets, and other products used to form and protect unit loads should be designed for
reusability when possible and/or biodegradability after disposal

. M:terigli specified as hazardous have speclal needs with regard to spill protection, combustibility, and
other risks.

Principle 10. Lire Cycie Cost PRINCIPLE: A thorough economic analysis should account for the entire life cycle of
sil material handling equipment and resulting systems.
« Life cycle costs include all cash flows that occur between the time the first dollar is spent to pian a new
material handling methad or piece of equipment until that method and/or equipment is m!a)ly replaced.
» Life cycle costs include capital i setup and ining,
system testing and acceptance, operating 1Iabor utilities, etc.}, maintenance and repair, reuse value, and
ultimate disposal.
+ A plan for ive and predictive mai should be prepared for the equipment, and the estimated
cost of maintenance and spare parts should be included in the economic analysis.
Along-range plan for replacement of the equipment when it becarnes obsolete should be prepared.
Aithough measurabie cost is a primary factor, it is certainly not the only factor in selecting amon:
alternatives, Other factors of a strategic nature to the organization and that form the basis for competition
in the market place should be considered and quantified whenever possible,
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TABLE 9.4 Standard Pallet Sizes Commonly Used
in Factories and Warehouses

Depth = x Dimension Width = y Dimension

800 mm {32 in} 1000 mm (40in)
900 mm (36 in} 1200 mm {48 in}
1000 mm (40 in} 1200 mm (48 in)
1060 mm (42 in} 1060 mm {42 in}

1200 mm (48 in} 1200 mm (48 in}
Sources: IMHHBI, IT&W.

containers. paliets are probably the most widety used, owing to their versatility, low cost.
and compatibility with various types of material handling equipment. Most factories and
warehouses use forklift trucks to move materials on pallets. Table 9.4 lists some of the most
popular standard patiet sizes in use today. We make use of these standard pallet sizes in some
of our analysis of automated storage/retrieval systems in Chapter 11.
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Material Transport Systems

CHAPTER CONTENTS

10.1 Industrial Trucks
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10.2.1 Types of Vehicles and AGVS Applications
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10.4.1 Types of Conveyors
10.4.2 Conveyor Operations and Features
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10.6 Analysis of Material Transport Systems
10.6.1 Charting Techniques in Material Handling
10.6.2 Analysis of Vehicle-Based Systems
10.6.3 Conveyor Analysis

In this chapter we examine the five categories of material transport equipment common-
ly used to move parts and other materials in manufacturing and warehouse facilities:
(1) industrial trucks, (2) automated guided vehicles, (3) monorails and other rail guided
vehicles, (4) conveyors, and (5) cranes and hoists. Table 10.1 summarizes the principal fea-
tures and kinds of applications for each equipment category., In Section 10.6, we consid-
er quantitative technigues by which material transport systems consisting of this equipment
can be analyzed.
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TABLE 10.1 Summary of Features and Applications of Five Categories of Material Handling Equipment

Material Handling Equipment

Features

Typical Applications

Industrial trucks, manuai

Industrial trucks, powered
Autormnated guided vehicle

systems

Monorails and other rail guided
vehicles

Conveyors, powered

Cranes and hoists

Low cost
Low rate of deliveries/hr

Medium cost

High cost
Battery-powered vehicles
Flexible routing
Nonobstructive pathways

High cost
Flexible routin
On-the-floor or overhead types

Great variety of equipment

In-floor, on-the-floor, or averhead

Mechanical power to move loads
resides in pathway

Lift capacities ranging up to more
than 100 tons

Moving light loads in a factory

Movement of pallet loads and
palletized containers in a factory
or warehouse

Moving pallet loads in factory
or warehouse

Moving work-in-process along
variable routes in low
and medium production

Moving single assembties, products,
or pallet loads along variable
routes in factory or warehouse

Moving large quantities of items over
fixed routes in a factory
or warehouse

Moving products along a manuat
assembly line

Sortation of items in a distribution
center

Moving large, heavy items
in factories, mills, warehouses, etc.

10.1 INDUSTRIAL TRUCKS

Industrial trucks are divided into two categories: nonpowered and powered. The nonpow-
ered types are often referred to as hand trucks because they are pushed or pulled by human
workers. Quantities of material moved and distances are relatively low when this type of
equipment is used to transport malerials, Hand trucks are classified as either two-wheel or
multiple-wheel. Two-wheel hand trucks, Figure 10.1(a), are generally easier to manipulate

(@)

b)

Pallet

)

Figore 10.1 Examples of non-powered industrial trucks (hand
trucks): (a) two-whee) hand truck, (b) four-whee! dotly, and (c) hand-
operated low-lift pallet truck,
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by the worker but are limited to lighter ioads. Multiple-wheeled hand trucks are available
in several types and sizes. Two common types are dollies and pallet trucks. Dollies are sim-
ple frames or platforms as shown in Figure 10.1(b). Various wheel configurations are pos-
sible. including fixed wheels and caster-type wheels. Pallet trucks. Figure 10.1(c), have two
forks that can be inserted through the openings in a pallet. A lift mechanism is actuated by
the worker to lift and lower the pallet off the ground using small diameter wheels near the
end of the forks. In operation, the worker inserts the forks into the pallet,elevates the load,
pulls the truck to its destination, then lowers the pallet. and removes the forks,

Powered trucks are self-propelled to relieve the worker of manually having to move
the truck. Three commeon types are used in factories and warehouses: (a) walkie trucks,
(b) forklift rider trucks, and (c) towing tractors. Walkie rrucks, Figure 10.2(a). are battery-
powered vehicles equipped with wheeled forks for insertion into pallet openings but with
no provision for a worker to ride on the vehicle. The truck is steered by a worker using a
control handle at the front of the vehicle. The forward speed of a walkie truck is limited to
around 3 mi/hr (5 km/hr). which is about equal to the normal walking speed of a human.

Forklift rider trucks. Figure 10.2(b), arc distinguished from walkie trucks by the pres-
ence of a modest cab for the worker to sit in and drive the vehicle. Forklift trucks range in
load carrying capacity from about 450 kg (1,000 b) up 1o more than 4,500 kg (10,000 Ib).
The various applications for which forklift trucks are used have resulted in a variety of ve-
hicle features and configurations. These include trucks with high reach capacities for uc-
cessing pallet loads on high rack systems and trucks capable of operating in the narrow

Pallct

Steerng and
conrol fever

Fork —,
Powve wnit carriage

@ Forks
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Figure 10.2 Three principal types of powered trucks: (a) walkie
truck, (b) fork lift truck, and (c) towing tractor.
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aisles of high-density storage racks. Power sources for forklift trucks are either internal
combustion engines (gasoline. liquefizd petroleum gas.or compressed natural gas) or elec-
tric motors (using on-board batleries).

Industrial rowing tractors. Figure 10.2(c). are designed to pull one or more trailing
carts over the retatively smooth surfaces found in factories and warehouses. They are gen-
erally used for moving large amounts of materials betwzen major collection and distribu-
tion areas. The runs between origination and destination points are usualy fairly long,
Power is supplied either by electrical motor (battery-powcred) or internal combustion en-
gine. Tow tractors also find signil ications in air transport jons for moving
baggage and air freight in airports.

10.2 AUTOMATED GUIDED VEHICLE SYSTEMS

An automated guided vehicle system (AGVS) is a material handling system that uses in-
dependently operated, self-propelled vehicles guided along defined pathways. The vehi-
cles are powered by on-board batteries that allow many hours of eperation (8-16 hr iy
typical) between recharging, A distinguishing feature of an AGVS. compared to rail guid-
ed vehicle systems and most conveyor systems, is that the pathways are unabtrusive. An
AGVS is appropriate where different materials are moved from various load points to var-
ious unload points. An AGVS is therefore suitable for automating material handling in
batch produstion and mixed model production. The first AGV was operated in 1954 (His-
torical Note 10.1)

Historical Note 10.1 Automated guided vehicles [2], [6] 1

The first automated guided vehicle was developed in 1954 by A. M. Barrett. Jr. who used an
overhead wire to guide a modified towing truck pulling a trailer in a grocery warehause. Com-
mercidl AGVS were subscquently introduced by Barrett.

Around 1973, Volvo, the Swedish carmaker. developed automated guided vehicles to
serve as asscmbly platforms for moving car bodies through its final assembly plants. The pri-
mary purpose of Volvo's development project was not to market the AGV commercially, but
rather to advance a new method of assemby as an alternative to the traditional assembly line.
I'he new assembly system emphasized teamwork, job and asy mave-
menl of products through the plant. However. by developing the guided moving platforms in
assembly. the company had introduced a new type of AGV. the unit load vehicle. Volvo later
entered the AGVS business and marketed their unit load AGVs to other car companies.

Advances in AGVS technology have been motivated largely by rapid developments in
electronics and computer technologics. By exploiting these technologies. the AGVS industry
has made inprovements and refinements in vehicle guidance and navigation, on-board vehi-
cle intelligence and control, overall system management, and safety,

10.2.1  Types of Vehicles and AGVS Applications

Automated guided vehicles can be divided into the following three categories: (1) driver-
less trains, (2) pallet trucks. and (3) unit load carriers, illustrated in Figure 10.3. A driver-
fess truin consists of a towing vehicle (which is the AGV) that pulls one or more trailers to
form a train.as in Figure 10.3(a). It was the first type of AGVS to be introduced and is stilt
widely used today. A common application is moving heavy payloads over large distances
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Tratler carts

Pallet

Pallet forks

Platform for
human operator

Roller deck for
side loading

" Drive wheels

(c}
Figure 10.3 Three types of automated guided vehicles: (a} driverless
antomated guided train, (b) AGV pallet truck, and {c) unit load
carrier.

in warehouses or factories with or without intermediate pickup and drop-off points along
the route, For trains consisting of five to ten trailers, this is an efficient transport system,

Automated guided pallet trucks, Figure 10.3(b), are used to move palletized loads
along predetermined routes. In the typical application the vehicle is backed into the loaded
pallet by a human worker who steers the truck and uses its forks to elevate the load stight-
ly. Then the worker drives the pallet truck to the guidepath, programs its destination, and
the vehicle proceeds ically to the destination for ing, The capacity of an
AGVS pallet truck ranges up to several thousand kilograms, and some trucks are capable
of handling two pallets rather than one. A more recent introduction related to the pallet
truck is the fork lift AGV. This vehicle can achieve significant vertical movement of its
forks to reach loads on racks and shelves.

AGYV unit load carriers ave used to move unit loads from one station to another. They
are often equipped for automatic loading and unloading of pallets or tote pans by means
of powered rollers, moving belts, mechanized lift platforms, or other devices built into the
vehicle deck. A typical unit load AGV is illustrated in Figure 10.3(c). Variations of unit
load carriers include light load AGVs and assembly line AGVs. The light load AGV isa rel-
atively small vehicle with corresponding light load capacity (typicalty 250 kg or less). It
does not require the same large aisle width as a conventional AGV, Light load guided ve-
hicles are designed to move small loads (single parts, small baskets ar tote pans of parts,
etc.) through plants of limited size engaged in light manufacturing, An assembly line AGV
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is designed to carry a partially completed subassembly through a sequence of assembiy
woskstations (o build the product.

Automated guided vehicle systems are used in a growing number and variety of ap-
plications. The applications tend to parallel the vehicle types previously described. We have
already described driverless train operations, which involve the movement of large quan-
tities of material aver relatively Jarge distances.

A second application area is in storage and diswribution. Unit load carriers and pailet
trucks are typically used in these applications. which involve movement of material in unit
loads. The applications often interface the AGVS with some other automated handling or
storage system. such as an automated storage/retrieval system (AS/RS, Section 11.4.1) in
a distribution center. The AGVS delivers incoming unit loads contained on pallets from the
receiving dock to the AS/RS, which places the items into storage, and the AS/RS retrieves
individual pallet loads from storage and transfers them to vehicles for delivery to the ship-
ping dock. Storage/distribution aperations also include light manufacturing and assembly
plants in which work-in-process is stored in a central storage area and distributed to indi-
vidual workstations for processing. Electronics assembly is an example of these kinds of ap-
plications. Components are “kitted™ at the storage area and delivered in tote pans or trays
by the guided vehicles to the assembly workstations in the plant. Light load AGVs are the
appropriate vehicles in these applications.

AGY systems are used in assembly line applications, based on a trend that began in
Europe. Unit toad carriers and light load guided vehicles are used in these lines. In the
usual application. the production rate is relatively low (the product spending perhaps
4-10 min per station), and there are several different product models made on the line,
each requiring a different processing time. Workstations are generally arranged in paral-
lel to allow the line 1o deal with differences in assembly cycle time for different products.
Between stations. components are kitted and placed on the vehicle for the assembly op-
erations to be performed at the next station. The assembly tasks are usually performed
with the work unit on-board the vehicle, thus avoiding the extra time required for un-
ioading and reloading.

Auother application area for AGVS technology is flexible manufacturing systems
{FMSs, Chapter 16). In the typical operation, starting workparts are placed onto pallet fix-
tures by human workers in a staging area, and the AGVs deliver the parts to the individ-
wal workstations in the system. When the AGV arrives at the assigned station, the pallet is
transferred (mm the vehicte platform to the station (such as the worktable of a machine
tool) for Atthe of p ing a vehicle returns to pick up the work
and transport it to the next assigned station. An AGVS provides a versatile material han-
dling system to complement the flexibility of the FMS.

Other applications of automated guided vehicle systems include office mail delivery
and hospital material transport. Hospital guided vehicles transport meal trays, linen, med-
ical and laboratory supplies, and other materials between various departments in the build-
ing. These transports typically require movement of vehicles between different floors in the
hospital, and hospital AGV systems have the capability to summon and use elevators for

this purpose.
AGVS technology is still developing. and the mduslry is continually working to de-
sign new systems to respond to new appll . An i ing example that

combines two iechnologies involves the use of a mbollc manipulator maunfed on an au-
tomated guided vehicle to provide a mobile robot for performing complex handling tasks
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at various locations in a plant. These robot-vehicles have potential applications in clean
rooms m the semiconductor industry.

10.2.2 Vehicle Guidance Technology

The guidance system is the methad by which AGVS pathways are defined and vehicles
are controlled to follow the pathways. [n this section, we discuss three technologies that are
used in commercial systems for vehicle guidance: (1) imbedded guide wires, (2) paint strips,
and (3) scli-guided vehicles.

Imbedded Guide Wires and Paint Strips. In the imbedded guide wire method,
electrical wires are placed in a small channel cut into the surface of the floor. The channel
is typically 3-12 mm (1/8-1/2 in) wide and 13-26 mm (1/2-1.0 in) deep. After the guide
wire is installed, the channel is filled with cement to eliminate the discontinuity in the floor
surface. The guide wire is connected 1o a frequency generator, which emits a low-voltage,
low-current signal with a frequency in the range 1-15 kHz. This induces a magnetic field
along the pathway that can be followed by sensors on-board each vehicle. The operation
of a typical system is illustrated in Figure 10.4, Two scnsors {coils) are mounted on the ve-
hicle on either side of the guide wire. When the vehicle is located such that the guide wire
is directly between the two coils, the intensity of the magnetic field measured by each coit
will be equal. If the vehicle strays to one side or the other, or if the guide wire path changes
dircetion, the magnetic ficld intensity at the two sensors will be different. This difference
is used to control the steering motor, which makes the required changes in vehicle direc-
tion to equalize the two sensor signals, thereby tracking the guide wire.

A typical AGVS layout contains muitiple loops, branches, side tracks, and spurs,as well
as pickup and drop-oft stations. The most appropriate route must be selected {from the al-
ternative pathways available to a vehicle in its movement to a specified destination in the
system. When a vehicle approaches a branching point where the guide path forks into two
(or more) pathways, a means of deciding which path to take must be provided. The two prin-
cipal methods of making this decision in commercial wire guided systems are: (1) the fre-
quency select method and (2) the path switch select method. In the frequency select method,
the guide wires leading into the two separate paths at the switch have different frequen-

/\J(\ = Sensor (coil)

Electromagnet
G Electgmagnete

wire

Figure 10.4 Operation of the on-board sensor system that uses two
coils 1o track the magnetic field in the guide wire.
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cies. As the vehicle enters the switch. it reads an identification code on the floor to deter-
mine its location. I ding onits p i the vehicle selects the correct
guidepath by following only one of the frequencies This method requires a separate fre-
quency gencrator for each different frequency used in the guidepath layout. The path switch
select method operates with a single frequency throughout the guidepath layout. To controt
the path of a vehicle at a switch, the power is turned off in all other branches except the
one that the vehicle is to travel on. To accomplish routing by the path switch select method,
the guidepath layout is divided into blocks that are electrically insulated from each other.
The blocks can be turned on and off ¢ither by the vehicles themselves or by a central con-
trol computer.

When paint strips are used to define the pathway, the vehicle uses an optical sensor
system capable of tracking the paint. The strips can be taped, sprayed, or painted on the
fioor. One system uses a l-in-wide paint strip containing flucrescent particles that reflect
an ultraviolet (UV) light source from the vehicle. An on-board sensor detects the reflect-
ed light in the strip and controls the steering mechanism to follow it. Paint strip guidance
is useful in environments where electrical noise renders the guide wire system unreliable
or when the installation of guide wires in the floor surface is not practical. One problem with
this guidance method is that the paint strip deteriorates with time. It must be kept clean and
periodically repainted.

Self-Guided Vehicles. Self-guided vehicles (SGVs) represent the latest AGVS
guidance technology. Unlike the previous two guidance methods, SG Vs operate without
continuously defined pathways. Instead. they use a combination of dead reckoning and
beacons located throughout the plant, which can be identified by on-board sensors. Dead
reckoning refers to the capability of a vehicle to follow a given route in the absence of a
defined pathway in the floor. Movement of the vehicle along the route is accomplished by
computing the required number of wheel rotations in a sequence of specified steering an-
gles. The computations are performed by the vehicles on-board computer. As one would
expect, positioning accuracy of dead reckoning decreases with increasing distance, Ac-
cordingly, the location of the self-guided vehicle must be periodically verificd by compar-
ing the calculated position with one or more known positions. These known positions are
established using beacons located strategically throughout the plant. There are various
types of beacons used in commercial SGV systems, One system uses bar-coded beacons
mounted along the aisles. These beacons can be sensed by a rotating laser scanner on the
vehicle. Based on the positions of the beacons, the on-board navigation computer uses tri-
angulation to update the positions calculated by dead reckoning. Another guidance system
uses magoetic beacons imbedded in the plant floor along the pathway. Dead reckoning is
used to move the vehicle between beacons. and the actual locations of the beacons provide
data to update the computer’s dead reckoning map.

It should be noted that dead reckoning can be used by AGV systems that are normally
guided by in-floor guide wires or paint strips This capability allows the vehicle to cross
steel plates in the factory flaor where guide wires cannot be installed or to depart from the
guidepath for positi atal load station. At the jon of the dead reckon-
ing maneuver, the vehicle is programmed to return to the guidepath to resume normal
guidance control.

The advantage of self-guided vehicle technolagy over fixed pathways (guide wires and
paint strips) i its flexibility. The SGV pathways are defined in software. The path network
can be changed by entering the required data into the navigation computer. New docking
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points can be defined. The pathway network can be expanded by installing new beacons.
These changes can be made quickly and without major alterations to the plant facility.

10.2.3 Vehicle Management and Safety

For the AGVS to operate efficiently, the vehicles must be well managed. Delivery tasks
must be allocated 1o vehicles to minimize waiting times at load/unload stations. Traffic con-
gestion in the guidepath network must be minimized. And the AGVS must be operated safe-
iy. In this section we consider these issues.

Traffic Control. The purpose of traffic control in an automated guided vehicle sys-
tem is to minimize interference between veticles and to prevent collisions. Two methods
of traffic control used in commercial AGV systems are: (1) on-board vehicle sensing and
{2) zone control. The two techniques are often used in combination. On-board vehicle sens-
ing, also called forward sensing, involves the use of one or more sensors on each vehicle to
detect the presence of other vehicles and obstacles ahead on the guide path. Sensor tech-
nologies include optical and ultrasonic devices. When the on-board sensor detects an ob-
stacle in front of it, the vehicle stops. When the obstacle is removed, the vehicle proceeds.
1f the sensor system is 100% effective. collisions between vehicles are avoided. The effec-
tiveness of forward sensing is limited by the capability of the sensor to detect obstacles
that are in front of it on the guide path. These systems are most effective on straight path-
ways. They are less effective at turns and convergence points where forward vehicles may
not be directly in front of the sensor.

In zone control, the AGVS layout is divided into separate zones, and the operating
rule is that no vehicle is permitted to enter a zone if that zone is already occupied by an-
other vehicle. The length of a zone is at teast sufficient to hold one vehicle plus allowances
for safety and other considerations. Other considerations include number of vehicles in
the system, size and complexity of the layout, and the objective of minimizing the number
of separate zone controls. For these reasons, the zones are normally much longer than a ve-
hicle length. Zone controlis illustrated in Figure 10.5 in its simplest form. When one vehi-
cle occupies a given zone, any trailing vehicle is not allowed to enter that zone. The leading
vehicle must proceed into the next zone before the trailing vehicle can occupy the current
zone. By controlling the forward movement of vehicles in the separate zones, collisions are
prevented, and traffic in the overall system is controlled.

One means of implementing zone control is to use separate control units mounted
along the guide path. When a vehicle enters a given zone, it activates the block in that zone
to prevent any trailing vehicle from moving forward and colliding with the present vehi-
cle. As the present vehicle moves into the next (downstream) zone, it activates the block

GmdePalh
1— Zone A Zone B Zone C Zone D-

Figure 10.5 Zone control to implement blocking system. Zones A,
B, and D are blocked. Zone C is free. Vehicle 2 is blocked from en-
tering Zone A by Vehicle 1, Vehicle 3 is free to enter Zone C.
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in that zone and deactivates the block in the previous zone. In effect, zones are turned on
and ot to control vehicle movement by the blocking system. Another method to implement
rone cantrol s to use a central computer. which monitors the location of each vehicle and
attempts to optimize the movement of all vehicles in the system.

Vehicle Dispatching. For an AGVS to serve its function, vehicles must be dis-
patched in a timely and efficient manner to the points in the system where they are need-
ed. Several methods are used in AGV systems to dispatch vehicles: (1) on-board control
pancl. (2) remote call stations, and (3) central computer control. These dispatching meth-
ods are generally used in ination to maxin and effici

Each guided vehicle is equipped with some form of or-bouard control punel for the pur-
pose of manual vehicle control. vehicle programming, and other functions. Most commer-
cial vehicles can be dispatched by means of this control panel to a given station in the
AGVS layoul. Dispatching with an on-board control panel represents the lowest level of
sophistication among the passible methods. It provides the AGV'S with flexibility and time-
liness in coping with changes and variations in delivery requirements.

Remote call stations represent another method for an AGVS to satisfy delivery re-
quircments, The simplest call station is a press button mounted at the load/unload station,
This transmits a hailing signal for any available vehicle in the neighborheod to dock at the
station and cither pick up or drop off a load. The on-board control panel might then be used
to dispatch the vehicle to the desired destination point. More sophisticated remote call sta-
tions permit the vehicle's destination to be programmed at the same time the vehicle is
called. This is a more-automated dxspauhmg method that is useful in AGV systems capa-
bic of ic loading and

In a large factory or warehousc involving a high degree of automation, the AGVS ser-
vicing the facility must also be highly automated to achieve efficient operation of the en-
tire production-storage-handling system. Central computer control is used to accomplish
automatic dispatching of vehicles according to a preplanned schedule of pickups and de-
liveries in the layout and/or in response to calls from the various load/unload stations, In
this dispatching method. the central computer issues commands to the vehicles in the sys-
tem concerning their destinations and the operations they must perform. To accomplish the
dispatching function, the central computer must possess current information on the loca-
tion of cach vehicle in the system so that it can make appropriate decisions about which
vehieles to dispatch to what locations. Hence, the vehicles must continually communicate
their whereabouts to the central controtler. Radio frequency (RF) is commonly used to
achieve the required communication links.

A useful tool in systems management is a perfarmance report for each shift (or other
appropriate time period) of AGVS operation. Periodic reporting of system performance
provides summary information about uptime and downtime, number of deliveries made
during a shift. and other data about each station and each vehicle in the system. Reports
containing this type of information permit managers to compare operations from shift to
shift and month to month to identify differences and trends and to maintain a high level
of system performance.

Safety. The safcty of humans located along the pathway is an important objective
in AGVS design. An inherent safety feature of an AGV is that its traveling specd is stow-
er than the normal walking pace of a human. This minimizes the danger of overtaking a
human walking along the guide path in front of the vehicle.
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Tn addition. AGVs are usually provided with several other features specifically for
safety reasons. A safety feature included in most guidance systems is automatic stopping of
the vehicle if it strays more than a short distance, typically 50150 mm (2-6 in), from the guide
path. The distance is referred ta as the vehicle’s acquisition distance. This automatic stop-
ping feature prevents a vehicle from running wild in the building. Alternatively, in the event
that the vehicle is off the guidepath (e.g.. for loading), its sensor system is capable of lock-
ing onto the guide path when the vehicle is moved to within the acquisition distance.

Another safety device is an obstacle detection sensor located on each vehicle. This is
the same on-board sensor used for traffic control. The sensor can detect obstacles along the
forward path, including humans, The vehicles are programmed either to stop when an ob-
stacle is sensed ahead o to slow down. The reason for slowing down is that the sensed ob-
ject may be located off to the side of the vehicle path or directly ahead but beyond a turn
in the guide path, or the obstacle may be a person who will move out of the way as the
AGV approaches. In any of these cases, the vehicle is permitted to proceed at a slower
(safer) speed until it has passed the obstacle. The disadvaniage of programming a vehicle
to stop when it encounters an obstacle is that this delays the delivery and degrades system
performance.

A safety device included on virtually all commercial AGVsis an emergency bumper.
This bumper is prominent in several of our figures, The bumper surrounds the front of the
vehicle and protrudes ahead of it by a distance of 300 mm (12 in) or more. When the bumper
makes contact with an object, the vehicle is programmed to brake immediately. Depend-
ing on the speed of the vehicle, its load, and other conditions, the braking distance will vary
from several inches to several feet. Most vehicles are programmed to require manual
restarting after an obstacle has been encountered by the emergency bumper. Other safe-
ty devices on a typical vehicle include warning lights (blinking or rotating lights) and/or
warning belis, which alert humans that the vehicle is present.

10.3 MONORAILS AND OTHER RAIL GUIDED VERICLES

The third category of material transport equipment consists of motorized vehicles that are
guided by afixed rail system. The rail system consists of either one rail (called a monorail)
or two parallel rails. Monorails in tactories and warehouses are typically suspended over-
head from the ceiling, In rail guided vehicle systems using paraliel fixed rails, the tracks gen-
erally protrude up from the floor. In either case, the presence of a fixed rail pathway
distinguishes these systems from automated guided vehicle systems. As with AGVs, the ve-
hicles operate asynchronously and are driven by an on-board electric motor. But unlike
AGYVs, which are powered by their own an-board batteries, rail guided vehicles pick up
clectrical pawer from an electrified rail (similar to an urban rapid transit rail system). This
relieves the vehicle from periodic recharging of its battery; however, the electrified rail
system introduces a safety hazard not present in an AGVS.

Routing variations are possible in rail guided vehicle systems through the use of
switches, turntables, and other specialized track sections. This permits different loads to
travel different routes, similar to an AGVS, Rail guided systems are generally considered
to be more versatile than conveyor systems but less versatile than aummaled guided ve-
hicle systems. One of the original of was in the meat
processing industry before 1900. For dressing and c]eamng the slaughtered animals were
hung from meat hooks attached to overhead monorail trolleys. The trolleys were moved
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through the different departments of the plant manuaily by the workers. It is likely that
Henry Ford got the 1dea for the assembly line from observing these meat packing apera-
tions. Today, the ive industry makes i use of electrified overhead mono-
rails 10 move large and ies in its ing operatic

10.4 CONVEYOR SYSTEMS

Conveyors are used when material must be moved in relatively large quantities between
specific locations over a fixed path. The fixed path is implemented by a track system. which
may be in-the-floor, above-the-floor, or overhead. Conveyors divide into two basic cate-
gories: (1) powered and (2) non-powered. In powered conveyors, the power mechanism is
contained in the fixed path, using chains. belis, rotating rolls, or other devices to propel
loads along the path. Powered are y used in material trans-
port systems in mavufacturing plants, warehouses, and distribution centers. In non-powered
conveyors, materials are moved either manually by human workers who push the loads
along the fixed path or by gravity from one elevation to a lower elevation.

10.4.1 Types of Conveyors

A variety of conveyor equipment is commercially available. In the following paragraphs,
we describe the major types of powered conveyors, organized according to the type of me-
chanical power provided in the fixed path.

Roller and Skate Wheet Conveyors. These conveyors have rolls or wheels on
which the loads ride. Loads must possess a flat bottom surface of sufficient area to span sev-
eral adjacent rollers. Pallets, tote pans, of cartons serve this purpose well. The two main en-
tries in this category are roller conveyars and skate wheel conveyors, pictured in Figure 10.6.

In roller conveyors, the pathway consists of a series of tubes (rollers) that are per-
pendicular to the direction of travel, as in Figure 10.6(a). The rollers are contained in a
fixed frame that clevates the pathway above floor level from several inches to several feet.
Flat pallets or tote pans carrying unit loads are moved forward as the rollers rotate. Roller
conveyors can either be powered or non-powered. Powered rolier conveyors are driven

Rolls

Skate wheels

@) ()

Figure 10.6 (a) Roller conveyor and (b) skate wheel conveyor.
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by belis or chains. Non-powered roller conveyors are often driven by gravity so that the
pathway has a downward slope sufficieat to overcome rolling friction. Roller conveyors are
used in a wide variety of ions, including ing. assembly, ing, sor-
talion, and distribution.

Skate-wheel conveyors are similar in operation to roller conveyors. Instead of rollers,
they use skate wheels rotating on shafts connected to a frame to rolf pallets or tote pans
or other containers along the pathway. as in Figure 10.6(b). This provides the skate wheel
conveyor with a lighter weight construction than the roller conveyor. Applications of skate-
wheel conveyors are similar to those of roller conveyors, except that the loads must gea-
crally be lighter since the contacts between the loads and the conveyor are much more
concentrated. Because of their light weight, skate wheel conveyors ate sumetimes built as
portable equipment that can be used tor loading and unloading truck trailers at shipping
and receiving docks at factories and warehouses.

Belt Conveyors.  Belt conveyors consist of a continnous loop: Half its length is used
for delivering materials, and the other half is the return run. as in Figure 10.7. The belt is
made of reinforced elastomer (rubber), so that it possesses high flexibility but low exten-
sibility. At nne end of the conveyor is a drive roll that powers the belt. The flexible belt is
supported by a frame that has rollers or support sliders along its forward loop. Belt con-
veyors are available in two comman farms: (1) flat belts for pallets, individual parts, or
even certain types of bulk materials; and (2) troughed beits for bulk materials. Materials
placed on the belt surface iravel along the moving pathway. In the case of troughed belt con-
veyors. the rollers and supports give the flexible belt a V-shape on the forward (delivery)
loop Lo contain bulk matenals such as coal. gravel, grain, or similar particutate materials,

Conveyors Driven by Chains and Cables. The conveyors in this group arc dri-
ven by a powered chain or cable that forms an endless loop. n some cases, the loop forms
a straight line. with a puliey at each end. This is usually in an over-and-under configura-
tion. Tn other , the loop has a plex path, with more than two pulleys
needed to define the shape of the path. We discuss the following conveyors in this category:
(1) chain. (2) slat, (3) in-floor towline. (4) overhead trolley, and (5) power-and-free over-
head trolle:

Chain conveyors consist of chain loops in an over-and-under configuration around
powered sprockets at the ends of the pathway. One or more chains operating in parallel may

Forward
loop

Ialer roll

Support shder
A Reumloop
Drive roll

Figure 10.7 Belt (flat) conveyar (support frame not shown).
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be used to form the conveyor. The chains travel along channeis in the floor that provide
support for the flexible chain sections. Either the chains slide along the channel or they ride
on rollers in the channel. The loads arc gencrally dragged along the pathway using bars that
project up from the moving chain.

The slat conveyor uses individual platforms, cailed slats, connected to a continuous-
Jv moving chain. Although the drive mechznism is a powered chain, it aperates much like
& belt conveyor. Loads are placed on the slats and are transported along with them, Straight
line Nlows are common in slat conveyor systems. However. because of the chain drive and
the capabitity -0 alter the chain direction using sprockets, the conveyor pathway can have
turns in its continuous {oop.

Another variation of the chain conveyor is the in-floor rowline conveyer. These con-
veyors make use of four-wheel carts powered by moving chains or cables located in trench-
es in the floor, as in Figure 10.8, The chain or cable is called a towline: hence. the name of
the conveyor. Pathways for the conveyor system are defined by the trench and cable, 2
the cable is driven as a powered pulley system. Switching between powered pathways is pos-
sible in a towline system to achieve flexibility in routing. The carts use steel pins that pro-
ject below floor level into the trench to engage the chain for towing. (Gripper devices are
substituted for pins when cable is used as the pulley system, similar to the $an Francisco
trolley.) The pin can be pulled out of the chain (or the gripper releases the cable) to dis-
engage the cart for loading, unioading, switching, accumulation of parts, and manually push-
ing a cart off the main pathway. Towline conveyor systems are used in manufacturing plants
and warehouses.

All of the preceding chain and cable drive conveyars operate at floor level or slight-
ly above. Chain-driven conveyors can also be designed to operate overhead, suspended
from the ceiling of the facility so as not to consume floorspace. The most common types ate
overhead trolley conveyors, These are available either as constant speed (synchranous) or
as power-and-free (asynchranous) systems.

e {cable or chain)

-
4 Tow force

Figure 10.8 In-floor (owline conveyor.
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Track
(1-beam)

) y force
~

Load suspended
from trolley

Figure 10.9 Overhead trolley conveyor.

A rrolfey in material handling is a wheeled carriage running on an overhead rail from
which loads can be suspended. An overhead trolley conveyor, Figure 10.9, consists of mul-
tiple trolleys, usually equally spaced along a fixed track. The trolleys are connected to-
gether and moved along the track by means of a chain or cable that forms a complete loop.
Suspended from the trolieys are hooks, baskets, or other receptacles to carry loads. The
chain {or cable} is attached to a drive wheel that supplies power to move the chain at a con-
stant velocity. The conveyor path is determined by the configuration of the track system,
which has turns and possible changes in ¢levation. Overhead trolley conveyors are often
used in factories to move parts and assemblies between major production departments.
They can be used for both delivery and storage.

A power-and-free overhead trolley conveyor is similar to the overhead trolley con-
veyor,except that the trolleys arc capable of being disconnected from the drive chain,pro-
viding this conveyor with an asynchronous capability. This is usually accomplished by using
two tracks, one just above the other. The upper track contains the continuously moving
endless chain, and the trolleys that carry loads ride on the lower track. Each trolley in-
cludes a mechanism by which it can be connected to the drive chain and disconnected from
it. When connected, the trolley is pulled along its track by the moving chain in the upper
track. When disconnected, the trolley is idle.

Other Conveyor Types. Other powered conveyors include cart-on-track, screw,
vibration-based systems, and vertical lift conveyors. Cart-on-track conveyors consist of in-
dividual carts riding on a track a few feet above floor level. The carts are driven by means
of a rotuting shaft, as illustrated in Figure 10.10. A drive wheel, attached to the bottom of
the cart and set at an angle to the rotating tube, rests against it and drives the cart forward.
The cart speed is controlled by regulating the angle of contact between the drive wheel and
the spinning tube. When the axis of the drive wheel is 45°, the cart is propelled forward.
When the axis of the drive wheel is parallel to the tube, the cart does not move. Thus, con-
trol of the drive wheel angle on the cart allows power-and-free operation of the conveyor.
One of the advantages of cart-on-track systems refative to many other conveyors is that the
carts can be positioned with high accuracy. This permits their use for positioning work dur-
ing production. Applications of cart-on-track systems include robotic spot welding lines in

i ly plants and ical assembly systems.
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Conveyor rails

Conveyor cant

Spinning tibe

Figure 1010 Cart-on-track conveyor. (Diagram courtesy of SI Han-
dling Systems.)

Screw conveyors arc based on the Archimedes serew, the water-raising device de-
vised in ancient times (circa 236 B.C.), consisting of a large screw inside a cylinder, turned
by hand to pump water up-hilt for irrigation purposes. Vibration-based conveyors use a flat
track connected to an electromagnet that imparts an angular vibratory motion {0 the track
to prapel items in the desired direction. This same principle is used in vibratory bowl feed-
ers to deliver components in automated assembly systems (Section 19.1.2). Vertical lift con-
veyors include a variety of mechanical elevators designed to provide vertical motion, such
s between [oors or 10 link floor-based conveyors with overhead conveyors. Other conveyor
types include nonpowered chutes, ramps. and tubes, which are driven by gravity.

10.4.2 Conveyor Operations and Features

As indicated by our p 2 conveyor equi covers a wide variety of
operations and features. Let us restrict our discussion here to powered conveyors, exctud-
ing nonpowered types. Conveyor systems divide into two basic types in terms of the char-
acteristic motion of the materials moved by the system: (1) continuous and (2) asynchronous.
Continuous motion conveyors move at a constant velocity v, along the path. They include
belt, roller, skate-wheel, overhead trolley, and slat conveyors.

Asynchronous conveyors operate with a stop-and-go motion in which loads, usually
contained in carriers (e.g., hooks, baskets. carts), mave between stations and then stop and
remain at the station until released. Asynchranous handling allows independent move-
ment of each carrer in the system. Examples of this type include overhead power-and-
free trolley, in-floor towline, and cart-on-track conveyors, Some roller and skate-wheel
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conveyors can also be operated asynchronously. Reasons for using asynchronous convey-
ors include: (1) 1o accumutale loads, (2) temporary storage, (3) to allow for differences in
production rates between adjacent processing areas, (4) to smooth production when cycle
times vary at stations along the conveyor. and (5) to accommodate different conveyor
speeds along the pathway.

Conveyors can also be classified as: (1) single direction, (2) continuous Joop. and
(3) recirculating. [n the following paragraphs, we describe the operating features of these
categories. In Section 10.6.3. we present equations and techniques with which to analyze
these conveyor systems. Single direction conveyors are used to transport loads one way
from ongination point to destination point, as depicted in Figure 10.11(a). These systems
are appropriate when there is no need to move loads in both directions or to return con-
tainers or czrriers from the unloading stations back to the loading stations. Single direction
powered conveyors include roller, skate wheel, belt. and chain-in-floor types. In addition,
all gravity conveyors operate in one direction.

Continuous loop conveyors form a complete circuit, as in Figure 10.11(b). An over-
head trolley conveyor is an example of this conveyor type. However, anty conveyor type can
be configured as a loop, even those previously defined as single direction conveyors, sim-
ply by connecting several single direction conveyor sections into a closed loop. A contin-
uous loop system allows materials to be moved between any two stations along the pathway.
Continuous loup conveyurs are used when loads are moved in carriers (¢.g., hooks, baskets)
hetween load and unioad stations and the carriers are affixed 1o the conveyor loop, In this
design. the empiy carriers are automatically returned from the unload station back to the
load station.

The preceding description of a continuous loop conveyor assumes that items loaded
at the load station are unloaded at the unload station. There are no loads in the return
loop; the purpose of the return loop is simply to send the empty carriers back for reload-
ing. This method of operation ovetlooks an important opportunity offered by a ciosed-
loop conveyor: to store as well as deliver parts. Conveyor systems that allow parts to remain
on the return loop for one or more revolutions are called recirculating conveyors. In pro-
viding a storage function, the conveyor system can be used to accumulate parts to smooth
out effects of loading and unloading variations at stations in the conveyor. There are two

T

Conveyor path

v Return oop
®)

Figure 10,11 (a) Single direction conveyor and (b) continuous loop
conveyor,



Sec. 10.5 / Cranes and Hoists 308

problems that can plague the operation of a recirculating conveyor system. One is that
there may be times during the operation of the conveyar that na empty carriers are im-
mediately available at the loading station when needed. The other problem is that no
Joaded carriers are immediately available at the unloading station when necded.

It is possible to construct branching and merging points into a conveyor track to per-
mit different routings for different loads moving in the system. In nearly all conveyor sys-
tems, it is possible to build switches, shuttles, or other mechanisms to achieve these alternate
routings. In some systems, a push-pull mechanism or lift-and-carry device is required to
actively move the load from the current pathway onto the new pathway.

10.5 CRANES AND HOISTS

The fifth category of transport equipment in material handling consists of cranes and hoists.
Cranes are used for horizontal movement of materials in  facility, and hoists are used for
vertical lifting. A crane invariably includes a hoist; thus. the hoist component of the crane
lifts the load, and the crane transports the load horizontally to the desired destination. This
class of material handling equipment includes cranes capable of lifting and moving very
heavy loads in some cases over 100 tons.

A hois is a mechanical device that can be used 10 raise and lower loads. As seen in
Figure 10.12,a hoist consists of one or more fixed putieys, one or more moving pulleys, and
a rope, cable, or chain strung between the pulleys. A hook or other means for attaching
the load is connected to the moving pulley(s). The mumber of pulleys in the hoist determines
its mechanical advantage, which is the ratio of the load weight to the driving force required
to lift the weight. The mechanical advantage of the hoist in our illustration is 4.0. The dri-
ving force to operate the hoist is applied either manuaily or by electric or pneumatic motor.

Figure 10.12 A hoist with a mechanical advantage of 4.0: (a) sketch
of the hoist and (b) diagram to illustrate mechanical advantage.
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Cranes include a variety of material handling equipment designed for lifting and mov-
ing heavy loads using one or more overhead beams for support. Principal types of cranes
found in factories include: (a) bridge cranes, (b} gantry cranes, and (c) jib cranes. In all
three types, at least one hoist is mounted 10 a trolley that rides on the overhead beam of
the crane. A bridge crane consists of one or two horizontal girders or beams suspended be-
tween fixed rails on either end which are connected to the structure of the building. as
shawn in Figure 10.13(a). The hoist trolley can be moved along the length of the bridge, and
the bridge can be moved the length of the rails in the building. These two drive capabili-
ties provide motion in the x- and y-axes of the building, and the hoist provides motion in
the z-axis direction. Thus the bridge crane achieves vertical lifting due to its hoist and
achieves harizontal movement of the material due to its orthogonal rail system. Large
bridge cranes have girders that span up to 36.5 m (120 ft) and are capable of carrying loads
up to 90,000 kg (100 tons). Large bridge cranes are controlled by operators riding in cabs
on the bridge. Applications include heavy machinery fabrication, steel and other metal
mills, and power-generating stations.

A gantry crane is distinguished from a bridge crane by the presence of one or two ver-
tical legs that support the horizontal bridge. As with the bridge crane,a gantry crane includes
one or more hoists that accomplish vertical lifting. Gantries are available in a variety of sizes
and capacities. the [argest possessing spans of about 46 m (150 ft) and load capacities of
136,000 kg (150 tons). A double ganiry crune has two legs. Other types include half gantries
and cantilever gantries. A half gantry crane, Figure 10.13(b), has a single leg on one end of
the bridge, and the other end is supported by a rail mounted on the wall or other structural
member of a building. A canzilever gantry crane is identified by the fact that its bridge ex-
tends beyond the span created by the support legs.

A jib crane consists of a hoist supported on a horizontal beam that is canti d from
a vertical column or wall support, as illustrated in Figure 9.2(e). The horizontal beam is piv-
oted about the vertical axis formed by the column or wall to provide a horizontal sweep

Hoist trolley
loe o] Bridge (1-beam)
Runway Brdge |
and rails
©
Support
column
a) ®)

Figure 10.13 Two types of cranes: (a) bridge crane and (b) gantry
crane (shown is a half gantry crane).
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for the crane. The beam also serves as the track for the hoist trolley to provide radial trav-
el along the length of the beam. Thus. the horizontal area included by a jib crane is circu-
Tar or semicircular. As with other cranes, the hoist provides vertical lift and lower motions.
Standard capacities of jib cranes range up to about 5000 kg. Wall-mounted jib cranes can
achieve a swing of about 180°, while floor-mounted jib cranes using a column or post as its
vertical support can sweep a full 360°

10.6 ANALYSIS OF MATERIAL TRANSPORT SYSTEMS

Charting techniques are helpful for visualizing the movement of materials, and quantita-
tive models are weful for analyzing material flow rates, delivery cycle times, and other as-
pects of performance. Research on these analysis methods is encouraged and supported by
the College Industry Councit on Material Handling Education (CICMHE) and the Mate-
rial Handling Institute (MHI)', which hold a semiannual Research Colloguium whose Pro-
ceedings [11] are available through MHI. In this section, we discuss the following:
(1) charting techniques in material handling, (2) analysis of vehicle-based systems, and (3)
conveyor analysis.

10.6.1 Charting Techniques in Material Handling

A useful charting technique for displaying information about material flow is the From-To
Charr. illustrated in Table 10.2, In this table, the left-hand vertical column lists origination
points (loading stations) from which trips are made, and the horizontal row at the top of
the chart lists destination points (unload stations). The chart is organized for possible ma-
terial flows in both directions between the load/unload stations in the layout. From-To
Charts can be used to represent various parameters of the material flow problem, includ-
ing number of deliveries or flow rates between locations in the layout and travel distances
between from-to locations. Table 10.2 represents one possible format to display both flow
rates and corresponding distances for a given material handling problem.

TABLE 10.2 From-To Chart Showing Flow Ratss, loads/hr
{Value Before the Slash Mark) and Travel
Distances, m (Value After the Slash Mark)
Between Stations in a Layout

To 7 2 3 4 5
From 1 0 9/60  5/120  6/205 0

2 0 o 0 0 9/80

3 ¢ 0 0 2/85 3/170

4 [J 0 0 o 8/85

5 0 0 0 0 0

The Material Handling Institute. based in Chatlotte, North Carolng,is th research and education agency
of the Material Handling Industry of America, the 1
dling products and services in the United States. The College lndusm Council on Material Handling Education
consists of academic and industry representatives and reports to the Material Handling Insinute,
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Figure 10.14 Flow diagram showing material deliveries between
load/unload stations. Arrows indicate flow rates and distances (same
data as in Table 10.2), and nodes represent load/unload stations.

Muther and Haganas [19] suggest scveral graphical techniques for visualizing trans-
ports, including mathematical plots and flow diagrams of different types. The flow diagram
in Figure 10.14 indicates movement of materials and corresponding origination and desti-
nation points of the moves. In this diagram, origination and destination points are repre-
sented by nodes, and material flows are depicted by arrows between the points. The nodes
might represent production departments between which parts are moved or load and un-
load stations in a facility, Our flow diagram portrays the same information as in the From-
To Chart of Table 10.2.

10.6.2 Analysis of Vehicle-Based Systems

M i ions can be to describe the operation of vehicle-based ma-
terial transport systems Equipment used in such systems include industrial trucks (both
hand trucks and powered trucks), automated guided vehicles, monorails and other rail
guided vehicles, certain types of conveyor systems (e.g., in-floor towline conveyors), and cer-
tain crane operations. We assume that the thlcle operates at a constant velocity through-
out its operation and ignore effects of ion,and other speed dif

that might depend on whether the vehicle is traveling loaded or empty or other reasons.
The time for a typical delivery cycle in the operation of a vehicle-based transport system
consists of; (1) loading at the pickup station, (2) travel time to the drop-off station, (3) un-
loading at the drop-off station, and {4) empty travel time of the vehicle between deliver-
ies. The total cycle time per delivery per vehicle is given by

L L,
T. TL+T;+T,V+77P 10.1)

where T, = delivery cycle time (min/del), T, = time to load at load station (min),
L, = distance the vehicle travels between load and unioad station (m, ft).», = carrier ve-
locity (m/min, ft/min), T, — time to unload at unload station (min),and L, = distance the
vehicle travels empty until the start of the next delivery cycle (m, fr).

T, caiculated by Eq. (10.1) must be considered an ideal value, because it ignores any
time losses due to reliability problems, traffic congestion, and other factors that may slow
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down a delivery. In addition, not all delvery cycles are the same. Originations and desti-
nations may be different rom one delivery to the next, which will affcct the Ly and L,
terms in the preceding equation. Accordingly, these terms are considered to be average
values for the population of loaded and empty distances traveled by the vehicle during the
course of a shift or other period of analysis.

The delivery eycle time can be used to determine certain parameters of interest in the
vehicle-based transport sysiem. Let us make use of 7, to determine two parameters: (1) rate
of deliveries per vehicle and (2) number of vehicles required to satisfy a specified totat de-
livery requirement. We will base aur analysis on hourly rates and requirements; however,
the equations can readily be adapted for other periods

The hourly rate of deliveries per vehicle is 60 min divided by the delivery cycle time
7. .adjusting for any time losses during the hour. The possible time losses include: (1} avail-
ability, (2) traffic congestion, and (3) efficiency of manual drivers in the case of manually
aperated trucks. Availability (symbolized A) is a reliability factor (Section 2.4.3) defined
as the propertion of total shift time that the vehicle is operational and not broken down
or being repaired.

To deal with the 1ime tosses due to traffic congestion, let us define the rraffic factor
T, as a parameter for estimating the effect of these losses on system performance. Sources
of incfficicncy accounted for by the traffic factor include waiting at intersections, blocking
of vehicles (as in an AGVS), and waiting in a queue at load/unload stations, If there is no
blocking of vehicles, then £, = 1.0. As blocking increases, the value of F, decreases, Block-
ing. wailing al intersections, and vehicles waiting in line at load/unload stations are affect-
ed by the number of vehicles in the system relative to the size of the layout. If there is only
one vehicle in the system, little or no blocking shoutd occur, and the traffic factor will be
very close to 1.0. For systems with many vehicles, there will be more instances of blocking
and congestion, and the traffic factor will take a lower value. Typica! values of traffic fac-
tor for an AGVS range between 0.8 and 1.0 (4],

For systems based on industrial trucks, including both hand trucks and powered trucks
thal are operated by human workers, traffic congestion is probably not the main cause of
the low operating performance sometimes observed in these systems. Their performance
is very dependent on the work efficiency of the operators who drive the trucks, Let us de-
fine efficiency here as the actual work rate of the human operator relative to work rate ex-
pected under standard or normal performance. Let E symbolize the worker efficiency.

With these factors defined, we can now express the available time per hour per ve-
hicle as 60 min adjusted by 4, 7y, and E. That s,

AT =604 T,E (102)

where AT = available time (min/hr per vehicle), A = availability, T; = traffic factor,and
E = worker efficiency. The parameters A, Ty, and £ do not take into account poor vehi-
cle routing, poor guidepath layout, or poor management of the vehicles in the system. These
factors should be minimized, but if present they are accounted for in the values of L, and
L.

We can now write equations for the two performance parameters of interest. The
rate of deliveries per vehicle is given by:

AT

Ry 7. (10.3)
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where Ry, = hourly delivery rate per vehicle (del./hr per vehicle), 7, = delivery cycle
time compuied by Eq. (10.1) (min/del), and AT = the available time in 1 hr with adjust-
ments for time losses {min/hr).

The total rumber of vehicles (trucks, AGVs. trolleys, carts, etc.) needed to satisfy 2
specified total delivery schedule R, in the system can be estimated by first calculating the
1otal workload required and then dividing by the available time per vehicie. Workload is
defined as the total amount of work, expressed in terms of time, that must be accomplished
by the material transport system in 1 hr. This can be expressed as follows:

WL = R,T. (10.4)

where WL = workload (min/hr), R; = specified flow rate of totai deliveries per hour for
the system (del/hr), and T, = delivery cycle time (min/det). Now the number of vehicles
required to accomplish this workload can be written as

_wL

teTar

1105)

where 1, = number of carriers required, WL = workload (min/hr), and AT = available

time per vehicle (min/hr per vehicle). 1t can be showa that Eq. (10.5) reduces to the follow-
ing:

Ry

* Ra

(10.6)

where n, = number of carriers required, R, = total delivery requirements in the system
{del/hr),and R,, = delivery rate per vehicle (del/hr per vehicle). Although the traffic fac-
tor accounts for delays experienced by the vehicles, it does not inciude defays encountered
by a load/unload station that must wait for the arrival of a vehicle. Because of the random
nature of the load/unload demands, workstations are likely to experience waiting time while
vehicles are busy with other deliveries. The preceding equations do not consider this idle time
or its impact on operating cost. If station idle time is to be minimized, then more vehicles
may be needed than the number indicated by Egs. (10.5) or (10.6). Mathematical models
based on queueing theory are iate to analyze this plex stochastic situation.

EXAMPLE 10.1 Determining Number of Vehicles in an AGVS

Given the AGVS layout shown in Figure 10,15, Vehicles travel counterclockwise
around the loop to deliver loads from the load station to the unload station.
Loading time at the load station = 0.75 min, and unloading time at the unload
station = 0.50 min. It is desired to determine how many vehicles are required
to satisfy demand for this layout if a total f 40 del/hr must be completed by the
AGVS. The following performance parameters are given: vehicle veloci-
ty = 50 m/min, availability = 0.95, traffic factor = 0.90, and operator efficiency
does not apply, so E = 1.0. Determine: (a) travel distances loaded and empty,
(b) ideal delivery cycle time, and (c) number of vehicles required to satisfy the
defivery demand.
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AGYV guide path

40

Direction of
irection of
Tl vehicle movement
Figure 10.15 AGVS loop layout for Example 10.1. Key: Unld
= unload. Man = manual operation, dimensions in meters (m).

Solution: (a) Ignoring effects of slightly shorter distances around the curves at corners of
the loop, the values of L, and L, are readily determined from the layout to be
110 m and 80 m, respectively.

(b) Ideal cycle time per delivery per vehicle is given by Eq. (10.1).
., 1o 80 _ )
T, =075+ 50 + (.50 + 0= 5.05 min

(¢) To determine the number of vehicles required to make 40 del/hr, we com-
pute the workload of the AGVS and the available time per hour per vehicle.
WL = 40(5.05) = 202 min/hr
AT = 60(0.95)(0.90)(L0) = 51.3 min/hs per vehicle
Therefore, the number of vehicles required is
n,= % = 3.94 vehicles

This value should be rounded up to n, = 4 vehicles, since the number of vehi-
cles must be an integer.

Determining the average travel distances, L, and L., requires analysis of the partic-
utar AGVS layout. For a simple loop layout such as in Figure 10.15, determining these val-
ues is straightforward. For a complex AGVS layout, the problem is more difficult. The
following example illustrates this issue.

EXAMPLE 102 Determining L, for a More-Complex AGVS Layont

The layout for this example is shown in Figure 10.16, and the From-To Chart is
presented in Table 10.2, The AGVS includes load station 1 where raw parts
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AGV
guide path

Direction of

vehicle movement 30

Figure 10.16 AGVS layout for production system of Example 10.2.
Key: Proc = processing operation, Aut = automated, Unld = un-
load. Man = manual operation, dimensions in meters (m).

enter the system for delivery to any of three production stations 2, 3,and 4. Un-
load station 5 receives finished parts from the production stations. Load and
unload times at stations 1 and 5 are each 0.5 min. Production rates for each
workstation are indicated by the delivery requirements in Table 10.2. A com-
plicating factor is that some parts must be transshipped between stations 2 and
3. Vehicles move in the direction indicated by the arrows in the figure, Deter-
mine the average delivery distance, L,

Table 10.2 shows the number of deliveries and corresponding distances between
the stations. The distance values are taken from the layout drawing in Figure
10.16. To determine the value of L, a weighted average must be calculated
based on the number of trips and corresponding distances shown in the From-
To Chart for the problem.

_ 9(50) + 5(120) + 6(205) + 9(80) + 2(85) + 3({170) + §(85) _ 4360
e TS ) P A A A A

9F5+6+9+2+3+8 5~ 1038m

Delermining L., the average distance a vehicle travels empty during a delivery
cycle, is more complicated. It depends on the dispatching and scheduling methods used



Sec. 10.6 / Analysis of Material Transport Systems 31

to decide how a vehicle should proceed from its last drop-off to its next pickup. In Fig-
ure 10.16,if each vehicle must travel back to station 1 after each drop-off at stations 2,
3.and 4, then the empty distance between pick-ups would be very large indeed. L, would
be greater than L, On the other hand, if a vehicle could exchange a raw workpart for a
finished part while stopped at a given workstation. then empty travel time for the vebi-
cle would be minimized. However, this would require a two-position platform at each
station to cnable the exchange. So this issue must be considered in the initial design of
the AGVS. Ideally, L, should be reduced to zero. It is highly desirable to minimize the av-
erage distance a vehicle travels empty through good AGVS design and good scheduling
of the vehicles. Our mathematical model of AGVS operation indicates that the delivery
cycle time will be reduced if L, is minimized, and this will have a beneficial effect on the
vehicle delivery rate and the number of vehicles required to operate the AGVS. Two of
our exercise problems at the end of the chapter ask the reader to determine L, under dif-
ferent operating scenarios.

10.6.3 Conveyor Analysis

Conveyor operations have been analyzed in the research literature, some of which is iden-
tified in our st of references [8], [9], [14]-[17]. In our discussion here. we consider the
Three basic types ot conveyor operations discussed in Section 10.4.2: (1) single direction con-
veyors, {2) loop and (3) recirculati

Single Direction Conveyors. Consider the case of a single direction powered con-
veyor with one load station at the upstream end and one unload station at the downstream
end, as in Figure 10.11(a). Materials are loaded at one end and unloaded at the other. The
materials may be parts, cartons, pallet loads, or other unit loads. Assuming the conveyos op-
crates at a constant speed, the time required to move materials from load station to unload
station is given by:

Ly

T, =
Ly

(10.7)

where 7, = delivery time (min), L, = length of conveyor between load and unload stations
(m, ), and v, = conveyor velocity (m/min, ft/min).

The flow rate of materials on the conveyor is determined by the rate of loading at the
load station. The loading rate is limited by the reciprocal of the time required to load the
materials. Given the conveyor speed, the loading rate establishes the spacing of materials
on the conveyor. Summarizing these relationships,

(10.8)

where Ry = material flow rate (parts/min), R, = loading rate (parts/min), s, = center-
to-center spacing of materials on the conveyor (m/part, ft/part), and T; = loading time
(min/part). One might be tempted to think that the loading rate R, is the reciprocal of the
loading time T,. However, R, is set by the flow rate requirement Ry, while T, is deter-
mined by crgonomic factors. The worker who Joads the conveyor may be capable of per-
forming the loading task at a rate that is faster than the required flow rate. On the other
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hand. the flow rate requirement cannot be set faster than it is humaniy possible to per-
form the loading task.

An additional requirement for loading and unloading is that the time required to un-
load the conveyor must be equal to or less than the loading time. That is,

T, s T, (109)

where T, = unloading time (min/part). If unloading requires more time than loading,
then unremoved loads may accumulate or be dumped onto the floor at the downstream end
of the conveyor.

We are using parts as the material in Eqs. (10.8) and (10.9), but the relationships apply
10 other uait loads as well. The advantage of the unit load principle (Table 9.3, Principle 5)
can be demonstrated by transporting rz, parts in a carrier rather than a single part. Re-
casting Eq. {10.8) to reflect this advantage, we have

e _ 1
=
s T

(10.10)

where R, = fiow rate (parts/min), n, = numher of parts per carrier, s, = center-to-cen-
ter spacing of carriers on the conveyor (m/carrier, ft/carrier), and T; = loading time per
carrier (min/carrier). The flow rate of parts transparted by the conveyor is potentialty
much greater in this case. However, loading time is still a limitation, and T, may consist of
not only the time to load the carrier onto the conveyor but atso the time to load parts into
the carrier. The preceding equations must be interpreted and perhaps adjusted for the
given application.

EXAMPLE 10.3 Single Direction Conveyor

A roller conveyor follows a pathway 35 m long between a parts production de-
partment and an assembly department. Velocity of the conveyor is 40 m/min.
Parts are loaded into large tote pans, which are placed onto the conveyor at the
load station in the production department. Two operators work the loading sta-
tion. The first worker loads parts into tote pans, which takes 25 sce. Each tote
pan holds 20 parts. Parts enter the loading station from production at a rate
that is in balance with this 25-sec cycle. The second worker loads tote pans onto
the conveyor, which takes only 10 sec. Determine: (a) spacing between tote pans
along the conveyor, {b) maximum possible flow rate in parts/min, and (c) the
minimum time required to unload the tote pan in the assembly department.
Solution: (a) Spacing between tote pans on the conveyor is determined by the loading
time. It takes only 10 sec to load a tote pan onto the conveyor, but 25 sec are re-
quired (o load parts into the tote pan. Therefore, the loading cycle is limited by
this 25 sec. At a conveyor speed of 40 m/min, the spacing will be
5 = (25/60 min)(40 m/min) = 16.67 m
(b) Flow rate is given by Eq. (10.10):
20(40)

1T TosT 48 parts/min
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This is consistent with the parts Joading rate of 20 parts in 25 sec, which is
0.8 parts/sec or 48 parts/min.

(¢) The minimum allowable time to unload a tote pan must be consistent with
the flow rate of tote pans on the conveyor. This flow rate is one tote pan
every 25 sec, 50

Ty = 25sec

Conti Loop C: . Consider a conti loop conveyor such as an
overhead trolley in which the pathway is formed by an endless chain moving in a track
loop, and carriers are suspended from the track and pulled by the chain. The conveyor
moves parts in the carriers between a load station and an unload station. The complete
loop is divided into two sections: a delivery (forward) loop in which the cariers are loaded
and a return loop in which the carriers travel empty, as shown in Figure 10.11(b). The length
of the delivery loop is L,, and the length of the return loop is Z,. Total length of the con-
veyor is therefore L. = L, ~ L,. The total time required to travel the complete loop is

(10.41)

where T, = total cycle time (min), and v, = speed of the conveyor chain (m/min, ft/min).
The time a load spends in the forward loop is

7= (10.12)

where 7, = delivery time on the forwasd loop (min).
Carriers are cqually spaced atong the chain at & distance s, apart. Thus, the total num-
ber of carriers in the loop is given by:

ne== (10.13)

5

where n, = number of carriers, L = total length of the conveyor loop (m, ft), and s, =
center-to-center distance between carriers (m/carrier, ft/carrier). The value of i, must be
an integer. and so £ and s, must be consistent with that requirement.

Each carrier is capable of holding , parts on the delivery loop, and it holds no parts
on the return trip. Since only those carriers on the forward loop contain parts, the maximum
number of parts in the system at any one time is given by:

Ly

Total parts in system = {10.14)

L

As in the single direction conveyor, the maximum flow rate between load and unload
stations is

n,v,

R, = 2%

LAy
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where R, = parts per minute. Again, this rate must be consistent with limitations on the
time it takes to load and unload the conveyor, as defined in Eqs. (10.8)-(10.10).

Recirculating Conveyors: Kwo Analysis. Recall (Section 10.4.2) and the two
problems complicating the operation of a recirculating conveyor system: (1) the possibili-
ty that po empty carriers are immediately available at the loading station when nceded
and (2) the possibility that no loaded carriers are i diately available at the i
station when needed. In the Kwo analysis [8],[9]. the case of a recirculating conveyor with
one load station and one unload station is considered. According to Kwo, there are three
basic principles that must be obeyed in designing such a conveyor system:

(1) Speed Rule. This principle states that the operating speed of the conveyor must be
within a certain range. The jower limit of the range is determined by the required
loading and unloading rates at the respective stations These rates are dictated by the
external systems served by the conveyor. Let R, and R, represent the required ioad-
ing and unloading rates at the two stations, respectively. Then the conveyor speed
must satisfy the following relationship:

1Y,

Sc

= Max{Ry, Ry} (10.15)

where R, = required loading rate (parts/min), and Ry = the corresponding un-
loading rate. The upper speed limit is determined by the physical capabilities of the
material handlers to perform the foading and unfoading tasks. Their capabilities are
defined by the time required to load and unioad the carriers, so that

Yo Min{i,i} (10.16)
Se Ty

where T, = time required o load a carrier (min/carrier), and T, = time required
to unload a carrier, In addition to Eqs. (10.15) and (10.16), another limitation is of
course that the speed must not exceed the technological limits of the mechanical con-
veyor itself.

(2) Capacity Constraint. The flow rate capacity of the conveyor system must be at least
equal to the flow rate requirement to accommodate reserve stock and allow for the
time elapsed between loading and unloading due to delivery distance, This can be
expressed as follows:

=R (1017)

In this case. R, must be interpreted as a system specification required of the recircu-
lating conveyor.

(3) Uniformity Principle. This priaciplc states that parts (loads) should be uniformly dis-
tributed throughom the length of the conveyor, so that there will be no sections of the
conveyor in which every carrier is full while other sections are virtually empty. The
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reason for the uniformity principle is to avoid unusually long waiting times at the
load or unload stations for empty or [ull carriers {respectively) to arrive,

EXAMPLE 104 Recirculating Conveyor Analysis: Kwo

Solution:

A recirculating conveyor has a total length of 300 m. Its speed is 60 m/min, and
the spacing of part carriers along its length is 12 m. Each carrier can hold two
parts. The task time required to load two parts into each carrier is 0.20 min and
the unload time is the same. The required loading and unloading rates arc both
defined by the specified flow rate, which is 4 parts/min. Evaluate the conveyor
system design with respect to Kwo's three principles.
Speed Rule: The lower limit on speed is set by the required loading and un-
loading rates, which is 4 parts/min. Checking this against Eq. (10.15),

n

Ve
: = Max{R,. Ry}

(2 parts/carrier)(60 m/mi
12 m/carriec

= 10 parts/min > 4 parts/min

Checking the lower limit:
60 m/min
12 m/carrier

. . . 101 .
= 5 carriers/min = M|n{07,ﬁ} = Min{5,5} =5
The Speed Rule is satisfied.

Capacity Constraint: The conveyor flow rate capacity = 10 parts/min as
computcd above. Since this is substantially greater than the required defivery
rate of 4 part/min, the capacity constraint is satisfied. Kwo provides guidelines
far ining the flow rate requis that should be to the con-
veyor capacity [8], [9).

Uniformity Principle: The conveyor is assumed to be uniformly loaded
throughout its length, since the loading and unioading rates are equal and the
flow rate capacity is substantially greater than the load/unload rate. Conditions
for checking the uniformity principle are available, and the reader is referred
to the original papers by Kwo [8], [9].
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Charting Techniques

161 A flexible manufactoring system is being planned. It has a ladder layout as pictured in Fig-

ure P10.1 and uses a rail guided vehicle system to move parts between stations in the lay-
out. All workparts are loaded into the system at station 1, moved to one of three processing
stations (2, 3, or 4), and then brought back to station 1 for unloading. Once loaded onto iis
RGV, each workpart stays onboard the vebicle throughout its time in the FMS. Load and un-
Ioad times at station 1 are each 1.0 min. Processing times at other stations are: 5.0 min at sta-
tion 2,7.0 min at station 3, and 9.0 min at station 4. Hourly production of parts through the
system is: 7 parts through station 2,6 parts through station 3, and S parts through station 4.
(a) Develop the From-To Chart for trips and distances using the same format as Table 10.2.
(b) Develop the flow diagram for this data simitar to Figure 10.14. The From-To Chart de-
veloped here is used in Problem 10.4.

In Example 10.2 in the text, suppose that the-vehicles operate according to the following
scheduling rules: (1) vehicles delivering raw workparts from statian 1 to stations 2,3, and 4
must retum empty to station 5; and (2) vehicles picking up finished parts at stations 2, 3, and
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Figure F16.1 FMS layout for Problem 10.1.

4 for delivery to station 5 must travel empty from station 1. Determine the empty trave!
distances associated with each delivery and develop a From-To Chart in the farmat of Table
1022 in the text. The From-To Chart developed here is used in Problem 10.5

In Example 10.2 ia the text, supposc that the vehicles operate according to the following
scheduling rule (o minimize the distances the vehicles travel empty: Vehicles delivering raw
workparts trom station 1 to stations 2, 3, and 4 must pick up finished parts af (hese respec-
tive stations for delivery to station 5. Determine the empty travel distances associated with
each delivery and develop a From-To Chart in the format of Table 10.2 in the text. The From-
To Chart developed here is used in Problem 10.6.

Analysis of Vehicle-Based Systems

104

105
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&
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This 15 a continuation of Problem 10.1. Determine the number of rail guided vehicles that
are neoded to meet the requi of the flexible system, it vehicle speed
60 m/min and the anticipated traffic factor = 0.85. Assume availability A = 100% and ct-
ficiency £ = 1.0.

This problem is a continuation of Problem 10.2. which extends Example 10.2 in the text
Suppose 1he AGVs travel at a speed of 40 m/min. and the traffic factor = 0.90. As deter-
mined in Example 10.2, the delivery distance = 103.8 m. (a) Determine the value of Z, for
the layout based on your table. {b) How many automated guided vehicles will be required
(0 operate the system? Assume avaslability A = 100% and efficiency E = 1.0.

‘This problem is a continuation of Problem 10.3, which extends Example 10.2 in the text
Suppose the AGVs travel at a speed of 40 m/min, and the traffic factor = 0.90. As deter-
mined in Example 102, the delivery distance = 103.8 m. (a) Determune the value of L, for
the layout based on your tablc. (b) How many automated guided vehicles wall be required
to operate the system? Assume availability A = 100% and cfficiency E = 1.0,

A planned fleet of forklift trucks has an average travel distance per delivery = 500 H loaded
and an average empty travel distance = 350 ft. The fleet must make a total of 60 del; hr.
Load and unload times are each 0.5 min and the speed of the vehicles = 300 ft/min. The traf-
fic factor for the system = 0.85. Availability is cxpected to be 0.95 and worker efficiency is
assumed to be 0.90. Determine: (a) ideal cycle time per delivery. (b) the resulting average
rumber of deliveries per hour tiat a forklift truck can make. and (c) how many trucks are
required 1o accomplish the 60 del/hr.

An automated guided vehicle system has an average travel distance per delivery -+ 200 m
and an average emply fravel distance = 150 m. Load and unload times are each 24 < and the
speed of the AGY = I m/s. Traffic factor = 0.9. How many vehicles are needed to satisty a
delivery roquirement of 30 del/hr? Assume A = 0.95.
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Four forklift trucks are used to deliver paliet loads of parts between work cells in a factory.
Average travel distance loaded is 350 ft, and the travel distance empty is estimated to be
the same. The trucks are driven at an average speed of 3 mi/hr when loaded and 4 mi/hr
when empty. Terminal time per delivery averages 1.0 min (load = 0.5 min and un-
load = 0.5 min), If the traffic factor is assumed to be 0.90, availability = 1.0 and work effi-
ciency = 0.95, what is the maximum hourly delivery rate of the four trucks?

An AGVS has an average loaded travel distance per delivery = 400 ft. The average empty
travel distance is not known. Required number of deliveries per hour = 60. Load and un-
load times are each 0.6 min and the AGV speed = 125 fi/min. Anticipated traffic fac-
tor = 0.80. Availability = 0.95. Develop an equation that relates the number of vehicies
required 1o operate the system as a function of the average empty travel distance Z,.

A rail guided vehicle system is being planned as part of an assembly cell. The system con-
sists of two parallel lines, as in Figure P10.11. In operation, a base part is loaded at station 1
and delivered to either station 2 or 4, where companents are added to the base part. The RGY
then goes to either station 3 or 5, respectively, where further assembly of components is ac-
complished. From stations 3 or 5, the product moves 10 station 6 for removal from the sys-
tem, Vehicles remain with the products as they move through the station sequence; thus,
thete is no loading and unloading of pasts at stations 2,3, 4, and 5. After unloading parts at
station 6, the vehicles then travel empty back to station 1 for reloading, The hourly moves
(parts/hr) and distances (ft) are listed in the table below. RGY speed = 100 ft/min. As-
sembly cycle times at stations 2and 3 = 40 min each and at stations 4 and 5 = 6.0 min cach,
Load and unload times at stations 1 and 6, respectively, are each 0.75 min. Traffic factor = 1.0.
How many vehicles are required to operate the system? Assume A = 1.0.

To: 7 2 3 4 5 &

From:

1 0/0 14L/200 0/NA SL/150  O/NA  O/NA

2 o/NA 0/0 14L/50 0/NA O/NA  O/NA

3 o/NA 0/NA 0/0 0/NA O/NA  14L/50
4 0/NA o/NA 0/NA 0/o ol/50  O/NA

5 0/NA o/NA o/NA 0/NA 0/0  9L/100
6 23E/400 o/NA 0/NA o/NA 0/NA ofo

AGV path

Figure P10.11 Layout for Problem 10.11.

1082 An AGVS will be used to satisfy material flows indicated in the From-To Chart in the fol-

lowing 1able, which shows deliveries per hour between stations (above the slash) and dis-
tances in meters between stations (below the slash). Moves indicated by “L" are trips in
which the vehicle is loaded, while “E” indicates moves in which the vehicle is empty. A iraf-
fic factor = 0.85 is assumed. Assume availability A = 0.90. Speed of an AGV = 0.9.m/s. 1f
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load handling time per delivery = 1.0 min, determine the number of vehicies needed to sat-
isfy the indicated deliveries per hour?

To: 7 2 3 4
From: 1 0/0 3L/90 7L/120 5L/75
2 5E/90 0/0 0/NA /80
3 7E/120 0/NA 0/0 O/NA
4 9E/75 0/NA 0/NA /0

An automated guided vehicle system is being proposed to deliver parts between 40 work-
stations in a factory. Loads must be moved from each station about once every hour, thus,
the delivery rate = 40 loads/hr. Average travel distance loaded is estimatcd Lo bo 250 ft and
travel distance empty 15 estimated to be 300 ft. Vehicles move at a speed = 200 ft/min. Toral
handling time per delivery = 1.5 min (load = 0.75 min and unioad = 0.75 min). Traffic fac-
tor F, becomes increasingly significant as the number of vehicles #, increases: this can be
modeled as:

F, =10 - 0.05(n, -~ 1) for n, = Tnteger > 0

Determine the minimum number of vehicles needed in the factory to meet the flow rate
requirement. Assume 4 = 1.0.
An automated guided vehicle system 15 being planned for a warehouse complex. The AGVS
will be a driverless train system, and each train will consist of the towing vehicle plus four
pulled carts The speed of the trains will be 160 ft/min. Only the pulled carts carry lpads. The
average loaded travel distance per delivery cycle is 2000 ft and empty travel distance is the
same. Anticipated travel factor = 0.95. The load handling time per train per delivery is ex-
pected to bz 10 min. If the requirements on the AGVS are 25 cart loads/hr, determine the
number of trains required. Assume A = 1.0,

The From-To Chart in the tabie below indicates the number of loads moved per 8-hr day
(above the slash) and the distances in feet (below the slash) between departments in a par-
ticular factory. Fork lift trucks are used to transport materials between departments. They
move at an average speed = 275 ft/min {loaded) and 350 ft/min (empty). Load handling
time per delivery is 1.5 min, and anticipated traffic factor = 0.9. Assume A = 0.95 and work-
er emc:ency = 110%. Determine the number of trucks requircd undcr cach of the follow-
ing The trucks never travel and (b) the trucks travel empty a distance
equal to their loaded distance.

To Dept. A B c D E
FromDept. A —  62/500 51/450 45/350 0
B 0 — [ 22/400 0
c 0 0 — 0 76/200
D 0 0 ] —  65/150
E 0 0 0 [ —

Major appliances are assembicd on a production line at the rate of 55 per hour. The prod-
ucts are moved along the line or work pallets (one product per pallet). At the final work-
station the finished products are removed trom the pallets. The pallets are then removed from
the lire and delivered back to the front of the line for reuse. Automated guided vehicles are
used to transport the pallets to the front of the line, a distance of 600 ft. Return trip distance
(empty) to the end of the line is also 600 ft. Bach AGV carries four paflets and travels at a
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speed of 150 ft/min (zither loaded or empty). The pallets form queues at each end of the line,
50 that neither the production lin nor the AGVs are ever starved for pallets. Time required
to load cach pallet onto an AGY = 15 sec: ume to release a loaded AGV and move an
cempty AGV into position for loading at the end of the line = 12 sec. The same times apply
for pallet handling and relcasefpositioning at tac unioad station located at the front of the
production line. Assume the traffic factor is L0 since the route s a simple loap. Also, as-
sume A = 1.0. How many vehicles are needed to operate the AGV system?

For the production linc in Problem 10,16, assume that a single AGV train consisting of 4
tractor and multiple trailers is uscd to make deliveries rather than separate vehicles. Time
required ta load a pallet onto a trailer = 15 sec, and the time 10 release a loaded train and
move an empty train into position for loading at the end of the production line. = 30 sec. The
same times apply for pallet handling and release/posttioning at the unload station located
at the front of the production line. If each trailer is capable of carvying four paliets, how
many trailers should be included in the train?

Analysis of Conveyor Systems

10.18

10.19

10.20

10.21

1022

An overhead trolley conveyor is configured as a continuous closed loop. The delivery loop
has a length of 120 m and the return loop = 80 m. All parts loaded at the load station are
unloaded at the unload station. Each hook on the conveyor can hold one part, and the hooks
are separated by 4 m. Conveyor speed = 1.25 m/s. Determine: (a) maximum number of
parts in the conveyor system, (b) parts flow ratc, and (c) maximum loading and unloading
rimes that are compatible with the operation of the conveyor system.

A 300-ft long roller conveyor. which operates at a velocity = 80 ft/min, is used to move pal-
lets between load and unioad stations. Each pallet carties 12 parts. Cycle time to load a pal-
let is 15 sec, and one worker at the Joad station is able to load pallets at the rate of 4 per
minute, It takes 12 sec to unload at the unload station. Determine: {a) center-to-center dis-
tance between paliets. (b) the number of paltets on the conveyor at one time, and (c) hourly
flow rate of parts. (d) By how much must conveyor speed be increased to increase flow rate
(0 3000 parts/ar?

A roller conveyor moves tote pans in one direction at 150 ft/min between a load station
and an unload station, a distance of 200 ft. The time to load parts into a tote pan at the ioad
station is 3 sec per part. Each tote pan holds 8 parts, In addition, it takes 9 sec 10 load a tote
pan onto the conveyor. Delermine: {a) spacing belween tote pan centers flowing in the con-
veyor system and (b) flow rate of parls on the conveyor system. (c) Consider the effect of
the unit load principle. Suppose the tote pans were smaller and could hald only ore part
rather than eight. Determine the flow rate in this case if it takes 7 sec to load a tote pan onte
the conveyor (instead of 9 scc for the larger tote pan}, and it takes the same 3 sec to load the
partinto the tote pan.

A closed loop overhead conveyor must be designed to deliver parts from one load station
10 one unload station. The specified flow rate of parts that must be delivered between the
two stations is 300 parts/hr. The conveyor has carriers spaced at a center-to-center distance
that is to he determined. Each carrier holds one part. Forward and return loops will each be
90 mlong. Conveyor speed = 0.5 m/s. Times to load and unload parts at the respective sta-
uons are each = 12 5. Is the system feasible. and if so, what is the appropriate number of
carriers and spacing between carriers that will achicve the specified flow rate?

Consider Problem 10.21, only that the carriers are larger and capable of holding up to four
parts(n, = 1,2.3, 0r 4). The loading e 7, = 9 + 3n,, where T is in scconds. With other
parameters defined as in the provious problem, detcrmine which of the four values of 1,
are feasible. For those values that are feasible, specify the appropriate design parameters
for (a) spacing between carriers and (b) number of carriers that will achieve this flow rate.
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A reci-culating conveyor has a total length of 700 ft and a speed of 90 ft/min. Spacing of part
carriers = 14 ft. Each carrier can hold one part. Automatic machines load and unlozd the
conveyor at the load and unload stations. Time to load a part is 0 10 min, and unload time is
the same., To satisty production requirements, the loading and unloading rates are each
20 parts/min. Evaluate the conveyor system design with respect to the three principles de-
veloped by Kwo.

A recirculating conveyor has a 1otal length of 200 m and a speed of 50 m/min. Spacing of
part carriers = S m. Each carrier holds two parts. Time needed to load a part carri-
er = (.15 min. Unloading time is the same. The required loading and unloading rates are
6 parts/min. Evaluate the conveyor system design with respect (0 the three Kwo principles.
Thereis a plan (0 install a continuous loop conveyor system with a total length of 1000 ft and
aspeed of 50 ft/min. The conveyor will have carriers that are separated by 25 ft. Each car-
rier will be capable of holding one part. A load station and an unload station are to be lo-
cated 500 ft apart along the conveyor loop. Each day, the conveyor system is planned to
operate as follows, starting empty at the beginning of the day. The load station will load
parts al the rate of one part every 30 sec, continuing this loading operation for 10 min, then
resting for 10 min, duning which no loading occurs. 1t will repeat this 20-min cycle through-
out the 8-hr shiit. The unload stalion will wait until loaded carriers begin to arrive, then will
unload parts at the rate of 1 part/min during the 8 hr, continuing until all carriers are empty.
(a) If the length of each station is 10 f(, and sa loading and unloading must be accomplished
on & moving conveyor within that spacc, what is the maximum time available to perform
the loading and unloading operations? (b} Will the planned conveyor system work? Prc-
sent calculations and arguments to justify your answer.
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The function of a material storage system is to store materials for a period of time and to
permit access to those materials when required. Materials stored by manufacturing firms
include a variety of types,as indicated in Table 11.1. Categories (1)(5) relate dircetly to the
product, (6)-(8) relate to the process, and (9) and (10) relate to overall support of factory
operations. The different categories of materials require different storage methods and
controls. Many production plants use manual methods for storing and retrieving items. The
storage function is often accomplished inefficiently, in terms of human resousrces, factory
floor space, and material control. Automated methods are available to improve the effi-
ciency of the storage function.

In this chapter, we begin by defining the most important measures of storage system
performance. We also discuss the different strategies that can be used to decide appropri-
ate locations for items in the storage system. We then describe the types of storage equip-
ment and methods, dividing these into conventional and automated types. The final section
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TABLE 11.1  Types of Materials Typically Stored in a Factory

Type

Description

. Raw materials

~

. Purchased parts

@

Work-in-process

Finished product
Rework and scrap
Refuse

N ;e

Tooling

Spare parts
Office supplies

o

°

Plant records

Raw stock to be processed {6.g., bar stock, sheet metal, plastic molding
compound)

Parts from vendors to be processed or assembled {e.g., castings, purchased
components}

Partially parts between il i or parts awaiting
assembly

Completed product ready for shipment

Parts that are out of spegification, either to be reworked or scrapped

Chips, swarf, oils, ather waste products left aver after processing; these
materials must be disposed of, sometimes using spacial precautions

Cutting tools, jigs, fixtures, molds, dies, welding wire, and other tooling used
in manufacturing and assembly; supplies such as helmets, gloves, etc.,
are usually included

Parts needed for maintenance and repair of factory equipment

Paper, paper forms, writing instruments, and other items used in support
of plant office

Records on product, equipment, and personnel

presents a quantitative analysis of automated storage systems, whose performance is gen-

erally measured in terms of capacity and throughput.

11.1 STORAGE SYSTEM PERFORMANCE

The performance of a storage system in accomplishing its function must be sufficient to jus-

tify its investment and operating expense. Various measures used to assess the performance

of a storage system include: (1) storage ity, (2) density, (3) ibility, and (4) through-
put. In addition, standard measures used for mechanized and automated systems include

(5) utilization and (6) reliability.

Storage capacity can be measured in two ways: (1) as the total volumetric space avail-
able or (2) as the total number of storage compartments in the system available for items
or loads. In many storage systems, materials are stored in unit loads that are held in stan-
dard size containers (pallets, tote pans, or other containers). The standard container can
readily be handled, transported, and stored by the storage system and by the material han-
dling system that may be connected to it. Hence, storage capacity is conveniently measured
as the number of unit loads that can be stored i in the system. The physical capacny of the

storage system should be greater than the number of loads to be

stored, to provide available empty spaces for materials being entered into the system and

to allow for variations in maximum storage requirements.

Storage density is defined as the volumetric space available for actual storage rela-
tive to the total volumetric space in the storage facility. In many warehouses, aisle space and
wasted overhead space account for more volume than the volume avaitable for actual stor-

age of materiais. Floor area is sometimes used to assess storage density, because it is con-

venient to measure this on a floor plan of the facility. However, volumetric density is usuaily

a more-appropriate measure than area density.

For efficient use of space, the storage system should be designed to achieve a high den-
sity. However, as storage density is increased, accessibility, another important measure of

329
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storage performance, is adversely affected. Accessibility refers to the capability to access
any desired item or load stored in the system. In the design of a given storage system, trade-
offs must be made between storage density and accessibitity.

Syster throughput is defined as the haurly rate at which the storage system (1) re-
ceives and puts loads into storage and/or (2) retrieves and delivers loads to the output sta-
tion. In many factory and warehouse aperations, there are certain periods of the day when
the required rate of storage and/or retrieval transactions is greater than at other fimes. The
storage system must be designed for the maximum throughput that will be required dur-
ing the day.

System throughput is limited by the time to perform a storage or retrieval (S/R) trans-
action. A typical storage transaction consists of the following elements: (1) pick up toad at
input station, (2) travel to storage location, (3) place load into storage location, and (4) trav-
el back to input station. A retricval transaction consists of: (1) travel to storage location,
(2) pick item from storage, (3) travel to output station, and (4) unload at output station, Each
element takes time. The sum of the element times is the transaction time that determines
throughput of the storage system. Throughput can sometimes be increased by combining
storage and retrieval transactions in one cyde, thus reducing travel time; this is called a
dual command cycle. When either a storage or  1etrieval transaction alone is performed
in the cycle, it is called a single command cycle.

There are in the way a i cycle is performed, depending on
the type of storage system. In manually opemled systems, time i3 often lost looking up the
storage location of the item being stored or retrieved. Also, element times are subject to
the variations and motivations of human workers, and there is a lack of control over the op-
erations. The ability to perform dual command eycles rather than single command cycles
depends on demand and scheduling issues. If, during a certain portion of the day, there
demand for only storage transactions and no retrievals, then it is not possible to include both
types of transactions in the same cycle. If both transaction types are required, |hen greater
throughput will be achieved by scheduling duat cycles. This is more
readily done by a computerized (automated) storage system.

‘Throughput is also limited by the capability of the material handling system that is
interfaced 1o the storage system. If the maximum rate at which loads can be delivered to
the storage system or removed from it by the handling system is less than the S/R cycle rate
of the storage system, then throughput will be adverscly affected.

Two measures it to and stor-
age systems are utilization and availability. Utitization is defined as the proportion of time
that the system is actually being used for performing storage and retrieval operations com-
pared with the time it is available. Utilization varies throughout the day, as requirements
change from hour to hour. It is desirable to design an automated storage system for rela-
tively high utilization, in the range 80-90%. If utilization is too low, then the system is prob-
ably overdesigned. If utilization is too high, then there is no allowance for rush periods or
system breakdowns.

Availability is a measure of system refiability, defined as the proportion of time that
the system is capable of operating (not broken down) compared with the normally sched-
uled shift hours. Maltunctions and failures of the equipment cause downtime. Reasons for
downtime include computer failures, mechanical breakdowns, load jams, improper main-
tenancc, and incorrect procedures by personnel using the system. The reliability of an ex-
isting system can be improved by good preventive maintenance procedures and by having
repair parts on hand for critical components, Backup procedures should be devised to mit-
igate the effects of system downtime.
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11.2 STORAGE LOCATION STRATEGIES

There are several strategies that can be uscd to organize stock in a storage system. These
storage loeation strategies affect several of the performance measures discussed above.
The two basic strategies are (1) randomized storage and (2) dedncated storage. Let us ex-
plain these strategics as they are y applied in h Each item
type stored in a warehouse is known as a stock-keeping-unit (SKU). The SKU uniquely
identifies that item type. The inventory records of the storage facility maintain a count of
the quantities of cachi SKU that arc in storage. In randomized storage, items are stored in
any available location n the storage system. In the usual implementation of randomized
storage, incoming items are placed into storage in the nearest available open location.
When an order is received for a given SKU. the stock is retrieved from storage according
to a first-in-first-out policy so thal the items held in storage the longest are used to make
up the order,

In dedicated storage, SKUs are assigned to specific locations in the storage facility. This
means that locations are reserved for all SKUs stored in the system, and so the number of
storage locations for each SKU must be sufficient to accommodate its maximum invento-
ry level. The basis for specifying the storage locations is usually one of the following:
(1) Items are stored in part number or product number sequence; (2) items are stored ac-
cording 1o activily level, the more active SKUs being located closer 1o the input/output
station; or (3) items are stored according to their activity-to-space ratios, the higher ratios
being located closer to the input/output station.

‘When comparing the benefits of the two strategies, it is generally found that less total
space is required in a storage system that uses randomized storage, but higher throughput
rates can usually be achieved when a dedicated storage strategy is implemented based on
activity level. Example 11.11 s the of ized storage in terms of its
better storage density.

EXAMPLE 111 Comparison of Storage Strategies

Suppose that a total of 50 SKUs must be stored in a storage system. For each
SK1UJ, average order quantity = 100 cartons, average depletion rate = 2 car-
tons/day. and safety stock level = 10 cartons. Each carton requires one storage
location in the system. Based on this data, each SKU has an inventory cycle
that lasts 50 days. Since there are 50 SKUs in all, management has scheduled in-
coming orders so that a different SKU arrives each day. Determine the number
of storage Iocauom required in the system under two alternative strategies:
(a} storage and (b) dedicated storage.

Solution: Our estimates of space requirements are based on average order quantities and
other vatues in the problem statement. Let us first calculate the maximum in-
ventory level and average inventory level for each SKU. The inventory for each
SKU varies over time as shown in Figure 11.1. The maximum inventory level,
which occurs just after an order has been received, is the sum of the order quan-
tity and safety stock level.

Maximem inventory level = 100 + 10 = 110 cartons

The average inventory is the average of the maximum and minimum invento-
ry levels under the assumption of uniform depletion rate. The minimum value
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Figure 111 Inventory level as a function of time for each SKU in
Example 11.1.

occurs just before an order is received when the inventory is depleted to the safe-
ty stock level.

Minimum inventory level = 10 cartons
Average inventory level = {110 + 10)/2 = 60 cartons
(a) Under a randomized storage strategy, the number of locations required for
each SKU is equal to the average inventory level of the item, since incoming or-
ders are scheduled each day throughout the 50-day cycle. This means that when
the inventory level of one SKU near the beginning of its cycle is high, the level
for another SKU near the end of its cycle is low. Thus, the number of storage lo-
cations required in the system is:
Number of storage locations = (50 SKUs)(60 cartons) = 3000 iocations

(b) Under a dedicated storage strategy, the number of locations required for
each SKU must equal its maximum inventory level. Thus, the number of stor-
age locations required in the system is:

Number of storage locations ~ (50 SKUs)(110 cartons) — 5500 locations

Some of the advantages of both storage strategies can be obtained in a class-based
dedicated storage allocation, in which the storage system is divided into several classes ac-
cording to activity level, and a randomized storage strategy is used within each class. The
classes containing more-active SKUs are located closer to the input/output point of the
storage system for increased throughput, and the randomized locations within the classes
reduce the total number of storage compartments required. We examine the effect of class-
based dedicated sturage on throughput in Example 11.4 and several of our end-of-chapter
problems.

11.3 CONVENTIONAL STORAGE METHODS AND EQUIPMENT

{\ variety of storage methods and equipment are available to store the various materials
listed in Table 11.1. The choice of method and equipment depends largely on the material
to be stored, the operating philosophy of the personnel managing the storage facility, and
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TABLE 1.2 Application Characteristics of the Types of Storage Equipment and Methods

Storage

and Di;

Typicat Applications

Bulk storage

Rack systems

Shelves and bins

Drawer storage

Automated storage
systems

Highest density is possible
Low accessibility
Lowest possible cost per sq ft

Low cost
Good storage density
Good accessibility

Some stock items not clearly
visible

Contents of drawer easily visible
Good actessibility
Relatively high cost

High throughput rates

Facilitates use of computerized
inventory control system

Highest cost equipment

Facilitates interface t0
automated material handling
systems

Storage of low turnover, large stack
or large unit loads

Pailetized loads in warehouses

Storage of individual items on sheives
Storage of commodity items in bins

Small tools
Smal! stock items
Repair parts

Work-in-process storage

Final product warehousing and
distribution center

Order picking

Kitting of parts for glectronic
assembly

hudgctary limitations. In this section. we discuss the traditional (nonautomated) methods
and cquipment types. Automated storage systems are discussed in the following section. Ap-
plication characteristics for the different equipment types are summarized in Table 11.2.

Bulk Storage.

Bulk storage refers to the storage of stock in an open floor area.

The stock is generally contained in unit loads on pallets or similar containers, and unit
loads are stacked on top of each other to increase storage density. The highest density is
achieved when unit loads are placed next to each other in both floor directions, as in Fig-
ure 11.2{a). However, this provides very poor access to internal loads. To increase

&)

Figure 11.2 Various bulk storage arrangements: (a) high-density
bulk storage provides low accessibility: {b) bulk storage with loads
arcanged to form rows and blocks for improved accessibility.
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accessibility, bulk storage [oads can be organized into rows and blocks. so that natural aisles
are created between pallet loads, as in Figure 11.2(b). The block widths can be designed to
provide an appropriate balance hetween density and accessibility Depending on the shape
and physical support provided by the items stored. there may be a restriction on how high
the unit loads can be stacked. Tn some cases, loads cannot be stacked on top of each other,
cither because of the physical shape or limited compressive strength of the individual loads.
The inabilily to stack loads in bulk storage reduces storage density, removing one of its
principal benefits.

Although bulk storage is charactetized by the absence of specific storage equipment,
material handling cquipment must be uscd to put materials into storage and to retrieve
them. Indusirial trucks such as pallet trucks and powered forklifts (Section 10.1) are typi-
cally uscd for this purpose.

Rack Systems. Rack systems provide a method of stacking unit loads vertically
without the necd for the loads themselves ta provide support. One of the most common rack
systems is the palfet rack, cousisting of a frame that includes horizontal load-supporting
beams, as ilustrated in Figure 11.3. Pallet loads are stored on these horizontal beams. Al-
ternative storage rack systems include:

* Curuilever racks, which serve a similar function as pallet racks except the supporting
horizontal beams are cantilevered from the vertical central frame. Elimination of the
vertical beams at the front of the frame provides unobstructcd spans, which facili-
tates storage of long materials such as rods, bars,and pipes.

Portable racks, which consist of portable box-frames that hold a single pailet load
and can be stacked on lop of each other, thus preventing load crushing that might
occur in bulk vertical storage.

® Drive-through racks. These consist of aisles, open at each end, having two vertical
columns with supporting rails for pallet loads on either side but no obstructing beams
spanning the aisle, The rails are designed to support pallets of specific widths (Table
9.4). Forklift trucks are driven into the aisie to place the pallets onto the supporting
rails. A related rack system is the drive-in rack, which is open at one end, permitting
farklifts to access loads from one direction only.

Flow-through racks. In place of the horizontal load-supporting beams in a conven-
tional rack system, the flow-through rack uses long conveyor tracks capable of sup-
porting & row of unit loads. The unit loads are loaded from one side of the rack and
unloaded from the other side, thus providing first-in-first-out stock rotation. The con-
veyor tracks are often inclined at a slight angle to allow gravity to move the loads to-
ward the output side of the rack system.

Shelving and Bins, Shelves represent one of the most common storage equip-
ment types. A shelf is a horizontal platform, supported by a wall or frame, on which mate-
rials are stored. Sicel shelving sections are manufactured in standard sizes, typically ranging
from about 0.9 to 1.2 m (3 to 4 ft) long (in the aisle direction), from 0.3 to 0.6 m (12 to
24 in) wide.and up to 3.0 m (10 ft) tall. Shelving often includes bins, which are containers
or boxes that hold toose jtems,

Drawer Storage. Finding items in shelving can sometimes be difficult, especially
if the shelf is either far above or below eye level for the storage attendant. Storage draw-
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Figure 11.3 Pallet rack system for storage of unit loads on pallets.

ers, Figure 11.4, can alleviate this problem because each drawer pulls out to allow its en-
tire contents to be readily seen. Modular drawer storage cabinets are available with a va-
riety of drawer depths for different item sizes and are widely used for storage of tools and
maintenance items.

11.4 AUTOMATED STORAGE SYSTEMS

The storage equipment described in the preceding section requires a human worker to ac-
cess the items in storage. The storage system itself is static. Mechanized and automated
storage systems are available that reduce or eliminate the amount of human intervention
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Figure 11.4 Drawer storage.

required to operate the system. The level of automation varies, In less-automated systems,
a human operator is required in cach icval ion. In highly

systems, loads are entered or retrieved under computer control, with no human participa-
tion except to input data to the computer. Table 11.2 lists the advantages and disadvan-
tages as well as typical applications of automated storage systems.

An automated storage system represents a significant investment, and it often re-
quires a new and different way of doing business. Companies have different reasons for au-
tomating the storage function. Table 11.3 provides a list of possible objectives that a
company may want to achieve by ing its storagy i torage sys-
tems divide into two general types: (1} automated storage/retrieval systems and (2) carousel
storage systems. These two types are discussed in the following sections.

11.4.1 Automated Storage/Retrleval Systems
An automated storage/retrieval system (AS/RS) can be defined as a storage system that

performs storage and retrieval operations with speed and accuracy under a defined de-
gree of automation. A wide range of automation is found in commercially available AS/R

TABLE 11.3  Possible Objectives for Automating a Company’s Storage Operations

+ To increase storage capacity

To increase storage density

To recover factory floor space presently used for storing work-in-pracess

To improve security and reduce pilferage

To reduce labor cost and/or increase tabor productivity in storage opsrations
To improve safety in the storage function

To improve control over inventories

To improve stock rotation

To improve customer service

To increase throughput
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systems. At the most sophisticated level. the operations are totally automated, computer
controlled, and fully integrated with factory and/or warchouse operations; at the other ex-
treme, human workers control the equipment and perform the storage/retrieval transac-
tions. Automated storage/retricval systems are custom designed for cach application,
although the designs are based on standard modular components available from each re-
spective AS/RS supplier.

Our definition can be interpreted to include carouset storage systems. However, in the
material handling industry, the carousel-based systems are distinguished from AS/RSs. The
biggest difference is in the construction of the equipment. The basic AS/RS consists of a
rack structure for storing loads and a storage/retrieval mechanism whose mations are lin-
ear (x-y-z motions). By contrast, a basic carousel system uses storage baskets suspended
from an overhead conveyor that revolves around an oval track loop to deliver the baskets
to a toad/unload station. The differences between an AS/RS and a carousel storage system
are summarized in Table 11.4.

An AS/RS consists of one or more storage aisles that are each serviced by a stor-
agefretrieval ($/R) machine. (The $/R machines are sometimes refetred to as cranes.) The
aisles have storage racks for holding the stored materials. The S/R machines are used to de-
tiver materials to the storage racks and (o retrieve materials from the racks, Each AS/RS
aisle has one or more input/putput stations where materials are delivered into the storage
system or moved out of the system. The input/output stations are called pickup-and-deposit
(P&D) stations in AS/RS terminology. PD stations can be manually operated or interfaced
to some form of automated handling system such as a conveyor or an AGVS,

AS/RS Types and Applications. Several important categories of automated stor-
age/retrieval system can be distinguished. The following are the principal types:

* Unitload AS/RS. The unit load AS/RS is typically a large automated system designed
to handle unit loads stored on pallets or in other standard containers. The system is
computer controlled, and the $/R machines are automated and designed to handle the
unit load containers. A unit load AS/RS s pictured in Figure 11.5. The unit load sys-
tem is the generic AS/RS. Other systems described below represent variations of the
unit toad AS/RS.

TABLE 11.4 Differences Between an AS/RS and a Carousel Storage System

Feature

Basic AS/RS

Basic Carouse! Storage System

Storage structure
Motions

Storage/ratrieval
opsration

Renlication of starage
capacity

Rack system to support pailets or
shelf system to support tote bing

Linear mations of S/R machine
$/R machine travels to
cormpartments in rack structure

Multiple aisles, aach consisting
of rack structure and S/R machine

Baskets suspended from overhead
canveyor trolleys

Revolution of overhead conveyor
trolleys around oval track

Conveyor revolves to bring
baskets to load/unload station

Muitipie carousels, sach
consisting of oval track and
suspended bins
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Figure 115 A unit load automated storage/retrieval system.

¢ Deep-lane AS/RS. The deep-lane AS/RS is a high-density unit load storage system that
is appropriate when large quantities of stock are stared, but the number of separate
stock types (SKUs} is relatively small. Instead of storing each unit load so that it can
be accessed directly from the aisle (as in a conventional unit load system), the deep-
lane system stores ten or more loads in a single rack, one load behind the next. Each
rack is designed for “flow-through,” with input on one side and output on the other
side. Loads are picked from one side of the rack by an S/R-type machine designed for
retrieval, and another machine is used on the entry side of the rack for load input.
Miniload AS/RS. This storage system is used to handle small loads (individual parts
or supplies) that are contained in bins or drawers in the storage system. The S/R ma-
chinc is designed to retrieve the bin and deliver it to a P&D station at the end of the
aisle so that individual items can be withdrawn from the bins The P&D station is
usually operated by a human worker. The bin or drawer must then be returned to its
location in the systemn. A miniload AS/R system is generally smaller than a unit load
AS/RS and is often enclosed for security of the items stored.
- X board AS/RS. A board (also called board) ieval
system represents an alternative approach to the problem of retrieving individual
items from storage. In this system, a human operator rides on the carriage of the S/R
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machine, Whereas the miniload system delivers an entire bin to the end-of-aisle pick
station and must return it subsequently to its proper storage compartment, the man-
on-board system permits individual items to be picked directly at their storage loca-
tions. This offers an opportunity to increase system throughput.
Automated item retrieval system. These storage systems are also designed for retricval
of individual items or small product cartons: however. the items are stored in lanes
rather than bins or drawers. When an item is retrieved, it is pushed from its lane and
drops onto a conveyaor for delivery to the pickup station. The operation is somewhat
similar to a candy vending machine. except that an item retrieval system has more
storage lanes and a conveyor to transport items 1o a central location. The supply of
items in cach lanc is periodically replenished, usually from the rear of the system so
that there is flow-through of items, thus permitting first-in/first-out inventory rotation.
o Vertical lifi siorage modules (VLSM) [10]. These are also called vertical lift automat
ed storage/retricval systems (VL-AS/RS) [7]. All of the preceding AS/RS types are
designed around 2 borizontal aisle. The same principle of using a center aisle (o ac-
cess loads is used except that the aisle is vertical. Vertical lift storage modules, some
with heights of 10 m (30 ft) or more. are capable of holding large inventories while
saving valuable floor space in the factory.

of AS/RS have been juted with ing and dis-
lnbutlon operanom An AS/RS can also be used to store raw materials and work-in-] process
Three ion areas can be disti for val

syslems (1) unit load storage and handling, (2) order picking, and (3) work-in-process stor-
age systems. Unit load storage and retrieval applications are represented by the unit load
AS/RS and deep-lane storage systems. These kinds of applications are commonly found in
warehousing for finished goods in a distribution center, rarely in manufacturing, Deep-lane
systems are used in the food industry. As described above, order picking involves retrieving
materials in less than full unit load quantities Miniload, man-on-board, and item retrieval sys-
tems arc used for this second application area.

‘Work-in-process (WIP) storage is a more recent application of automated storage
technology. While it is desirable to minimize the amount of work-in-process. it is also im-
portant ta effectively manage WIP that unavoidably does exist in a factory. Automated
storage systems, either automated storage/retrieval systems or carouscl systems, represent
an efficient way of storing materials between processmg steps, particularly in batch and
job shop p ion. In high production, work-in-process is often carried between opera-
tions by conveyor systems, which thus serves both storage and transport functions.

The merits of an automated WIP storage system for batch and job shop production
can best be seen be comparing it with the traditional way of dealing with work-in-process.
The typical factory contains multiple work cells, each performing its own processing op-
erations on different parts. At each cell, orders consisting of one or more parts are waiting
on the plant floor to be processed. while other completed orders are waiting (o be moved
to the next cell in the sequence. 1t is not unusual for a plant engaged in batch production
to have hundreds of orders in progress simultaneously, all of which represent wark-in-
process. The disadvantages of keeping all of this inventory in the plant inchude: (1) time
spent searching for orders, (2) parts or even entire orders becoming temporarily or per-
manently lost, sometimes resulting in repeat orders to reproduce the lost parts, (3) orders
not being processed according to their relative priorities at each cell,and (4) orders spending
too much time in the factory, causing customer deliveries to be late. These problems indi-
cate poor control of work-in-process.
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Automated storage/retrieval systems are also used in high-production aperations.
Examples are found in the automobile industry, where some final asserably plants use large
capacity AS/R systems to temporarily store car and small truck bodies between major as-
sembly steps. The AS/RS can be used for staging and sequencing the work units according
to the most efficient production schedute [1].

Automated storage systems help to regain control over WIP. Reasons that justify the
installation of automated storage systems for work-in-process include:

 Buffer storage in production. A storage system can be used as a buffer storage zone
between two processes whose production rates are significantly different, A simple
example is a two-process sequence in which the first processing operation feeds a
second process, which operates at a slower production rate. The first operation re-
quires only one shift to meet production requirements, while the second step requires
two shifts to produce the same number of units. An in-process buffer is needed be-
tween these operations to temporarily store the output of the first process.
Support of just-in-time delivery. Just-in-time (JIT) is a ring strategy in which
parts required in production and/or assembly are received immediately before they
are needed in the plant (Section 26.7). This resuits in a significant dependency of the
factory on its suppliers to deliver the parts on time for use in production. To reduce
the chance of stock-outs due 1o late supplier deliveries, some planis have installed au-
tomated storage systems as storage buffers for incoming materials. Although this ap-
proach subverts the objectives of JIT, it also reduces some of its risks.

* Kitting of parts for assembly. The storage system is used to store components for as-
sembly of products or subassemblies. When an order is received, the required com-
ponents are retrieved, collected into kits (tote pans), and delivered to the production
floor for assembly.

s C ible with identi} ion systems. storage systems can be

readily i with ic i i ion devices such as bar code readers. This

allows loads to be stored and retrieved without human operators to identify the loads.

Computer control and tracking of materials. Combined with automatic identification,

an automated WIP storage system permits the location and status of work-in-process

to be known,

Support of factory-wide automation. Given the need for some storage of work-in-

process in batch production, an appropriately sized automated storage system be-

comes an important subsystem in a fully automated factory.

.

Components and Operating Features of an AS/RS. Virtually all of the auto-
mated storage/retrieval systems described above consist of the following components,
shown in Figure 11.5:(1) storage structure, (2) /R machine, (3) storage modules (e.g., pal-
lets for unit loads), and (4) one or more pickup-and-deposit stations. In addition, a control
system is required to operate the AS/RS.

The storage structure is the rack framework, made of fabricated steel, which supports
the loads contained in the AS/RS, The rack structure must possess sufficient strength and
rigidity that it does not deflect significantly due to the loads in storage or other forces on
the - The indivi storage in the structure must be designed to
accept and hold the storage modules used to contain the stored materials. The rack struc-
ture may also be used to support the roof and siding of the building in which the AS/RS
resides. Another function of the storage structure is to support the aisle hardware required
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(o align the S/R machines with respect ta the storage compartments of the AS/RS. This
hardware includes guide rails at the top and bottom of the structure as well as end stops
and other features required to provide safe operation.

“The /R machine is wsed to accomplish storage transactions, delivering loads from
the input station into storage, and retrieving loads from storage and delivering them to the
output station. To perform these transactions. the storage/retricval machine must be capa-
ble of horizontal and vertical travel to align its carriage (which carries the load) with the
storage compattment in the rack structure. The $/R machine consists of a rigid mast on
which is mounted a rail system for vertical motion of the carriage. Wheels are attached at
the basc of the mast to permit horizontal travel along a rail system that runs the length of
the aisle. A parallel rail at the top of the storage structure is nsed to maintain alignment of
the mast and carriage with respect to the rack structure.

The carriage includes a shuttle mechanism to move loads into and from their stor-
age compartments. The design of the shuttle system must also permit loads to be trans-
ferred from the S/R machine to the P&D station or ather material-handling interface
with the AS/RS. The carriage and shuttle are jlit and actuated i in
the usual AS/RS. Man-on-board $/R machines are equipped for ahuman operator to ride
on the carriage.

To accomplish the desired motions of the S/R machine, three drive systems are re-
quired: horizontal movement ot the mast. vertical movement of the carriage, and shuttle
transfer between the carriage and a storage compartment, Modern $/R machines are avail-
able with horizontal speeds up to 200 m/min (600 fr/min} along the aisle and vertical or
lift speeds up to around 50 m/min(150 ft/min). These speeds determine the time required
for the carriage to travel from the P&D station to a particular location in th storage aisle.
Acceleration and deceleration have a more-significant effect on travel time aver short dis-
tances. The shutile transfer is accomplished by any of several mechanisms, including forks
(for pallet Joads) and friction devices for flat bottom tote pans.

The storage modules are the unit load containers of the stored material. These in-
clude pallets.stecl wire baskets and containers, plastic tote pans, and special drawers (used
in miniload systems). These modules are generally made to a standard base size that can
be handled automatically by the carriage shuttle of the S/R machine. The standard size is
also designed to fit in the storage compartments of the rack structure.

The pick and-deposit station is where loads are transferred into and out of the AS/RS.
They are generally located at the end of the aisles for access by the external handling sys-
tem that brings loads to the AS/RS and 1akes loads away. Pickup stations and deposit sta-
tions may be located at opposite ends of the storage aisle or combined at the same location,
This depends on the origination point of incoming loads and the destination of output
loads. A P&D station must be designed to compatible with both the $/R machine shuttle
and the external handling system. Common methods to handle loads at the P&D station
include manual load/unload, fork lift truck, conveyor (e.g..oller),and AGVS.

The principal AS/RS controls problem is positioning the S/R machine within an ac-
ceptable tolerance at a storage compartment in the rack structure to deposit or retrieve a
load. The locations of materials stored in the system must be determined to direct the S/R
machine 1o a particular storage compartment. Within a given aisle in the AS/RS, each com-
partment is identified by its horizontal and vertical positions and whether it is on the right
side or left side of the aisle. A scheme based on alphanumeric codes can be used for this
purposc. Using this location identification scheme, each unit of material stored in the sys-
tem can be referenced to a particular location in the aisle. The record of these locations is
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called the “item location file." Each time a storage transaction is completed, the transac-
tion must be recorded into the item location file.

Given a specified storage compartment to go to, the $/R machine must be controlled
to move to that location and position the shuttle for load transfer. One positioning method
uses a counting procedure in which the number of bays and levels are counted in the di-
rection of travel (horizontally and vertically) to determine position. An alternative method
is a numerical identification procedure in which each compartment is provided with a re-
flective target with binary-coded location identifications on its face. Optical scanners are
used to read the Larget and position the shutile for depositing or retrieving a load.

Computer controls and programmable logic controllers are used to determine the
required location and guide the $/R machine to its destination. Computer control permits
the physlca] operalmn of the AS/RS to be integrated with the supporting information and

keeping system. Storage can be entered in real-time, inventory records
can be accurately maintained, system performance can be monitored, and communications
can be facilitated with other factory computer systems. These automatic controls can be su-
perseded or supplemented by manual controls when required under emergency conditions
or for man-on-board operation of the machine.

11.4.2 GCarousel Storage Systems

A carouscl storage system consists of a series of bins or baskets suspended from an over-
head chain conveyor that revolves around a long oval rail system, as depicted in Figure
11.6. The purpose of the chain conveyar is to position bins at a load/unload station at the
end of the oval. The operation is similar to the powered overhead rack system used by dry
cleaners to deliver finished garments to the front of the store. Most carousels are operat-
ed by a human worker located at the load/unload station. The worker activates the pow-
ered carousel to deliver a desired bin to the station, One or more parts are removed from
or added to the bin, and then the cycle is repeated. Some carousels are automated by using
transfer mechanisms at the load/unload station to move loads into and from the carousel.

Carousel Technology. Carousels can be classified as horizonta! or vertical. The
more common horizontal configuration, as in Figure 11.6, comes in a variety of sizes, rang-
ing between 3 m (10 £t) and 30 m (100 ft) in length. Carousels at the upper end of the range
have higher storage density, but the average access cycle time is greater. Accordingly, most
carousels ate 1016 m (30-50 ft) long to achieve a proper balance between these compet-
ing factors.

The structure of a horizontal carousel storage system consists of welded steel frame-
work that supports the oval rail system. The carousel can be either an overhead system
(called a top-driven unit) or a floor-mounted system (called a bottom-driven unit). In the
top-driven unit, a motorized pulley system is mounted at the top of the framework and
drives an overhead trolley system. The bins are suspended from the trolleys. In the bottom-
driven unit, the pulley drive system is mounted at the base of the frame, and the trolley sys-
tem rides on a rail in the base. This provides more load-carrying capacity for the carousel
storage system. It also eliminates the problem of dirt and oil dripping from the overhead
trolley system in tap-driven systems.

The design of the individual bins and baskets of the carousel must be consistent with
the loads to be stored. Bin widths range from about 50 to 75 cm (20 to 30 in), and depths
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Conveyor

Loadfunlozd station

Figure 116 A horizontal storage carousel.

are up to about 55 cm (22 in). Heights of horizontal carousels are typically 1.8-2.4 m (6-8 ft).
Standard bins are made of steel wire to increase operator visibility.

Verticel carousels are constructed to operate around a vertical conveyor loop. They
accupy much less floor space than the horizontal configuration, but require sufficient over-
head space. The ceiling of the building Limits the height of vertical carousels, and there-
fore their storage capacity is typically lower than for the average horizontal carousel.

Controls for carousel storage systems range from manual call controls to computer
control. Manual controls include foot pedals, hand switches, and specialized keyboards.
Foot pedal control allows the operator at the pick station to rotate the carousel in either
direction to the desired bin position. Hand control involves use of a hand-operated switch
that is mounted on an arm projecting from the carousel frame within easy reach of the op-
erator. Again, bidirectional control is the usual mode of operation. Keyboard control per-
mits a greater variety of control features than the previous control types. The operator can
enter the desired bin position, and the carous¢l is programmed to determine the shortest
route to deliver the bin to the pick station.

Computer control increases ities for ion of the ical carouset
and for management of the inventory records. On the mechanical side, automatic loading
and unloading is available on modern cacouse! storage systems. This allows the carousel to
be interfaced with automated handling systems without the need for human participation
in the fons. Data features provided by computer control
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include the capability to maintain data on bin locations, items in each bin, and other in-
veatory conirol records.

Carousel Applications. Carousel starage systems provide a relatively high through-
put and are often an attractive alternative to a miniload AS/RS in manufacturing opera-
tions where its relatively low cost, versatility, and high reliability are recognized. Typical
applications of carousel storage systems include: (1) storage and remeval operations,
(2) transport and on, (3) work-in-pi and (4) unique

Storage and retrieval operations can be effici using carousels when
individual items must be selected from groups of items in storage. Sometimes called “pick
and load” i this kind of p is common in order-picking of tools in 4 tool-
room, raw materials in a stockroom, service parts or other items in a wholesale firm, and
work-in-prosess in a factory. In small electronics assembly, carousels are used for kitting of
parts to be transported to assembly workstations.

In transport and accumulation applications, the carousel is used to transport andfor
sort materials as they are stored. One example of this is in progressive assembly opera-
tions where the workstations are located around the periphery of a continuously moving
carousel, and the workers have access to the indjvidual storage bins of the carousel, They
remove work from the bins to complete their own respective assembly tasks, then place their
work into another bin for the next operauon at some other workstation. Another example
of transport and ions is sorting and idation of items. Each bin
is defined for collecting the uems of a particular type or customer. When the bin is full, the
collected load is removed for shipment or other disposition.

Carousel storage systcms often compete with automated storage and retrieval systems
for ions where P istobe stored. Ap of carousel
systems in the electronics industry are common. Unigue applications involve specialized uses
of carousel systems. Examples include: electrical testing of components, where the carousel
is used to store the item during testing for a specified period of time; and drawer or cabi-
net storage, in which standard drawer-type cabinets are mounted on the carousel.

11.5 ENGINEERING ANALYSIS OF STORAGE SYSTEMS

Several aspects of the design and operation of a storage system are susceptible to quanti-
tative engineering analysis. In this section, we examine capacity sizing and throughput per-
formance for the two types of automated storage systems.

115.1 Automated Storage/Retriaval Systems
While the methods ped here are i foran i Eys-

tem, similar approaches can be used for analyzing traditional storage facilities, such as
warehouses consisting of patlet racks and bulk storage.

Sizing the AS/RS Rack Structure. The total storage capacity of one storage aisle
depends on how many storage compartments are arranged horizontally and vertically in
the aisle. as indicated in our diagram in Figure 11.7. This can be expressed as tollows:

Capacity per aiste = 2,0, (11
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Figure 11.7 Top and side views of a unit load AS/RS, with nine stor-
age compartments horizontally (r, = 9) and six compartments ver-
tically (n, = 6).

where n, = number of load compartments along the length of the aisle, and n, = number
of load compartments that make up the height of the aisle, The constant, 2, accounts for the
fact that loads are contained on both sides of the aisle.

If we assume a standard size compartment (1o accept a standard size unit load), then
the compartment dimensions facing the aisle must be larger than the unit load dimensions.
Let x and y — the depth and width dimensions of a unit load (c.g., u standard pallet size
as given in Table 9.4),and z = the height of the unit load. The width, length, and height of
the rack structure of the AS/RS aisle are related to the unit Joad dimensions and number
of compartments as follows {6]:

W =3(x+a) (112a)
L=nyy+b) (112b)
H=n(z+¢) (1120)

where W, L,and H are the width, Jength, and height of one aisle of the AS/RS rack struc-
ture (mm, in); x, y,and z are the dimensions of the unit load (mm, in); and a, b, and ¢ are
allowances designed into each storage compartment to provide clearance for the unit load
and to account for the size of the supporting beams in the rack structure (mm, in). For the
case of unit loads contained on standard pallets, values for the

{6 areia = 150 mm (6in),b = 200 mm (8 in),and ¢ = 250 mm (10in). For an AS/RS with
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multiple aisles, W is simply multiplied by the number of aisles to obtain the overall width
of the storage system, The rack structure is built above floor level by 300-600 mm (12-24 in),
and the length of the AS/RS extends beyond the rack structure to provide space for the
P&D station,

EXAMPLE 11.2 Sizing an AS/RS System

Each aisle of & four-aisle AS/RS is to contain 60 storage compartments in the
length direction and 12 compartments vertically. All storage compartments will
be the same size to accommodate standard size pallets of dimensions: x = 42in
and y = 48 in. The height of a unit load z = 36 in. Using the allowances,
a =6in,b = §in,and ¢ = 10 in, determine: (a) how many unit loads can be
stored in the AS/RS, and (b) the width, length, and height of the AS/RS.

Solution: (a) The storage capacity is given by Eq. (11.1):
Capacity per aisle = 2(60)(12) = 1440 unit loads.
‘With four aisles, the total capacity is:

AS/RS capacity = 4(1440) = 5760 unit loads
(b) From Eqs. (11.2), we can compute the dimensions of the storage rack structure:
W =3(42 + 6) = 144 in = 12 ft/aisle
Overal! width of the AS/RS = 4(12) = 48 ft
L = 60(48 + 8) = 3360 in = 280 &
H =12(36 + 10) = 552in = 46 ft

AS/RS Throughput. System throughput is defined as the hourly rate of S/R trans-
actions that the automated storage system can perform (Section 11.1), A transaction in-
volves depositing a toad into storage or retrieving a load from storage. Either one of these

ions alone is ished in a single d cycle. A dual cycle ac-
complishes both transaction types in ane cycle; since this reduces travel time per transac-
tion, throughput is increased by using dual command cycles.

Several methods are available to compute AS/RS cycle times to estimate through-
put performance. The method we present is reccommended by the Material Handling In-
stitute (2]. It assumes: (1) randomized storage of loads in the AS/RS (i.e., any
compartment in the storage aisle is equally likely to be selected for a transaction)
(2) storage compartments are of equal size, (3) the P&D station is located at the base and
end of the aisle, (4) constant horizontal and vertical speeds of the S/R machine, and (5) si-
multaneous horizontal and vertical travel. For a single command cycle, the load to be
entered or retrieved is assumed to be located at the center of the rack structure, as in Fig-
ure 11.8(a). Thus, the S/R machine must travei half the length and half the height of the
AS/RS, and it must return the same distance. The single command cycle time can there-
fore be expressed by:

0.5L 05H

—} + 20 = Max{

S
Y

H
171} + 27, (11.38)




Sec. 11.5 / Engineering Analysis of Storage Systems 347

Figure 11.8 Assumed travel trajcctory of the /R machine for (a) sin-
gle command cycle and (b) dual command cycle.

where T,, = eycle time of 2 single command cycle (min/cycle), L = length of the AS/RS
rack structure (m, ft), v, = velocity of the $/R machine along the length of the AS/RS
(m/min. ft/min), H = height of the rack structure (m, ft), v, = velocity of the S/R ma-
chinc in the vertical direction of the AS/RS (m/min, ft/min), and T,, = pickup-and-deposit
time (min). Two P&D times are required per cycle. representing load transfers to and from
the $/R machine.

For a daal command cycle, the 8/R machine is assumed to travel to the center of the
rack structure to deposit a load, and then it travels 10 3/4 the length and height of the
AS/RS 1o retrieve a load. as in Figure 11.8(b). Thus, the total distance traveled by the S/R
machine is 3/4 the length and 3/4 the height of the rack structure, and back. In this case,
cycle time is given by:

T, = ZMax{LIVSLA“”'TH} 4T, = Max{lvil;ﬂ} +4T,  (113b)
v 3 y 3

where T,, = cycle time for a dual command cycle (min/cyclc), and the other terms are de-
fined above.

System throughput depends on the relative numbers of single and dual command cy-
cles performed by the system. Let R, = number of single command cycles performed per
hour.and R,, = number of dual command cycies per hour at a specified or assumed uti-
lization level. We can formulate an equation for the amounts of time spent in performing
single command and dual command cycles each hour:

R T+ RyTy =600 (11.4)
where U = system utilization during the hour. The right-hand side of the equation gives
the total number of minutes of operation per hour. To solve Eq. (11.4), the relative pro-
portions of R, and R,, must be determined, or assumptions about these proportions must
be made. Then the total hourly cycle rate is given by

Ro= R, + Ry (15)

where R, = total §/R cycle rate (cycles/hr). Note that the total number of storage and re-
trieval transactions per hour will be greater than this value unless R., = D, since there are
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two transactions accomplished in each dual command cycle. Let R, = the total number of
transactions performed per hour: then

R = R+ 2Ry (116

EXAMPLE 11.3  AS/RS Throughput Analysis

Solution:

Consider the AS/RS from previous Example 11.2, in which an S/R machine is
used for each aiste. The length of the storage aiste = 280 ft and its height = 46 ft.
Supposc horizontal and vertical speeds of the S/R machine are 200 ft/min and
75 {t /min, respectively. The $/R machine requires 20 sec to accomplish a P&D
aperation. Find: (a) the single command and dual command cycle times per
aisle. and (b) throughput per aisle under the assumptions that storage system
utilization = 90% and the number of single command and dual command ¢y-
cles are equal.

{a) We first compute the single and dual command cycle times by Egs, (11.3)
T, = Max{280/200. 46/75} + 2(20/60) = 2.066 min/cycle
T., = Max{1.§ x 280/200, 1.5 x 4675} + 4(20/60) = 3.432 min/cycle

{b) From Eq. (11.4). we can cstablish the single command and dual command
activily levels each hour as follows:

2066 R, + 3.432 Ryy = 60(0.90) = 54.0 min

According to the problem statement, the number of single command cycles is
equal to the number of dual command cycles. Thus, R, = R,
Substituting this relation into the abovc cquation, we have

2066 R, + 3432 R,, = 54
SA98R,, = 54
R,, = 9.822 single command cycles/hr
R, = R, = 9.822 dual command cycles/hr
System throughput = the total number of S/R transactions per hour from
Eq. (11.6):
R, = R, + 2R, = 2946 ransactions/hr
With four aisle, R, for the AS/RS = 117.84 transactions/hr

EXAMPLE 114  AS/RS Throughput Using a Class-Based Dedicated Storage Strategy

The aisles in the AS/RS of the previous example will be organized following a
class-based dedicated storage strategy. There will be two classes, according to
activity level. The more-active stock is stored in the half of the rack system that
is Iocated closest to the input/output station. and the less-active stock is stored
in the other half of the rack system farther away from the input/output station.
Within cach half of the rack system, random storage is used. The more-active
stock accounts for 75% of the transactions, and the less-active stock accounts for
the remaining 25%. As before. assume that system utilization = 90%, and the
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Solution:

number of single command cycles = the number of dual command cycles. De-
termine the throughput of the AS/RS, basing the computation of cycle times
on the same kinds of assumptions used in the MHI method.

With a total fength of 280 ft, each haif of the rack system will be 140 ft long and
46 ft high. Let us identify the stock nearest the input/output station (account-
ing for 75% of the transactions) as Class A, and the other half of the stock {ac-
counting for 25% of the transactions) as Class B. The cycle times are computed
as follows:

For Class A stock:

200°75
{1,5 X 140 1.5 x 46}
W0 7

Tea= Max{ 40 4 } +2(0.333) = 1.366 min

Tyea = Max + 4(0.333) = 2.382 min

For Class B stock:

140 + 0.5(140) 0.5(46)} _ )
Tp=2 Max{ Mo 5|+ 20333) = 2766 min
B 140 + 0.75(140) 0.75(46)} _ )
Tus =2 Max{ S0 s+ 40333) = 3782min

Consistent with the previous problem, let us conclude that
Rep = Rgsand R = Ruap (a}

‘We are also given that 75% of the transactions are Class | and 25% are Class 2.
Accordingly,

Ress = 3R.pand Ry = 3Ruun ()

We can establish the following equation for how each aisle spends its time
during 1 hr:

ResaToon + RetaToan ¥ RenTesn + RogpToas = 60(.90)
Based on Eqs. (a),
RenTous + ReeaToss + ReogTers + ReppTogy = 60(.90)
Based on Egs. (b),
3RunTeon + 3RegTetn + RegyToon + Ry Togn = 60(.90)
3(1.366) Regy + 3(2.382) R,,5 + 2766 R s + 3782 Rypg = 54
17792 Rpp = 54
Rup = 3035
Ruq = 3R.p = 9.105
Ruas = Reyp = 3035
Russ = 3Rugy = 9105
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For one aisle,
R, = Ryp + Rep + 2(Reqp + Regn)
= 9,105 + 3.035 + 2(9.105 + 3.035) = 36.42 transactions/hr
For four aisles, R, = 145.68 transactions/hr
This represents almost a 24% improvement over the randomized storage
strategy in Example 11.3.

115.2 Carousel Storage Systems

Let us develop the corresponding capacity and i ips for a carousel
storage system, Because of its construction, carousel systems do not possess nearly the vol-
umetric capacity of an AS/RS. However, according to our calculations, a typical carousel
system is likely to have higher throughput rates than an AS/RS.

Storage Capacity. The size and capacity of a carousel can be determined with ref-
erence to Figure 11.9. Individual bins or baskets arc suspended from carriers that revolve
around the carousel oval 1ail. The circumference of the rail is given by

C=2L-W)+ W a1

where C = circumference of oval conveyor track (m, ft), and L and W are the length and
width of the track oval (m, ft).

The capacity of the carousel system depends on the number and size of the bins (or
baskets) in the system. Assuming standard size bins each of a certain volumetric capacity,
then the number of bins can be used as our measure of capacity. As illustrated in Figure 11.9,
the number of bins hanging vertically from each carrier is 7,,and n, = the number of car-
riers around the periphery of the rail. Thus,

Total number of bins = .7, (1.9

W Top view

Side view

Figure 11,9 Top and side views of horizontal storage carousel with
18 carriers (n, = 18) and 4 bins/cartier (n, = 4),
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The carriers are separated by a certain distance to maximize storage density yet avoid
the suspended bins interfering with each other while traveling around the ends of the
carousel. Let s, = the center-to-center spacing of cartiers along the oval track. Then the fol-
lowing relationship must be satisfied by the values of s, and #,:

son . =C (11:9)

where C = circumicrence (m, ft), s, = carrier spacing (m/carrier, ft/carrier), and
n, = number of carriers, which must be an integer value.

Tt put Analysis, The i cycle time can be derived based on the
following assumptions. First, only single command cycles are performed; a bin is accessed
in the carousel either to put items into storage or to retrieve one or more ilems from stor-
age, Second, the carousel operates with a constant speed ¢, acceleration and deceleration
effects are ignored. Third, random storage is assumed; that is, any location around the
carousel is equally likely to be selected for an S/R transaction. And fourth, the carousel can
move in either direction. Under this Jast assumption of bidirectional travel, it can be shown
that the mean travel distance between the load/untoad station and a bin randomly locat-
ed in the carousel is C/4. Thus. the $/R cycle time is given by

= +T, (1L.10)

where 7, = S/R cycle time (min),C = carousel circumference as given by Eq.(11.7) (m, ft),
o, = carousel velocity (m/min, ft/min),and T,; = the average time required to pick or de-
posit items each cycle by the operator at the load/unload station {min). The number of
transactions accomplished per hour is the same as the number of cycles and is given by
the following:

(11.11)

EXAMPLE 115 Carousel Operation

The oval rail of a carousel storage system has length = 12 m and width = 1m.
There are 75 carriers equally spaced around the oval. Suspended from each
carrier are six bins. Each bin has volumetric capacity = 0.026 m*. Carousel
speed = 20 m/min. Average P&D time for a retrieval = 20 sec. Determine:
(a) volumetric capacity of the storage system and (b) hourly retrieval rate of the
storage system.

Solution: (a) Total number of bins in the carousel is
n.n, =75 X 6 = 450 bins

Total volametric capacity = 450(0.026) = 11.7m’
(b) The circumference of the carousel rail is determined by Bq. (11.7):

C=2(12-1) + 17 = 2514m



352

REFERENCES

PROBLEMS

Chap. 11 / Storage Systems

Cycle time per retrieval is given by Eq. (11.10):
2514 + 20/60 = 0.647 min
4(20)

Expressing throughput as an hourty rate, we have

R, = 60/0.647 — 92.7 retrieval transactions/hr

¥EARE, T, "GM Runs in Top Gear with AS/RS Sequencing,” Modern Materials Handling, Au-
gust 1998, pp. S0-52,

Kuiwiec, R. A., Editor, Materials Handling Handbook, 2nd Edition, John Wiley & Sons, Inc.,
New York, 1985.

Material Handling Institote, AS/RS in the Automated Factory, Pittsburgh, Pennsylvania, 1963.
Material Handling Institute, Cansideration for Planning and Installing an Automated Stor-
age/Retrieval System, Pitisburgh, Pennsylvania, 1977.

MULCARY, D. E., Materials Handling Handbook, McGraw-Hill, New York. 1999.

ToMekins, ). A., L. A. WHITE. Y. A. BO7ER, E. H. FRAZELLE, I. M. TANCHOCO, and . TREVINO,
Facilities Planning, Second Edition, John Wiley & Sons, Inc., New York, 1996.

IRUNK, C..*The Sky’ the Limit for Vertical Lifts.” Material Handling Engineering, August
1998, pp. 36-40.

TRUNK, C., “Pick-To-Light: Choices. Chonces, Choices.” Material Handling Engineering, Sep-
tember 1998, pp. 44-48.

TRUNK. C.,"ProMat Report:New Ideas for Carousels,” Material Handling Engineering, Apil,
1999.pp. 69-74.

“Verticat I ift Storage Modules: Advances Drive Growth,” Modern Materials Handling, Octo-
ber 1998, pp. 42-43

Weiss. D. . “Carouse! Systems Capabilities and Design Considerations,” Automated Materi-
o Handling and Storage, (J. A. Tompkins and J. D. Smiith, Editors) Auerbach Publishers, Inc..
Pennsauken, New Jersey, 1983

SIZING THE AS/RS RACK STRUCTURE

Sizing the AS/RS Rack Structure

L1 Each aisle of a six-aisle Automated Storage/Retrieval System is to contain S0 storage com-

partmcnts in the length dircction and cight compartments in the vertical direction. All stor-
age compartments will be the same size ize pallets of dimensi

x =36inand y = 48 in. The height of a unit load z = 30 in. Using the allowances 2 = 61,
b =8in.andc = 10in.determne: (a) how many unit loads can be stored in the AS/RS and
(b) the width, iength, and height of the AS/RS. The rack structure will be built 18 in above
ficor fevel

A unit load AS/RS is being designed to storc 1000 pallet Joads in a distridution center located
nex! 10 the factory. Pallet dimensions are; x = 1000 mm, = 1200 mm, and the maximum
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height of a unit load = 1300 mm. The following is specified: (1) The AS/RS will consist of
two aisles with one $/R machinc per aisle, (2) length of the structure should be approxi-
matelyfive times its height.and (3) the rack structure will be buik 500 mm abose foor level.
Using the allowances @ = 150 mm. & = 200 mm. and ¢ ~ 250 mm, determue the width,
length.and height of the AS/RS rack structure.

You are given the rack structure dimensions computed in Problem 11.2, Assuming that only
80% of the storage compartments are occupied on average. and that the average volume of
a unit load per pallet in storage = 0.75 m', compuite the ratio of the total volume of unit
loads in storage relative to the total volume occupicd by the storage rack structure.

A unitload AS/RS for work-in-process storage in a factory must be designed to store 2000
pallct toads. with an allowance of no less than 20% additional storage compartments for
peak periods and flexibility. The unit load pallet dimensions are: depth (x) = 36 in and width
(v) = 48in. Maximum height of a umt load = 42 in, It has been determined that the AS/RS
will consist of four aisles with one S/R machine per aisle. The maximum ceiling height (in-
terior) of the building permitted by local ordinance is 60 ft, so the AS/RS must fit within
this height limitation. The rack structure will be built 2 ft above floor level, and the clearance
between the rack structure and the ceiling of the building must be at least 18 in. Determine
the dimensions (height, length, and width) of the rack structure

AS/RS Throughput Analysis
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The length of the storage aisle in an AS/RS = 240 ft and 1ts heigat = 60 fi. Suppose hori-
zontal and vertical speeds of the S/R machine are 300 ft/min and 60 ft/min, respectively. The
$/R machine requires 18 sec to accomplish a pick-and-deposit operation. Find: (a) the sin-
gle command and dual command cycle times per aisle and (b) throughput for the aisle under
the assumptions that storage system utilization = 85% and the numbers of single command
and dual command cycles are equal

Solve Problem 11.5 except that the ratio of single command 1o dual command cycles is 3:1
instead of 1:1

AnAS/RS is used for work-in-process storage in a manufacturing facility. The AS/RS has five
aisles, each aisle being 120 ft long and 40 ft high. The horizontal and vertical speeds of the
S/R machine are 400 fi/min and 50 ft/min, respectively. The $/R machine requires 21 sec to
accomplish a pick-and-deposit operation. The number of single command cycles equals the
aumber of dual command cycles. 1f the requirement is that the AS/RS must have a through-
put rate of 200 $/R transactions/hr during periods of peak activity. will the AS/RS satisfy
this requirement? I so, what is the utilization of the AS/RS during peak hours?
Anautomated storage/retrieval system installed in a warehouse has five aisles. The storage
racks in cach aisle are 30 ft high and 150 ft long. The S/R machine for each aisle travels at a
horizontal speed of 350 ft/min and a vertical speed of 60 ft/min. The pick-and-deposit
time = 0.35 mun. Assume that the number of single command cycles per hour is equal to the
number of dual command cycles per hour and that the system operates at 75% utilization.
Determine the throughput rate (loads moved per hour) of the AS/RS.

A {0-aisle automated storage/retricval system is located in an integrated factory-warehouse
facility. The storage racks in each aisle are 18 m high and 95 m long. The S/R machine for
each aisle travels at a horizontal speed of 1.5 m/sec and a vertical speed of 0.5 m/sec. Pick-
and-deposit time = 20 sec. Assume that the number of single command cycles per hour is
one-half the number of dual command cycles per hour and that the system operates at 80%
utilization. Determine the throughput ratc (loads moved per hour) of the AS/RS.

An automated system for work-in-p: tas five aisles. The storage racks
in each aisle are 10 m high and 50 m long The S/R machine for each aiske travels at a hori-
zontal speed of 2.0 m/sec and a vertical speed of 0.4 m/sec. Pick-and-deposit time = 15sec.
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Assume that the number of single command cycles per hour is equal to three times the num-
be: of dual command cycles per hour and that the system operates at 0% utilization. De-
termmne the throughput rate (loads moved per hour) of the AS/RS.
The length of one aisle in an AS/RS is 100 m and its height is 20 m. Horizontal travel speed
is 2.0 mjsec. The vertical speed is specificd so that the storage system is “square in time.”
which means that L/v, = H/v,. The pick-and-deposit time is 15 sec. Determine the cx-
pected throughput rate (transactions per hour) for the aisle if the expected ratio of the
number of transactions performed under single command cycles to the number of transac-
tions performed under dual command cycles is 2:1. The system operates continuously dur-
ing the hour.
An automated storage/retrieval system has four aisles. The storage racks in each aisle are 40 ft
high and 200 ft long. The S/R machine for each aisle travels at a horizontal speed of
400 ft/min and a vertical speed of 60 ft/min. If the pick-and-deposit time = 0.3 mn, deter-
mine the throughput rate (loads moved per hour) of the AS/RS. under the assumption that
time spent each hour performiing single command cycles is twice the time spent performing
dual command cycles and that the AS/RS operates at 90% utilization.
An AS/RS with one aisle is 300 ft long and 60 ft high. The S/R machine has a maximum
specd of 300 ft/min in the horizontal direction. It accelerates from 0 to 300 ft/min in a dis-
tance of 15 ft. On approaching its target position (where the S/R machine will transfer a
toad onto or off of s platform).it decelerates from 300 ft/min 1o a full stop in 15 ft. The max-
imum vertical speed is 60 fr/min, and the acceleration and deceleration distances are cach
3 ft. Assume simultancous horizontal and vertical movement and that the rates of accelzr-
ation and deceleration are constant in both directions. The pick-and-deposit time = 0.3 min.
Using the general approach of the MHI method for computing cycle time but adding con-
of and determine the single command and dual com-
mand cycle times.
An AS/RS with four aisles is 80 m long and 18 m high. The $/R machine has a maximum
speed of 1.6 m/scein the horizontal direction. It accelerates from 0 to 1.6m/sec in a distance
of 2.0 m. On approaching its target position (where the S/R machine will transfer a load
onto or off of its platfarm, it decelerates from 1.6 m/sec to a full stop in 2.0 m. The maxi-
mum vertical speed is 0.5 m/sec. and the acceleration and deceleration distances are cach
0.3 m. Rates of acceleration and deceleration are constant in both directions. Pick-and-de-
posit time = 12 sec. Utilization of the AS/RS is assumed to be 90%. and the number of dual
command cycles equals the number of single command cycles (a) Calculate the single com-
mand ard dual command cycle times. including considerations for aceeleration and decel-
eration. (b) Determine the throughput rate for the system.
Yeur company is seeking proposals fcr an aulomawd storage/retrieval system that will have
a Tate of 3 during the one 8-hr shift/day. The
request for proposals indicates that the number of single command cycles is expected to be
four times the number of dual command cycles. The first proposal received is from a ven-
dor who specifies the following: ten aisles, cach aisle 150 ft Jong and 50 ft high: horizontal and
vertical speeds of the S/R machine = 200 ft/min and 66.67 ft/min. respectively; and pick-and-
deposit time = 0.3 min. As the responsible engineer for the project. you must analyze the
proposal and make i One of the difficulties you see in the pro-
posed AS/RS is the large number of $/R machines that would be required—one for each of
the ten aisles. This makes the proposed system very expensive. Your recommendation is to
reduce the number of aisles from ten o six and to select an $/R maching with horizontal and
vertical speeds of 300 ft/min and 100 ft/min, respectively. Although each high-spced SR
machine s shghtly more expensive than the slower model, reducing the number of machines
from ten to six will significantly reduce total cost. Also, fewer aisles will reduce the cost of
the rack structure. even though each aisle will be somewhat larger. since 1otal storage capacity
‘must remain the same. The problem is that throughput rate will be adversely affected. (a) De-
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termine the throughput rate of the proposed ten-aisle AS/RS and calculate its utilization
relative to the specified 300 transactions/hr. {b) Determine the length and height of a six-aisle
AS/RS whose storage capacity would be the same as the proposed ten-aisle system. (¢) De-
terminc the throughput rate of the six-aislc AS/RS and calculate its utilization relative to the
specified 300 transactions/hr. (dj Given the dilemma now confronting you, what other al-
ternatives would you analye.and what recommendaions would you make to improve the
design of the system?

1116 A unit load automated storage/reirieval system has five aisles The storage racks are 60 ft high
and 230 ft long. The S/R machine travels at a horizontal speed of 200 ft/min and a vertical
speed of 80 ft/min. The pick-and-deposit time = 0,30 min. Assume that the number of sin-
gle command cycles per hour is four times the number of dual command cycles per hour
and that the system operates at 80% utilization. A dedicated storage scheme is used for or-
ganizing the stack, in which unit loads are separated into two classes, accarding to activity
level. The more-active stock is stored in the half of the rack system located closest to the
inputioutput station, and the less-active stock is stored in the other haif of the rack system
(farther away from the input/output station). Within each half of the rack system. random
storage is used. The morc-active stock accounts fof 75% of the transactions, and the less-ac-
tive stock accounts for 1he remaining 25% of the transactions. Determine the throughput
rate (loads moved per hour into and out of storage) of the AS/RS, basing your computation
of cycle times on the same types of assumptions used in the MHI method. Assume that when
dual command cyeles are performed, the 2 transactions/cycle are both in the same class.

1117 The AS/RS aisle of Problem 11.5 will be organized followiag a class-based dedicated stor-
age stratogy. There will be two classes. according to activity level. The more-active stock is
stored in the half of the rack system that is located closest to the input/output station, and
the less-active stock is stored in the other half of the rack system, farther away from the
inputioutput station, Within each half of the rack system, random storage is used. The morc-
active stock accounts for 80% of the transactions, and the less-active stock accounts for the
remaining 20%. Assume that system utilization is 85% and the number of single command
cycles equals the number of dual command cycles in each half of the AS/RS. (a) Determine
the throughput of the AS/RS, basing the computation of cycle times on the same kinds of as-
sumplions used in the MHI method. (b} A class-based dedicated storage strategy is sup-
posed to increase throughput. Why is throughput less here than in Problem 11.57

Carousel Storage Systems

1118 A single carousel storage system is Iocated in a factoty making small assemblies. It is 20 m
long and 1.0 m wide. The pick-and-deposit time is 0.25 min. The speed at which the carousel
operates is 0.5 m/sec. The storage system has a 90% utilization. Determine the hourly
throughput rate.

1119 A storage system serving an electronics assembly plant has three storage carousels, each
with its own manually operated pick-and-deposit station. The pick-and-deposit time is
0.30 min. Each carousel is 60 ft long and 2.5 ft wide. The speed at which the system revolves
is85 fi/min. Determine the throughput rate of the storage system,

1120 A single carousel storage system has an oval rail loop that is 30 ft long and 3 ft wide. Sixty
carriers are equally spaced around the oval. Suspended from each carrier are five bins. Each
bin has a volumetric capacity = 075 ft*. Carousel speed = 100 ft/min. Average pick-and-de-
posit tme for a retrieval = 20 sec. Determine: (a) volumetric capacity of the storage system
and (k) hourly retrieval rate of the storage system.

1121 A carousel storage system s to be designed to serve a mechanicat assembly plant. The spec-
ifications on the system are that it must have a total of 400 storage bins and a throughput of
atleast 125 8/R transactions/hr. Two alternative configurations are being considered: (1) a
one-carousel system and (2) # two-carousel system. In both cases, the width of the carousel
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istobe 4.0 ft and the spacing between carriers = 2.5 ft. One picker-operator will be required
for the 1 system and two picker-op will be required for the two-carousel
system. In either system v, = 75 ft/min. For the convenience of the picker-operator, the
height of the carouse] will be limited to five bins. The standard time for a pick-and-deposit
operation at the load/unload station = 0.4 mi if one part is picked or stored per bin and
0.6 min if more than one part is picked or stored. Assume that 56% of the transactions will
involve more than one component. Determine: (a) the required length and (b) correspond-
ing throughput rate of the one-carousel system and (c) the required length and (d) corre-
sponding throughput rate of the two-carousei system. {¢) Which system better satisfies the
design specifications?

Given your answers to Problem 11.21, the costs of hoth carouse) systems are to be com-
pared. The one-carousel system has an installed cost of $50,000, and the comparable cost of
the two-carousel system is $75,000. Labor cost for a picker-operator is $20/hr, including
fringe benefits and applicable overhead. The storage systems will be operated 250 day/yr for
7 hrs/day, although the operators will be paid for 8 hr. Using a 3-yr period in your analysis
and a 25% rate of return, determine: (a) the equivalent annual cost for the two design al-
ternatives. assuming no salvage value at the end of 3 yr; and (b) the average cost per stor-
age/retrieval transaction.
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The term automatic data capure (ADC), also known as automatic identification and data
capture (AIDC). refers to the technologies that provide direct entry of data into a computer
or other microprocessor controlled system without using a keyboard. Many of these tech-
nologies require no human involvement in the data capture and entry process. Automatic
identification systems are being used increasingly to collect data in material handling and
manufacturing applications. In material handling, the applications include shipping and re-
ceiving, storage. sortation, order picking. and Kitting of parts for assembly, In manufactur-
ing, the applications include monitoring the status of order processing, work-in-process,
machine utilization, worker attendance, and other measures of factory operations and per-
formance. Of course, ADC has many important applications outside the factory, including
retail sales and inventory control, warehousing and distribution center operations, mail
and parcel handling, patient identification in hospitals, check processing in banks, and
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security systems. Our interest in this chapter emphasizes material handling and manufac-
turing applications.

The alternative to automatic data capture is manual collection and entry of data. This
typicatly involves recording the data on paper and later entering them into the computer
by means of a keyboard. There are several drawbacks to this method:

1. Errors occur in both data colkction and keyboard entry of the data when accom-
phshed manually. The average crror rate of manual keyboard entry is one error per
300 characters.

. Time fuctor. When manual methods are used, there is a time delay between when the
activities and events occur and when the data on status are entered into the com-
puter. In addition, manual methods are more time
than automated methods.

. Labor cost. The full-time attention of human workers is requized in manual data col-
lection and entry, with the associated labor cost.

~

w

These ks are virtually elimi when and data capture
are used. With ADC, the data on activitics, cvents, and conditions are acquired at the lo-
cation and time of their occurrence and entered into the computer immediately or short-
ly thereafter.

Automatic data capture is often associated wuh the malenal handling mdustry The
ADC industry trade jation, the i
{AIM}, started as an affiliate of the Material Handling Institute, Inc. Many of the applica-
tions of this technology relate to material handling. But automatic identification and data
capture has also become a technology of growing importance in shop floor control in man-
ufacturing plants (Chapter 26). In the present chapter, we examine the important ADC

ies as related to ing.

12.1 OVERVIEW OF AUTOMATIC IDENTIFICATION METHODS

Nearly all of the i ificati i ist of three principal components
which also corprise the sequential steps in ADC [7]:

1. Encoded data. A code is a set of symbols or signals (usually) represcnting alphanu-
meric characters. When data are encoded, the characters are translated into a ma-
chine-readable code. (For most ADC techniques, the encoded data are not readable
by humans.) A label or tag containing the encoded data is attached to the item that
is to be later identified.

Machine reader or scanner. This device reads the encoded data, converting them to
alternative form, usually an electrical analog signal.

Decoder. This component transforms the electrical signal into digital data and final-
Iy back into the original alphanumeric characters.

N
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Many different ies arc used to i identification and
data collection. Within the category of bar codes alone (bar codes are the leading ADZ vech
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nology). more than 250 different bas code schemes have been devised. ADC technotogies
can be divided into the following six categories (19):

. Oprical. Most of thesc technologies use high-contrast graphical symbols that can be
interpreted by an optical scanner. They include linear (one-dimensional) and two-
dimenstonal bar codes, optical character recogaition, and machine vision.

. Magnetic. which encode data magaetically, similar to recording tape. The two im-
portant techniques in this category are (a) magnetic stripe, widely used in plastic
credit cards and bank access cards, and (b) magnetic ink character recognition, wide-
ly used in the banking industry for check processing.

. Electromagnetic. The important ADC technology in this group is radio frequency
identification (RFID).

. Smart curd. This term sefers to small plastic cards (the size of a credit card) imbed-

ded with microchips capable of containing large amounts of information. Other terms

used for this technology include chip card and integrated circuit card.

Touch technigues, such as touch screens and button memeory.

Biometric. These technologies are utilized to identify humans or ta interpret vocal

commands of humans. They include voice recognition, fingerprint analysis, and reti-

nal eye scans.

S
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Not all of these techniques are used in factory operations. According to a survey of indus-
try users conducted by Modern Material Handling magazine and the industry trade asso-
ciation AIM USA, the most. widely used ADC methods in the factory (in approximate
order of 4 at time of writing) are [2]: (1) bar codes, by far
the most widely used, (2) radio frequency methods, (3) magnetic stripe, (4) optical charac-
ter recognition, and (5) machine vision. Bar codes include two basic forms: one-dimen-
sional or linear bar codes and two-dimensional. At time of writing, the linear codes are
much more widely used, although two-dimensional codes are being adopted by certain in-
dustries that require high data density in a relatively small area. We discuss both types of
bar code technologies in Section 12.2 and the other methods in Section 12.3. The features
of these techniques are compared in Table 12.1.
According to the same industry survey [2], the most common applications of ADC
(in order of ) are: (1) receiy-
ing, (2} shlppmg (3) order picking, (4) finished goods storage, (5) manufaclurmg process-
ing, (6) work-in-process storage, (7) assembly, and (8) sortation,

Some of the automated identification applications require workers to be involved in
the daia collection procedure, usually to operate the identification equipment in the ap-
plication. Tht.se iques are therefore semi rather than methods.
Other the i ification with no human participation. The same
basic sensor technologies may be used in both cases. For example, certain types of bar code
readers are operated by humans, whereas other types operate automatically.

As indicated in our Chapler m!roduumn there are good reasons for using automat-
ic identification and data hniques: (1) data accuracy, (2) timeliness, and (3)
labor reduction. First and foremost, the accuracy of the data collected is improved with
ADC.in many cases by a significant margin. The error rate in bar code technology is ap-
proximately 10,000 times lower than in manual keyboard data entry. The ecror rates of
most of the other technologies are nat as good as for bar codes but are still better than
manual-based methods. The second reason for using automatic identification techniques
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TABLE 12.1 Comparison of ADC Techniques and Manual Keyboard Data Entry

Technique Time to Enter*  Error Rate** i Cost
Manual entry Siow High Low Low initial cost
Requires human operator
(Slow speed)
{High error rate)
Bar codes: 1-D Medium Low Low High speed

Good flexibility
(Low data density)
Bar codes: 2-D Medium Low High High speed
High data density
(High equipment cost}

Radio frequency Fast Low High Labet need not be visible
(Expensive labsling}
Magnetic stripe Medivm Low Medium Much data can be encodad

Data can be changed
(Vulnerable to magnetic fields)
{Contact required for reading)
OCR Medium Medium Medium Can be read by humans
{Low dala density)
{High error rate)
Machine vision Fast xen Very high Equipment expensive
(Not suited to general} ADC
applications
Source: Based on data from (13
*Time 1o ener data is basad an a 20-character field. Al techniquas except machine vision use @ human to aither entor the data (manua
@ntry) or to oparate the ADC squipment (bar codss, REID, magnetic stripe, OCR). Key: Slow = 5-10 sac, Madium = 2-5 séc, Fast = < 2 sec.
** Substitution error rate (SER); see definition (Section 12.1).
*** Application dependent.

is to reduce the time required by human workers to make the data entry. The speed of data
entry for handwritten is 57 and itis 10-15 char-
acters/sec (at best) for keyboard entry [15]. Automatic identification methods are capable
of reading hundreds of characters per second. This comparison is certainly not the whole
story in a data collection transaction, but the time savings in using automatic identification
techniques can mean substantial labor cost benef its for large plants with many workem
Although the error rate in and data coll

is much lower than for manual data collection and entry, errors do occur in ADC. The in-
dustry has adopred two parameters to measure the errors:

1. First Read Rate (FRRY). This is the probability of a successful {correct) reading by the
scanner in its initial attempt.

Substitution Error Rate (SER). This is the probability or frequency with which the
scanner incorrectly reads the encoded character as some other character. In a given
set of encoded data containing n characters, the expected number of errors = SER
multiplied by n.

L

Obviously, it is desirable for the ADC system to possess a high first read rate and a low sub-
stitution error rate. A subjective comparison of substitution error rates for several ADC
technologies is presented in Table 12.1.
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12.2 BAR CODE TECHNOLOGY

As indicated earlier, bar codes divide into two basic types: (1) linear, in which the gncod-
ed data are read using a linear sweep of the scanner, and (2) two-dimensional, in which
the encoded data must be read in both directions. These two important optical technolo-
gies ate discussed in this section.

12.2.1 Linear {One-Dimensional) Bar Codes

As mentioned previously. linear bar codes are currently the most widely used automatic
identification and data i There are actually two forms of linear bar
code symbologies.illustrated in Figure 12.1: (a) width-modulated, in which the symbol con-
sists of bars and spaces of varying width; and (b) height-modulated,in which the symbol con-
sists of evenly spaced bars of varying height. The only significant application of the
height. bar code ies is in the U.S. Postal Service for ZIP Code identi-
fication, so our discussion will focus on the width-modulated bar codes, which are used
widely in retailing and manufacturing.

In linear width-mod bar code the symbol consists of a sequence of
wide and narrow colored bass separated by wide and nafrow spaces (the colored bars are
usually black and the spaces aic white fur high contrast). The pattern of bars and spaces is
coded to represent numeric or alphanumeric characters. Palmer [13] uses the interesting
analogy that bar codes might be thought of as a printed version of the Morse code, where
narcow bands represent dots and wide bands represent dashes. Using this scheme, the bar
code for the familiar SOS distress signal would be as shown in Figure 12,2. The difficulties
with a “Morse” bar code symbotogy are that: (1) only the dark bars are used, thus increas-
ing the length of the symbol, and (2) the number of bars making up the alphanumeric char-
actors differs, thus making decoding more difficalt [13].

Bar code readers interpret the code by scanning and decoding the sequence of bars.
The reader consists of the scanner and decoder. The scanner emits a beam of light that is
swept past the bar code (either manually or automatically) and senses light reflections to

5317 Y Lokl bl st harleblakedalonatlseh b
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Figure 12.1 Two forms of linear bar codes: (a) width-modulated, ex-
emplified here by the Universal Product Code; and (b) height-mod-
ulated, exemplified here by Postnet, used by the U.S. Postal Service.

Figure 122 The SOS distress signal in “Morse” bar codes.
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Figure 12.3 Conversion of bar code into a pulse train of electrical sig-
nals: (a) bar code and (b) corresponding electrical signal.

distinguish between the bars and spaces. The light zeflections are sensed by a photodetec-
tor, which converts the spaces into an electrical signal and the bars into absence of an elec-
trical signal. The width of the bars and spaces is indicated by the duration of the
corresponding signals. The procedure is depicted in Figure 12.3. The decoder analyzes the
pulse train to validate and interpret the corresponding data.

Certainly a major reason for the acceptance of bar codes is their widespread use in
grocery markets and other retail stores. In 1973, the grocery industry adopted the Univer-
sal Product Code (UPC) asits standard for itcm identification (Historical Note 12.1). This
is a 12-digit bar code that uses six digits to identify the manufacturer and five digits to iden-
tify the product. The final digit is a check character. The U.S. Department of Defense pro-
vided another major endorsement in 1982 by adopting a bar code standard (Code 39) that
must be applied by vendors on product cartons supplied to the various agencies of DOD.
The UPC is a numerical code (0-9). while Code 39 provides the full set of alphanumeric
characters plus other symbols (44 characters in all). These two finear bar codes and sever-
al others are compared in Table 12.2.

Some Widely Used Linear Bar Codes

Bar Code

Date Description Applications

UPC*

Codabar

Code 39

Code 93

Code 128

Postnet

1973 Nurmeric only, length = 12 Widely used in U.S. and Canada grocery and
digits other retail stores

1972 Only 16 characters: ¢-9, Used in tibraries, blood banks, and some parcel
$oileti— freight applications

1974 Alphanumeric. See text for Adopted by Dept. of Defense, automotive, and
description other manufacturing industries

1982 Similar to Code 38 but higher ~ Same applications as Code 39
density

1981 Alphanumeric, but higher i in some Code 39
density

1980 Numeric only** U.S. Postal Service cods for ZIP code numbers

Sourcss: Neison [12], Pamer (131,

*UPC = Universal Product Code, adopted by the gracery industry in 1973 and based on a symbof developed by IBM Corp. in sary grocary
tosts. A similar standard bar code syster was developed for Europe, called the European Article Numbaring system (EANI, in 1
**This is the onty height-modulated bar code in the table All athers are width-modulsted
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Historical Note 12.1 Bar codes [12], [13].

The first patent relating to a bar code was issued to J.T. Kermode in 1934 (U.S. Patent 1,985,035).
Tt used [our bars 1o sort billing areas for the Cleveland Gas & Elcctric Co. The bar code industry
began in the 19605 as small working groups in large companics. Some of the early companies
invalved with the technology included 1BM, Magnavox, RCA, Sylvania, Bendix, and General
Electric, What we believe was the lirst bar code scanning system was at a Scolt Paper Compa-
ny plant in Wisconsin instalied 1n 1960 by the General Atronics Division of Magnavox Corp.
The system was used (o identify and divert cartons moving along a conveyor. No laser scan-
ners were available at that time, and the Atronics system used photocells respording to light
reflected from two rows of hars on the cartons, Although the crude system worked well, top
excoulives at Magnavox did not believe that bar code technology had much of a future, and so
in 1971 they sold the division to Al Wurz, who changed the name 1o Accu-Sorl

By the early 19705, the major companies in the bar code scanning business were Accu-
Sort, Computer Identics. ldenticon, and Bendix Recognition Systems. It is of interest to note
how each of these companies developed. We have already mentioned that Accu-Sort was pur-
chased from Magnavox. Computer [dentics and Identicon were started by former employces
of Sylvania, And Bendix later decided to exit the business. based on thc same kinds of per-
ceptions that influenced Magnavox to sell out: There was no profitable future in bar codes.

In 1972, the companies involved in bar code technology formed the Automatic Identil
cation Manufacturers Association (AIM) as a product section in the Material Hendling Insti-
tute (the irade association for material handling companies at that time). In 1983, AIM
separated from MHI 1o become an trade iation. The starting i
of ATM in 1972 consisted of ten ies: Accu-Sort, Bendix ition, Computer Iden-
tics, Contro: Logic, Electronics Corp. of America (Photoswitch Div.), General Electric, Gould
(Data Systems Div.). Identicon, Mekontrol, and 3M Company. (At time of writing, there are
more than 150 members of AIM.)

In 1973, the Uniform Product Code (UPC) was adopted by the grocery industey, which
had been working for several years to implement bar code lechnology for produet identifica-
tion. inventory control, and automatior of the check-out procedure. All producers of over-the-
counter goods for the grocery industry weie now required to bar code their products. Other
significant events motivating the development of bar code technology included the Department
of Defense requirement in 1982 that its 33.000 suppliers use bar codes. And about one year later,
the Automotive Industry Action Group established the requirement that the industry’s 16,000
suppliers must bar code all of their delveries. By now. the importance of bar code technology
had bocome clearer to business leaders.

n 1987, Code 49, the first two-dimensional code. was developed by D. Allais and intro-
duced by Intermee to reduce the arca of the conventional bar code label and to increase the
density of the data contained in the symbol.

The Bar Code Symbol. The bar code standard adopted by the automotive indus-
try, the Department of Defense, the Generai Services Administration, and maay other man-
ufacturing industries is Code 39, alse known as AIM USD-2 {Automatic Identification
Manufacturers Uniform Symbol Description-2), although this is actually a subset of Code
39. We describe this format as an example of linear bar code symbols [3], (4], [13]. Code 39
uses a series of wide and narrow elements (bars and spaces) to represent alphanumeric
and other characters. The wide elements are equivalent to a binary value of one and the nar-
row elements are equal to zero. The width of the wide bars and spaces is between two and
three times the width of the narrow bars and spaces. Whatever the wide-to-narrow ratio,
the width must be uniform throughout the code for the reader to be able to consistently in-
terpret the resulting pulse train. Figurc 12.4 presents the character structure for USD-2, and
Figure 12.5 illustrates how the character set might be developed in a typical bar code.
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Figure 12.4 Character sctin USD-2 bar code,a subset of Code 39 [4],

The reason for the name Code 39 is that nine elements (bars and spaces) are used in
each character and three of the elements are wide, The placement of the wide spaces and
bars in the code is what uniquely designates the character. Each code begins and ends with
either a wide or narrow bar. The code is sometimes referred to as code three-of-nine. In ad-
dition to the character set in the bar code. there must also be a so-called “quiet zonc™ both
preceding and following the bar code, in which there is no printing that might confuse the
decoder. This quiet zone is shown in Figure 12.5.
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Figure 12.5 A typical grouping of characters to form a bar code in
Code 39. (Reprinted from [4] by permission of Antomatic Identifi-
cation Manufacturers, Inc.}

Bar Code Readers. Bar code readers come in a variety of configurations; some re-
quire a human to operate them and others are stand-alone automatic units. They are usu-
ally classified as contact or noncontact readers. Contact bar code readers are hand-held
wands or light pens operated by moving the tip of the wand quickly past the bar code on
the object or document. The wand tip must be in contact with the bar code surface or in
very close proximity during the reading procedure. In a factory data coltcction applica-
tion, they are usually part of a keyboard entry terminal. The terminal is sometimes referred
to as a stationary terminal in the sense that it is placed in a fixed location in the shop. When
a transaction is entered in the factory, the data are usually communicated to the comput-
er system immediately. In addition to their use in factory data collection systems, station-
ary contact bar code readers are widely used in retail stores to enter the item identification
in a sales transaction.

Contact bar code readers are also available as portable units that can be carried
around the factory or warehouse by a worker. They are battery-powered and include a
solid-state memory device capable of storing data acquired during operation. The data can
subsequently be transferred to the computer system. Portable bar code readers often in-
clude a keypad that can be used by the operator to input data that cannot be entered via
bar code. These portable units are used for order picking in a warehouse and similar ap-
plications that require a worker to move large distances in a building,

Noncontact bar code readers focus a light beam on the bar code, and a photodetec-
tor reads the reflected signal to interpret the code. The reader probe is located a certain
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distance from the bar code (several inches to several feet) during the read procedure. Non-
contact readers are classified as fixed beam and moving beam scanners. Fixed bear read-
ers are stationary units that usc a fixed beam of light. They are usuaity mounted beside a
conveyor and depend on the movement of the bar code past the light beam for their op-
evation. Applications of fixed beam bar code readers are typically in warehousing and ma-
terial handling operations where large quantities of materials must be identified as they flow
past the scanner on conveyors. Fixed beam scanners in these kinds of operations repre-
sent some of the first applications of bar codes in industry.

Moving beam scanners use a highly focused beam of light, actuated by a rotating mir-
ror to traverse an angular sweep in search of the bar code on the object. Lasers zre often
used to achieve the highty focused light beam. A scan is defined as a single sweep of the
light beam through the angular path. The high rotational speed of the mirror allows for very
high scan rates—up to 1440 scans/sec [1]. This means that many scans of a singlc bar code
can be made during a typical reading procedure, thus permitting verification of the read-
ing. Moving beam scanners can be either stationary or portable units. Starionary scanners
are located in a fixed position to read bar codes on objects as they move past ona conveyor
or other material handling equipment. They are used in wareh and cen-
ters to automate the product identification and sortation ions. A typical setup using.
a stationary scanner is illustrated in Figure 12.6. Poriable scanners are hand-held devices
that the user points at the bar code like a pistol. The vast majority of bar code scanners used
in factories and warehouses are of this type [21].

Bar Code Printers. 1n many bar code applications, the labels are printed in medi-
um-to-large quantities for product packages and the cartons used to ship the packaged
produms. These preprinted bar codes are usually produced off-site by companies special-
izing in these operauons The labels are pnmed in either identical or sequenced symbols
Printing include iques such as i offset i
and flexographic printing,

Bar codes can also be printed on-site by methods in which the process is controlled

to achieve indivi ized printing of the bar coded document or item
label These applications tend to require multiple printers distributed at locations where
they are needed. The printing technologies used in these applications include [8], [13]:

* Dot matrix. In this technique. the bars are printed by overlapping dots to form wide
or narrow bands. Dot matrix is a low-cost technique, but the quality of the printed bars

Bar code Carton
— ¥ | ] =,
3

Conveyor

Moving beam

Scanner

Figure 12.6 Stationary moving beam bar code scanner located along
a moving conveyor.



Sec. 12.2 / Bar Code Technology 367

depends on the degree of overlap: accordingly, there is a lower limit on the size of
the bar code
« Ink-jet. Like dot matrix. the ink-jet bars are formed by overlapping dots, but the dots
are made by ink droplets. Recent advances in ink-jet technology, motivated by the per-
sonal computer market, have improved the resolution of ink-jet printing, and so bar
codes of higher density than dot matrix bars are possible at relatively low cost
Direct thermal. In this technique, light-colored paper labels are coated with a heat-sen-
sitive chemical that darkens when heated. The printing head of the thermal printer
cosists of a lincar array of small heating clements that heat localized areas of the label
a1t moves past the head, catsing the desired bar code image to be formed. Bar codes
by direct thermal printing are of good quality,and the cost is low. Care must be taken
with the printed label to avoid prolonged exposure 1o elevated temperatures and ul-
traviolet light.
Thermal transfer. This technology is similar to direct thermal printing, except that
the thermal printing head is in contact with a special ink ribbon that transfers its ink
to the moving label in localized areas when heated. Unlike direct thermal printing,
plain (uncoated) paper can be used, and so the concerns abeut ambient temperature
and ultraviolet light do not apply. The disadvantage is that the thermally activated ink
ribbon is consumed in the printing process and must be periodically replaced.
® Laser printing. Laser printing is the technology that is widely used in printers for per-
sonal computers. In laser printing. the bar code image is written onto a photosensi-
tive surface (usually arotating drum) by a controllable light source (the laser),forming
an electrostatic image on the surface. The surface is then brought into contact with
toner particles that are attracted to selected regions of the image. The toner image is
then transferred to plain paper (the label) and cured by heat and pressure. High-
quality bar codes can be printed by this technique.

In addition. a laser erching process can be used to mark bar codes onto metal parts. The
process provides a permanent identification mark on me ilem that is not susceptible to
damage in the harsh envi that are any ing process-
es. Other processes are also used to form permanent 3- B bar sodes on parts, including
molding, casting, engraving, and embossing {5]. Special 3-D scanners are required to read
these codes,

Examples of applications of these individualized bar code printing methods include:
keyboard entry of data for inclusion in the bar code for each item that is labeled, auto-
mated weighing scales and other mspectmn prooedures in Whlc]\ umque grading and la-
beling of product is required, unique of lots
products, and preparation of route sheets and other documents. me]uded in a shop packet
traveling with a production order, as in Figure 12.7. Production workers use bar code read-
ers to indicare order number and completion of each step in the operation sequence.

12.2.2 Two-Dimensional Bar Codes

The first two-dimensional (2-D) bar code was introduced in 1987. Since then, more than a
dozen 2-D symbol schemes have been developed, and the number is expected to increase.
The advantage of 2-D codes is their capacity to store much greater amounts of data at
higher area densities. Their disadvantage is that special scanning equipment is required to
read the codes, and the equipment is more expensive than scanners used for conventional
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Figure 12.7 Bar-coded production order and route sheet. (Courtesy
of Computer Identics Corp.).

bar codes. Two-dimensional symbologies divide into two basic types: (1) stacked bar codes
and (2) matrix symbologies.

Stacked Bar Codes. The first 2-D bar code to be introduced was a stacked sym-
bology. It was developed in an elforl to reduce the area required for a conventional bar
code. But its real advantage is that it can contain significantly greater amounts of data. A
stacked bar code comsists of multiple rows of conventional linear bar codes stacked on top
of each other. Several stacking schemes have been devised over the years, neady all of
which allow for multiple rows and variations in the numbers of encoded characters possi-
ble. Several of the stacked bar code systems are listed and compared in Table 12.3. An ex-
ample of a 2-D stacked bar code is illustrated in Figure 12.8.

The encoded data in a stacked bar code are decoded using laser-type scanners that
read the lines sequentially. The technical problems encountered in reading a stacked bar
code include: (1) keeping track of the different rows during scanning, (2) dealing with scan-
ning swaths that cross between rows, and (3) detecting and correcting localized errors [13].
As in linear bar codes, printing defects in the 2-D bar codes are also a problem.
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TABLE 12.3 2-D Bar Codes

Symbotogy Type Date (Company or Inventor]  Relative Data Density*
Caode 49 Stacked 1987 {Intermec) 58

Code 16K Stacked 1988 (T. Witliams) 5.8

PDF417 Stacked 1990 {Symbol Technology) 7.2

Code One Matrix 1992 (T. Williams) 30
DataMatrix Matrix 1989 (Priddy & Cymbalski) 2

MaxiCade Matrix 1992 (UPS) 15

Source: Palmer (131
*Comparisen is to Cods 39 basad on 20 alphanumeric characters. Relative data density of Cade 39 1s 1.0. Higher

.
hl !H

Figure 128 A 2-D stacked bar code. Shown is an example of a
PDF417 symbol.

o

Matrix Syrnbologies. A matrix symbology consists of 2-D patterns of data cells that
are usually square and are colored dark (usually black) or white. The 2-D matrix symbol-
ogies were introduced around 1990, and several of the more common symbologies are list-
ed in Table 12.3. Their advantage over stacked bar codes is their capability to contain more
data. They also have the potential for higher data densities, aithough that potential is not
always exploited, as shown in Table 12.3 for the case of MaxiCode.! Their disadvantage
compared to stacked bar codes is that they are more complicated, which requires more-so-
phisticated printing and reading equipment. The symbols must be produced (during print-
ing) and interpreted (during reading) both horizontally and vertically; therefore they are
sometimes referred to as area symbologies. An example of a 2-D matrix code is illustrat-
ed in Figure 12.9.

f the matrix ies are currently found in part and product iden-
tification during manufacturing and assembly. These kinds of applications are expected to
grow as computer-integrated manufacturing becomes more pervasive throughout industry.

*MaxiCode was developed by United Parcel Service for antomated sortation applicatians Small symbol
size was not a major factor in its development.
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Figure 129 A 2-D matrix bar code. Shown is an example of the Data
Matrix symbol.

The semiconductor industry has adopted Data Matrix ECC200 (a variation of the Data Ma-
trix code listed in Table 12.3 and shown in Figure 12.9) as its standard for marking and
identifying wafers and other electronic components [11].

12.3 OTHER ADC TECHNOLOGIES

The other di i jon and data collecth i are either used in spe-
cial applications in factory operations, or they are widcly applied autside the factory. Brief
descriptions of them are provided in the following.

12.3.1 Radio Frequency ldentHication

Of the alternative ADC techi ies, radio frequency identification (RFID) rep the
biggest challenge to the predominance of bar codes. In addition, radio frequency (RF)
technology is widely used to augment bar code identification (and other ADC techniques)
by providing the communication link between remote bar code readers and some central
terminal. This latter application is called radio ﬁequency dam commumcuﬂon (RFDC),as
distinguished from RFID. In radio an * i ion tag” con-
taining electronically coded data is attached to the subject item and communicates these
data by RF to a reader as the item passes. The reader decodes and validates the RF signal
priorto tr ing the i data to a collection computer system.
Although the type of RF signal is similar to those used in wireless television trans-
mlSSIOn there are differences i in how RF lechnulogy is used in product identification. One
is that the is in two directions rather than in one direction as in
commereial radio and TV. The identification tag is a transponder, which is a device capa-
ble of emitting a signal of its own when it receives a signal from an external souirce. To be
activated, the reader transmits a low-level RF magnetic field that serves as the power source
for the transponder when in close-gnough proximity. Another difference beiween RFID and
commercial radio and TV is that the signal power is substantially lower in identification ap-
plications (from milliwatts to several watts), and the communication distances usually range
between several millimeters and several meters. The communication distance can be
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increased by the use of battery-powered tags, capable of transmitting the 1D data over
greater distances (typically 10 m and more). These battery-powered tags are called active
tags, as opposed o the traditional passive tags, which have no battery.

One of the initial uses of RFID was for tracking railway cargo. In this application, the
term “tag” may be misleading, because a brick-sized container was used to house the elec-
tronics for data storage and RF i icati use tags avail-
able in a variely of different forms, such as credit-card-sized plastic labels for product
identification and very small glass capsules injected into wild animals for tracking and re-
scarch purposes.

Identification tags in RF1D are usually read-only devices that contain up to 20 char-
acters of data rep ing the item § and other i ion that is to be com-

i Advances in the technology have provided much higher data storage capacity
and the ability to change the data in the tag (read/write tags). This has opened many new
opportunitics for incorporating much more status and historical information into the au-
tomatic identitication tag rather than using a central data base.

Advantages of RFID include: (1) Identification does not depend on physical contact
or direct line of sight observation by the reader. {2) much more data can be contained in
the identification tag than with most ADC technologies, and (3) data in the read/write tags
can be altered for historical usage purposes of reuse of the tag, The disadvantage of REID
is that the hardware tends to be morc cxpensive than for most other ADC 1echnologies. For
this reason, RF[D systems are generally appropriate only for data collection situations in
which environmental factors preciude the use of optical techniques such as bar codes. For
example, RF sysiems are suited for identification of products with high unit values in man-
ufacturing processes that would obscure any optically coded data (such as spray painting).
They are also used for identifying railroad cars and in highway trucking applications where
the environment and cenditions make other methods of identification infeasible.

12.3.2 Magnaetic Stripes

Magnetic stripes attached to the product or container are used for item identification in fac-
tory and warehouse applications. A magnefic stripe is a thin plastic fitm containing small
magnetic particles whose pole orientations can be used to encode bits of data into the film.
The film can be encased in or attached to a plastic card or paper ticket for automatic iden-
tification. These are the same kinds of magnetic stripes used to encode data onto plastic
credit cards and bank access cards. Although they are widely used in the financial com-
munity, their use seems to be declining in shop floor control applications for the following
reasons: (1) The magnetic stripe must be in contact with the scanning equipment for read-
ing to be ished, (2) ilability of ient shop floor encoding methods to
write data into the stripe, and {3) the magnetic stripe labels are more expensive than bar
code labels. Two advantages of magnelic stripes are their large data storage capacity and
the ability to alter the data contained in them,

12.3.3 Optical Character Recognition

Optical character recogrition (OCR) refers to the use of specially designed alphanumeric
characters that are machine readable by an optical reading device. Optical character recog.
nition is a 2-D symbology, and scanning involves interpretation of bath the vertical and hor-
icontal features of each character during decoding, Accordingly, when manually operated
scanners are used. a certain level of skill is required by the human operator, and first read



372

REFERENCES

Chap. 12 / Automatic Data Capture

rates are relatively fow (often less than 50% [13]). The substantial benefit of OCR technology
is that the characters and assaciated text can be read by humans as well as by machines.

As an interesting historical note, OCR was selected as the standard automatic iden-
tification technology by the National Retail Merchants Association (NRMA) shartly after
the UPC bar code was adopted by the grocery industry. Many retail establishments made
the investment in OCR cquipment at that rime. However, the problems with the technol-
ogy became apparent by the mid-1980s [13]: (1) low first read rate and high substitution
error rate when hand-held scanners were used, (2) lack of an omnidirectional scanner for
automatic checkout. and (3) widespread and growing adoption of bar code technology.
NRMA was subsequently forced to revise its recommended standard from OCR technol-
ogy to bar codes.

For factory and ions. the list of di: includes: (1} the re-
quirement for near-contact scanning, (2) lower scanning rates, and (3) higher error rates
cormpared to bar code scanning.

12.3.4 Machine Vision

The principal application of machine vision currently is for automated inspection tasks
(Section 23.6). For ADC applications, machine vision systems are required to read 2-D ma-
trix symboals, such as Data Matrix (Figure 12.9), and they can also be used for stacked bar
codes, such as PDF-417 (Figure 12.8) [9]. Applications of machine vision also include other
types of automatic identification problems, and these applications may grow in number as
the technology advances. For example, machine vision systems are capable of distinguish-
ing between a limited variety of products moving down a conveyor so that the products can
be sorted. The recognition task is accomplished without requiring that a special identifi-
cation code be placed on the product. The recognition by the machine vision system is
based on the inherent geometric features of the object.
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