- =

FIFTH EDITION

. ' AL 1 T\ ;
b 1 llial
1 MANUFACTURING FACILITIES

| ' DESIGN & MATERIAL

N

35 HANDLING

-
- >




Manufacturing
Facilities Design and
Material Handling

FIFTH EDITION

Matthew P. Stephens
Fred E. Meyers

]
Ze
@« o
3

ayette, Indiana



Credits and acknowledgments borrowed from other sources and reproduced, with permission, in this
textbook appear on appropriate page within text. Unless otherwise stated, all figures and tables belong
to the authors.

Copyright © 2013 by Matthew P. Stephens. All rights reserved. Manufactured in the United States of
America. This publication is protected by Copyright, and permission should be obtained from the pub-
lisher prior to any prohibited reproduction, storage in a retrieval system, or transmission in any form or
by any means, electronic, mechanical, photocopying, recording, or likewise.

Many of the designations by manufacturers and sellers to distinguish their products are claimed as
trademarks. Where those designations appear in this book, and the publisher was aware of a trade-

mark claim, the designations have been printed in initial caps or all caps.

This book was previously published by: Pearson Education, Inc.

Cataloging-in-Publication data on file at the Library of Congress.

ISBN-13: 978-1-55753-650-1
ISBN-10: 1-55753-650-3



To my son Ethan






Preface

The fifth edition of Manufacturing Facilities Design and Material Handling
embraces the same practical approach to facilities planning as the previous edi-
tions. Building on the same systematic approach, it expands upon an important
and relevant topic of lean manufacturing. In addition to a rich collection of
discussion questions and problems that follow each chapter, a comprehensive
case study has been added. This case study is presented as an Appendix and
clearly illustrates the step-by-step approach in facilities planning as explained
in the textbook, leading to the development of a complete example of a facility
design and layout.

Layout-iQ, a state-of-the-art facilities planning and simulation software package
is introduced in this edition, and access to the software is included for purchasers
of the book.

The goals of this project-oriented facilities design and material handling
textbook are to provide students and practitioners with a practical resource that
describes the techniques and procedures for developing an efficient facility layout,
and to introduce some of the state-of-the-art tools such as computer simulation.

This how-to book leads the reader through the collection, analysis, and develop-
ment of vital and relevant data to produce a functional plant layout. Our systematic
and methodical approach allows the novice to follow along step-by-step. However,
the textbook has been structured so that it may also be used easily and productively
by more experienced planners and serve as a useful guide and reference.

The mathematical background and requirements have been intentionally kept
at the level of high school algebra. Although quantitative analyses and the manipu-
lation of numbers are extremely important for planning an efficient facility, these
skills can be developed without confusing the process with obscure mathematical
procedures.

Some experience with computers and computer-aided design (CAD) software
packages will prove beneficial for the facilities planner and for other professionals
in manufacturing and technology. Those techniques are discussed and emphasized.

On the average, a manufacturing facility will undergo some layout modification
and change once every 18 months. Furthermore, the efficiency, productivity, and
profitability of any given enterprise are directly correlated with the efficiency of the
layout and the material handling systems. Thus, individuals with skills in this area
are in demand and are well compensated.

The design of the facility and material handling systems starts with collecting
data from various departments. Chapter 2 describes the sources and the significance
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of this information. The marketing department provides data on various customer
requirements that determine production volume and various manufacturing capa-
bilities. The product engineering department supplies engineering drawings and
bills of materials, and assists with equipment requirement determination. Inventory
and investment policies are determined according to management policies which
in turn dictate space requirements, make or buy decisions, production start dates,
and so on.

Among the most basic and fundamental data are principles of time and motion
economy and time standards. On the basis of this information, machine and per-
sonnel requirements are calculated, assembly lines are balanced, and workload in
manufacturing cells are leveled. Chapter 3 introduces the reader to the concepts of
motion and time study.

Chapter 4 describes the development of route sheets, the sequence of opera-
tions, assembly charts, assembly line balancing, and fraction equipment calculation.
Use of computer simulation has also been added. Chapter 5 analyzes material flow
to ensure proper placement of machines and departments to minimize costs. Seven
techniques are discussed in the chapter, as well as the use of computer-aided flow
design and analysis.

Chapter 6 describes the activity relationship diagram. The importance of rela-
tionships among departments, people, offices, and services, and their effect on the
layout is explored. The activity relationship leads to the creation of the dimension-
less block diagram.

Space calculation and ergonomic considerations are major and significant
aspects of facilities planning. Chapter 7 discusses workstation design, Chapter 8 cov-
ers auxiliary services’ space requirements, Chapter 9 discusses employee services’
space requirements, and Chapter 12 covers office layout techniques and space
requirements.

The dimensionless block diagram, which was developed in Chapter 6, is used as
a guide to area allocation and is discussed in Chapter 13. The area allocation proce-
dure results in an area allocation diagram. At this point, a plot plan and a detailed
layout are created. Chapter 14 discusses various layout construction techniques.

Many other functions require space. Some of these areas need as much space
as the production department. The stores and warehouse departments are good
examples. Good analysis and knowledge of design criteria can save much space and
promote efficiency of both personnel and equipment. Other functions and spaces
such as receiving, shipping, lunchroom, restrooms, first-aid rooms, and offices need
careful consideration by the facilities planner. The location and size of each activity
can have an effect on the overall operational efficiency. Chapters 8, 9, and 12 are
dedicated to these topics.

Material handling systems are discussed in Chapters 10 and 11. The reader
is introduced to new and exciting material handling concepts and equipment.
Application of automatic identification and data capture (AIDC) and ergonomic
considerations are emphasized. The reader is encouraged to integrate material
handling with other functions to increase productivity and efficiency.
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Chapter 15 discusses the concept of simulation and introduces the reader to
various applications and the power of computer simulation in the facilities plan-
ning arena. Some state-of-the-art simulation software packages are introduced to
the reader, and case studies are discussed. As stated earlier, access to Layout-iQ) is
provided for hands-on application and use of layout design software.

Chapter 16 covers selling the layout through a project report and oral presenta-
tion, an important part of any project.

The resultant facility design is only as good as the data and the data analyses
upon which the plan has been based. Probably no single factor affects the opera-
tional efficiency and safety of an enterprise more than its layout and material han-
dling system.

Matthew P. Stephens
Fred E. Meyers
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CHAPTEHR

Introduction to Manufacturing

Facilities Design and
Material Handling

OBJECTIVES:
Upon the completion of this chapter, the reader should:

Understand the importance of a systematic approach to facilities planning
Be able to define facilities planning and material handling

Understand the relationship between facilities planning and lean thinking
Be able to identify various types of waste, “muda”

Understand the goals of facilities planning and material handling
Understand the systematic layout procedure

W THE IMPORTANCE OF MANUFACTURING FACILITIES
DESIGN AND MATERIAL HANDLING

Facilities planning is a multi-faceted process, influenced by numerous factors and
variables which are not always necessarily in concert and at times may even have
contradictory impact on the decision-making process. One of the fundamental
aspects of facilities planning is site selection or the location strategy. This decision
is usually made at the highest corporate level and may be more influenced by such
factors as economics, i.e. tax incentives, or geopolitical considerations that may
have very little or no relationship with engineering principles such as proximity to
raw material or transportation systems that an industrial engineer may consider to
be guiding factors in site selection.
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The factors that may influence the location strategy can vary from the availabil-
ity of resources such as raw material, energy, and so on, to abundance of human
resources and lower labor costs. A manufacturing site may be selected based on prox-
imity to sources of raw material, markets, and transportation systems such as highways,
railroads, or waterways. It may seem desirable to locate a research facility near a think-
tank environment such as a research university. However, factors influencing location
selection are not always quite as altruistic. Incentives to attract production facilities
vary from corporate tax abatement and low-cost land, to relaxed environmental regu-
lations. These attractions not only impact plant locations within the United States,
but also result in migration of these facilities outside of the country.

Global economy probably has had its biggest impact on the location of manu-
facturing facilities. Due to various incentives offered by local and state governments,
not only have we seen a steady migration of manufacturing facilities in a southwardly
direction in the United States, but also, as trade barriers are eased or completely
removed, this migration has continued beyond the borders to such far places as India
or China. It can perhaps be argued thatin the past the product market location might
have been a secondary factor, whereas labor costs and other incentives may have been
an overriding factor in the plant location decision-making process. With the current
soaring cost of energy and the resulting expenditures to transport the products to the
market, it might be interesting to observe at what point the location strategy equation
may be rewritten. Further discussion of this topic is more appropriate for a political
science or economics class and is beyond the scope of this text.

Manufacturing facilities design is the organization of the company’s physical
assets to promote the efficient use of resources such as people, material, equipment,
and energy. Facilities design includes plant location, building design, plant layout,
and material handling systems. As stated above, plant location strategy decisions are
made at the top corporate level, often for reasons that have little to do with opera-
tion efficiency or effectiveness, and may not always be an engineering decision.

Manufacturing facilities design and material handling affect the productivity
and profitability of a company more than almost any other major corporate deci-
sion. The quality and cost of the product and, therefore, the supply/demand ratio
are directly affected by the facility design. A plant layout project (facility design)
is one of the most challenging and enjoyable projects that an industrial or manu-
facturing engineer will ever have. The project engineer or, at a higher level, the
project manager, after receiving corporate approval, will be responsible for spend-
ing a great deal of money. The project manager will also be held responsible for the
timely, cost-effective achievement of the goals stated in the project proposal and
cost budget. The responsibilities of a project manager approach those of a com-
pany’s president, and only project managers who achieve or beat the stated goals
will be given bigger projects.

Building design is an architectural job, thus the architectural firm’s expertise in
building design and construction techniques is extremely important to the facilities
design project. The architectural firm will report to the facility design project manager.

Layout is the physical arrangement of production machines and equipment,
workstations, people, location of materials of all kinds and stages, and material
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handling equipment. The plant layout is the end result of a manufacturing facility
design project and is the main focus of this book. In addition to the need for devel-
oping new manufacturing facilities, existing plants undergo some changes continu-
ally. Major relayouts of plants occur on the average of every 18 months as a result of
changes in product design, methods, materials, and process.

Material handling is defined simply as moving material. Improvements in material
handling have positively affected workers more than any other area of work design
and ergonomics. Today, physical drudgery has been eliminated from work by mate-
rial handling equipment. Every expense in business must be costjustified, and mate-
rial handling equipment is no exception. The money to pay for material handling
equipment must come from reduced labor, material, or overhead costs, and these
expenses must be recovered in 2 years or less (50 percent return on investment [ROI]
or higher). Chapters 10 and 11 will discuss material handling systems, procedures, and
equipment. Material handling is so entwined with the physical layout of equipment
that the two subjects, facilities planning and material handling, are usually treated as
one subject in practice. As a result, material handling is part of nearly every step of a
facility design process and material handling equipment choice will affect the layout.

New manufacturing plant construction is one of the largest expenses that a
company will ever undertake and the layout will affect the employees for years to
come. The cost of the plant’s products will be affected as well. Continuing improve-
ments will be needed to keep the company current and competitive. The need for
continuous improvement and implementation of lean manufacturing concepts is
discussed throughout the text.

It is said that if you improve the flow of material, you will automatically reduce
production costs. The shorter the flow is through the plant, the better the reduction
costs are. Material handling accounts for about 50 percent of all industrial injuries
and from 40 to 80 percent of all operating costs. The cost of equipment is also high,
but a proper ROI can be obtained. Keep in mind that many industrial problems can
be eliminated with material handling equipment. In no area of industrial history has
more improvement been made than by the use of material handling equipment.
Today, material handling systems can easily be incorporated with cutting edge tech-
nologies in automatic data capture equipment and automatic inspection systems for
a variety of quality and productivity purposes. Item tracking and inventory control
systems can be implemented as part of the material handling procedures.

The cost reduction formula is valuable when working with manufacturing facili-
ties design and material handling. Some examples of a cost reduction formula follow:

Ask For Every So We Can

Why Operation Eliminate

Who Transportation Combine

What Inspection Change sequence
Where Storage Simplify

When Delay
How
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Facilities planners ask the six questions (column one) about everything that
can happen to a part flowing through the manufacturing facility (column two)
to eliminate steps, combine steps, change sequence of steps or simplify (column
three). This requires studying the company’s products in depth to identify every
step in the process. The best advice is not to take shortcuts or to skip steps in the
proposed manufacturing facility design procedure. There are many tools and tech-
niques to help identify the steps in the process. These are described in detail in the
following sections.

Implementing the five (5) S’s and five why’s will also help reduce costs. The
5 S’s principles are

1. Sifting (organization). Keeping the minimum of what is required will save
space (affects the facility layout), inventory, and money.

2. Sorting (arrangement). Everything has a specific place, and everything in its
place is a visual management philosophy that affects the facility layout.

3. Sweeping (cleaning). A clean plant is a result of a facility layout that has been
thought to provide room for everything.

4. Spick and span (hygiene). A safe plant is a result of good layout planning.

5. Strict (discipline). Following the procedures and standardized methods and
making them a habit will keep the plant operating efficiently and safely.

The five why’s will ensure that the solution to a problem is not a symptom of
the problem, but rather, the base cause. For example: A machine broke down.

Why?

The machine jammed up. Why?

The machine was not cleaned. Why?

The operator didn’t clean it out at regular intervals. Why?

Was it because of lack of training? Why?

The supervisors forgot. They make a written instruction to be mounted on the
machine. It will not happen again.

SHRA S e

The planners could have asked six or seven why’s. The important thing is to arrive
at a final solution that will eliminate the problem from occurring again.

M LEAN THINKING AND LEAN MANUFACTURING

A new vocabulary has developed in the past few years that stems from the Toyota
production system and a book titled Lean Thinking by James Womack and Daniel
Jones. Lean manufacturing is a concept whereby all production people work
together to eliminate waste. Industrial engineers, industrial technologists, and
other groups within management have been attempting this since the beginning
of the industrial revolution, but with a well-educated, motivated production work-
force, modern manufacturing management has discovered the advantage of seek-
ing the workforce’s help in eliminating waste. The Japanese word for waste is muda,
which is the focus of much attention all over the world. Who knows better than the
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production employee—who spends 8 hours a day on a job—how to reduce waste?
The goal is to tap this resource by giving production employees the best tools
available.

Muda (waste) is defined as any expense that does not help produce value.
There are eight kinds of muda: overproduction, waiting, transportation, process-
ing, inventory, motion, rework, and poor people utilization. The goal is to try to
eliminate or reduce these costs. One of the techniques for doing this is asking “why”
five times (five why’s). Asking “why” about any problem or cost at least five times
attempts to get to the root cause of the problem.

Toyota’s employees are encouraged to stop the production line or process if a
problem exists. A lighted visual indicator board (called an andon) is located above
the production line. When operations are normal, a green light is on. A yellow light
indicates an operator needs help, and if the operator needs to turn off the line, a
red light flashes. The term autonomation (jidoka) has been coined to indicate the
transmission of the human element into automation. An example is the employee
turning off the production line if a problem is detected.

In the culture of continuous improvement, kaizen is another effective tool that
can be easily applied to different aspects of facilities planning and material han-
dling. Kaizen is the Japanese word for constant, or continuous, improvement. The
main element of kaizen is the people involved in the improvement process. Kaizen
touches upon all levels of the organization and requires the participation of all
employees—from the top management throughout various levels of the organiza-
tional chart and production teams. Every person in the company is encouraged to
search for new ideas and opportunities to further improve the organization and its
processes including reducing waste.

One of the requirements of kaizen that has been found particularly effective
is the need to begin improvements immediately other than waiting until there is a
sound plan in place. Kaizen differs from reengineering by the level of change that
happens at one time; there are no major breakthroughs with kaizen. Some criticize
kaizen because the process makes only small improvements at a time which may, in
some cases, lead to further problems.

Kanban is another technique that affects manufacturing facilities design.
Kanban is a signal board that communicates the need for material and visually tells
the operator to produce another unit or quantity. The kanban system, also referred
to as a “pull” system, differs from the traditional inventory “push” systems such as
justin-time (JIT) or material requirements planning (MRP). With push systems,
parts are produced only when the need arises and they have been requested or
there is “pull” from production operations.

Value-stream mapping (VSM) is a major waste reduction and productivity
improvement tool that an organization can employ to evaluate its processes. Value-
stream mapping can be defined as the process of assessment of each component or
the step of production to determine the extent to which it contributes to opera-
tional efficiency or product quality. Value-stream mapping is clearly linked with and
is an important component of lean manufacturing. Using the tools and resources of
VSM, a company can document and develop the flow of information and material
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through the system as an aid in eliminating non-value-added operations or com-
ponents, reducing costs, and making the necessary improvements. This continu-
ous improvement process goes through three repeating stages: assessment, analysis,
and adjustment. Through these three stages, changes and modifications can be
made to further improve the process and eliminate waste.

The advantages in using value-stream mapping are numerous. They include
improved profitability, efficiency, and productivity for the company or institution.
Particular to facilities design and material handling, VSM can clearly reduce or
eliminate excessive material handling, eliminate wasted space, create a better con-
trol of all forms of inventories (e.g., raw materials, in-process, and finished goods),
and streamline various production steps.

M THE GOALS OF MANUFACTURING FACILITIES DESIGN
AND MATERIAL HANDLING

A good set of goals ensures a successful facility design. Without goals, facilities
planners are without direction and a primary mission statement is the first step.
A well-thought-out mission statement ensures that the project engineer or man-
ager and the company’s management share the same visions and objectives for the
project. It also opens communication lines between management and designer:
Feedback and suggested changes at this early stage save much work and even head-
aches later on.

A mission statement communicates the primary goals and the culture of the
organization to the facilities planner. The mission statement defines the purpose
for the existence of the enterprise. The statement should be short enough so that
its essence is not lost and can be easily remembered, and it must be timeless so that
it is easily adaptable to the organizational changes. For the most part, the mission
statement is a philosophical statement that sets the cultural tone of the organiza-
tion. The mission of a corporation must go beyond expectation of profits and prof-
itability for its shareholders; as a member of the society, it should strive to extend
these benefits to its customers and employees. A company may state its mission
as follows: “ACME is dedicated to the pursuit of manufacturing the safest, high-
est quality, and the most reliable bicycles while maintaining the lowest possible
price and a strongest commitment to customer satisfaction. ACME recognizes that
it is only through strong commitment to our employees that we can achieve our
mission.”

Although the mission statement is developed by the corporate management, it
provides a clear signal and a guiding light for developing strategies at all levels of
the company activities including the design of the physical facilities. For example,
a mission statement that signals a strong commitment to employee development
and training, communicates the need for such facilities in the overall design of the
plant layout.

Production goals and objectives that are consistent with the mission of the
corporation can then be derived from the mission statement.
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Subgoals are added to help achieve specific goals. Potential goals may include

1. Minimize unit and project costs.

2. Optimize quality.

3. Promote the effective use of (a) people, (b) equipment, (c) space, and

(d) energy.

4. Provide for (a) employee convenience, (b) employee safety, and (c) employee
comfort.

. Control project costs.

. Achieve the production start date.

. Build flexibility into the plan.

. Reduce or eliminate excessive inventory.

. Achieve miscellaneous goals.

© 03O Ot

A mission statement should be simple and should be used to keep the facilities
planner on track and to help in all project decisions. As planner, your goal is to
provide a specific number of quality units per period of time at the lowest possible
cost—not to show off your advanced manufacturing knowledge or to have a show-
place for your computers and robots. The mission statement intends to remind you
to stay on track, and will assist your decision making along the process.

Let us take a closer look at the subgoals:

1. Minimize unit and project costs. This means that every dollar expended in
excess of the most economical method of getting into production must be cost-
justified. It does not mean buying the cheapest machine because the most expensive
machine may produce the lowest unit cost. When products are new, production
volume may be low. Not much can be spent on advanced manufacturing technol-
ogy, but you still need equipment. This is when you buy the cheapest ones available.

2. Optimize quality. Quality is critical and difficult to measure. Everyone knows
that a near-perfect car is available—a Rolls-Royce—but how many can you sell? You
can make a better product if you buy better materials, machine closer tolerances,
add additional options, and the like. But is there enough of a market for this high-
quality, high-cost item?

Mass production is made possible by providing products that the masses can
afford. This calls for lowering the designed strength of material, cost of produc-
tion, and, therefore, the actual quality of the finished product. Top management
of the auto industry might state this as a quality standard:

Let’s design a utility automobile that will last 100,000 miles. If we wanted higher
quality, why not design it for 200,000 miles? Cost is “why.” How many people can
afford this more costly automobile?

Once the design criteria have been established, the product designers will
design every part with these goals in mind. They may state more clearly that 95
percent of the autos will last 100,000 miles or more. The average, therefore, would
be higher, but any cost spent to create any one part of better quality will be money
misspent. Manufacturing facilities designers strive to achieve the design criteria by
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selecting equipment, designing workstations, and establishing work methods
that produce quality parts and assemblies. Quality and cost are the two primary
competitive fronts. Controlling one without the other will lead to failure. You
must constantly balance cost and quality. In manufacturing facilities design and
material handling, the planner must consider quality in every phase and do
nothing to harm quality. Space must be provided for quality control facilities.

3. Promote the effective use of people, equipment, space, and energy. This is another
way of saying “reduce costs,” or “eliminate muda.” People, equipment, space, and
energy are a company’s resources. They are expensive and you want to use them
effectively. Productivity is a measure of use and is the ratio of output over (divided
by) input. To increase productivity, you need to increase output, reduce input, or
a combination of the two. The location of services like restrooms, locker rooms,
cafeterias, tool cribs, and any other service will affect employee productivity and,
therefore, the employees’ utilization or effectiveness. It is said that you can run
pipe and wire, but you cannot run people. Providing convenient locations for
services will increase productivity.

Equipment can be very expensive and the operating costs must be recovered
by charging each part produced on that machine a portion of the cost. The more
parts run on one machine, the lower is the unit cost that each part must carry. So
to achieve the second supporting objective, namely, to reduce cost, you must strive
to get as much out of each machine as possible. Calculate how many machines are
required in the beginning for maximum machine use. Remember, machine loca-
tion, material flow, material handling, and workstation design all affect equipment
usage.

Space is also costly, thus designers need to promote effective use of the space.
Good workstation layout procedures will include everything required to operate
that workstation, but no extra space. Normally, planners can do a good job of
using floor space, but what about the other spaces?

a. Under the floor (basements) is a good place for utility tunnels, walkways
between buildings, under-the-floor conveyors for material delivery or
trash removal, and tanks under the floor for storage. Use your imagina-
tion and save expensive floor space.

b. Overhead (from 7 feet to rafters) is usable space. This space can be used
for overhead conveyors, pallet racks, mezzanines, shelves or bins for stor-
age, balcony offices, pneumatic delivery systems, dryers, ovens, and so on.
Again, use your imagination and save floor space.

c. Ceiling space under the roof (in the rafters or trusses) is space that can
be used for utilities, heating and cooling, sprinkler systems, catwalks, and
some storage.

d. On the roof, space can be used for parking, weather testing of a product,
utility units, ovens, golf driving range, tennis court, and so on.

As stated, designers want to promote the use of all the space in the plant. This
concept is known as “utilizing the building cube.” The idea consists of utilizing the
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vertical dimensions as well as the horizontal dimensions of the facility. Keep in
mind that whereas land is purchased based on square units, space is obtained in
cubic units. Oftentimes management asks industrial engineering to help justify
more building space, and after the initial study, finds there is plenty of space if
they just go vertical. Floor space gets the most attention, but there is so much
more space available. Planners must use their imaginations and create space,
focusing first on using the present space more efficiently.

Energy costs can be excessive: Million-dollar utility budgets are common. You
can promote energy efficiency by good facilities design techniques. Opening dock
doors allows heating and cooling energy to escape. Placing hot equipment where
energy can be contained could reduce energy requirements. A “silly” example
would be running the air conditioning while having a fire in the fireplace; how-
ever, this is what manufacturing facilities are doing all the time with hot opera-
tions. Isolating these operations and controlling heat can save big dollars. Another
example is that heat rises, thus dryers can be placed near the ceiling to reduce the
heat needed. Electricity, gas, water, steam, oil, and telephone must all be used effi-
ciently. The plant layout will greatly affect these costs.

4. Provide for the convenience, safety, and comfort of our employees. Although con-
venience has already been discussed, in addition to being a productivity factor,
it is also an employee relations concern. If you design plants with inconvenient
employee services, you are telling the employees every day that the company
does not care about them. Drinking fountains, parking lot design and location,
employee entrances, as well as restrooms and cafeterias must be convenient to all
employees.

Employee safety is a moral and legal responsibility of the manufacturing facili-
ties designer. The weight of tools and products, the size of aisles, the design of
workstations, and housekeeping all affect the safety of the employees. Every deci-
sion made in manufacturing facilities design and material handling design must
include safety considerations and consequences. Material handling equipment
has reduced the physical demands of work and, therefore, has improved industrial
safety.

But material handling equipment itself can be dangerous. The industrial
safety statistics indicate that 50 percent of all industrial accidents occur on ship-
ping and receiving docks while handling material. Designers must continue the
fight to reduce injury by every means possible.

Good housekeeping means having a place for everything and having every-
thing in its place. The term “everything” is all-inclusive—tools, materials, supplies,
empty containers, scrap, waste, and so on. If the manufacturing facilities design
hasn’t considered any one of these items, a housekeeping problem will result and
this clutter is dangerous and costly.

“Comfort” is a term that could communicate plush, costly surroundings, but in
workstation design and ergonomics, it refers to working at the correct work
height, having sufficient lighting, and standing or sitting alternately, and so on.
You don’t want to add fatigue to the operator. When operators are on a break, you
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want to provide comfortable surroundings so that they can recuperate and return
to work refreshed and, therefore, more productive.

5. Control project costs. The cost of the facility design and material handling
project must be determined before presenting the plan to management for
approval. What top management approves is the “spending” of money. Once the
project is approved, the project manager is authorized to spend the budgeted
monies. Going back for more money could be harmful for your career. Budgeting
and then living within the budget are two things that successful managers and
engineers learn to do early in their careers.

6. Achieve the production start date. Early in the life cycle of a new product, the
production start date is set. The success of the project depends on whether the
product gets to the market on time. Thus, the planner must meet these goals. If
there is a late start, the employees may not be able to make up for the lost produc-
tion. This is especially true for seasonable products. In fact, if you miss the season,
you miss the whole year. Fast-moving consumer products companies, like toy
companies, will set the production start date and schedule backward to establish
a product schedule. Figure 1-1 shows such a schedule. Each important project
milestone is identified and listed in the first column. Subsequent columns are used
to track each product. The product number, product name, and the responsible
project engineer in the column heading identify each product. For example, the
third column is used to track product 1810, known by the product name Gizmo.
The project engineer for this product is identified as Stephens. For each product,
the scheduled completion date is listed across from each project step. For exam-
ple, for product 1810, all time standards are to be set by April 5, shown as 4-5.
Upon the completion of each step, an Xis placed next to the scheduled comple-
tion date.

In this example, steps 10 and 11 are behind schedule for product number
1670, known as Wizbang. Notice that the date of this report is March 11. Both
steps 10 and 11 for product 1670 were to have been completed on March 10
according to the scheduled completion date. The absence of the X by the sched-
uled completion date indicates that these steps are behind schedule for this prod-
uct. On the other hand, steps 5 and 6 are ahead of schedule for product 1810 as
indicated by the presence of the Xnext to the scheduled completion dates. Note
that for this product, the scheduled completion date for steps 5 and 6 is listed as
April 1, hence ahead of schedule as compared with the current (report date) of
March 11.

Work schedules such as the one shown in Figure 1-1 are used to keep upper
management informed. If anything is behind schedule, management will want to
know what you are doing to catch up. If you need help, ask for it, but do not miss
the production start date. It cannot be overstated that schedules must be met.

7. Build flexibility into the plan. Itis certain that things will change, and
designers need to anticipate where they are going to expand, select equipment
that is versatile and movable, and design buildings that will be able to support
a wide variety of uses.
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Engineer
1. Obtain product number 1670
2. Create product name Wizbang
3. Select project engineer Meyers
4. Determine production rate per shift 1,500
5. Complete manufacturing plan 31X
6. Complete material handling plan 31X
7. Set time standards 35X
8. Determine number of 36X
a. fabrication machines needed 36X
b. assembly stations needed 3-6 X
9. Issue flow chart 3-10 X
10. Design workstations 3-10
11. Select material handling equipment 3-10
12. Prepare budget plan 3-12
13. Prepare layout plan 3-14
14. Present to management 3-15
15. Write work orders to build stations 3-25
16. Issue purchase orders 3-15
17. Develop quality control requirements 4-1
18. Try out first workstations 4-1
19. Install equipment 414
20. Write work methods sheets 414
21. Run production pilot 415
22. Start production 5-1
23. Recheck everything

Date _ 3/11/XX

11

1810
Gizmo
Stephens
1,750
41X
41X
4-5
4-6
4-6
4-6
4-10
4-10
4-10
4-15
4-15
4-15
4-15
4-15
5-1
5-1
5-14
5-14
5-15
5-30

1900

1700

Note: X means this step is complete.

Figure 1-1

New product work progress report to be completed by one engineer.

8. Reduce or eliminate excessive inventory. Inventory costs a company about 35

percent a year to hold. These costs include

a. The cost of space and its supporting cost
b. The cost of money tied up in inventory
c. The cost for employees required to move and manage the inventory

d. The loss due to damage, obsolescence, and shrinkage
e

. The cost for material handling equipment

All these costs add up to big money, so minimize all forms (raw material, work
in process, finished goods) of inventory.
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9.  Achieve miscellaneous goals. These include additional goals and objectives of
the facilities and material handling plan. These should be added as you and the
management decide something is important. For example, you may want to

1. Restrict operator lifting to one part. This will require the designer to
select material handling equipment that will eliminate the operator lift-
ing boxes to a work area and off the station. This will also be a payback
with lower back injury problems.

2. Use work cells. This will reduce inventory and material handling.

3. Use plug-in-plug-out equipment to allow operators to move equipment
easily for flexibility.

4. Minimize work in process because inventory is expensive.

5. Build kanban (signal board or instruction card) or just-in-time inventory
philosophy into the manufacturing facility design.

6. Build visual management systems into the design to improve factory man-
agement.

7. Design for first-in-first-out inventory for inventory control.

Whatever you think is important and want to accomplish by your new facility
design should be stated as a goal. Goals are to strive for but not always to achieve
perfectly. However, without goals designers have much less chance to achieve all
they want to do. Two last thoughts about goals: They should be measurable and
achievable.

B THE MANUFACTURING FACILITIES DESIGN PROCEDURE

The quality of a manufacturing facility design (the plant layout blueprint) depends
on how well the planner collects and analyzes the basic data. The blueprint is the
final step of the design process and the step during which novice planners want to
start. This is like reading the last page of a book first. Resist jumping into the layout
phase before collecting and analyzing the basic data. If you have faith and follow
the procedure, a great design will, like magic, automatically appear. The following
is a systematic way of thinking about a project:

1. Determine what will be produced; for example, a toolbox or swing set or lawn
mower.

2. Determine how many will be made per unit of time; for example, 1,500 per

8-hour shift.

3. Determine what parts will be made or purchased complete—some companies
buy out all parts, and they are called assembly plants. Those parts the company
makes itself require fabrication equipment and considerably more design
work.

4. Determine how each part will be fabricated. This is called process planning
and is usually done by a manufacturing engineer, but in many projects, the
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manufacturing facilities designer is also responsible for tool, equipment, and
workstation design.

. Determine the sequence of assembly. This is called assembly line balancing. The

topic is covered in depth throughout this book.

. Set time standards for each operation. It is impossible to design a plant layout

without time standards.

. Determine the plant rate (takt time). This is how fast the facility needs to pro-

duce. For example, it needs to make 1,500 units in 8 hours (480 minutes), so
480 minutes divided by 1,500 units equals .32 minute. The speed of the plant
and every operation in the plant must make a part every .32 minute (about
three parts per minute).

. Determine the number of machines needed. Once you know the plant rate

and the time standard for each operation, divide the time standard by the line
rate and the number of machines results. For example, you have an operation
with a time standard of .75 minute and a line rate of .32 minute. How many
machines are needed (.75 divided by .32 equals 2.34 machines)? You will need
to purchase three machines. If you buy only two, you will never produce 1,500
units per shift without working overtime. This will cause a bottleneck.

. Balance assembly lines or work cells. This is dividing work among assemblers

or cell operators according to the line rate. Try to give everyone as close to the
same amount of work as possible.

Study the material flow patterns to establish the best (shortest distance
through the facility) flow possible.

string diagram

. multiproduct process chart
from-to chart

. process chart

flow process chart

. flow diagram

Mmoo T

Determine activity relationships—How close do departments need to be to
each other to minimize people and material movement?

Lay out each workstation. These layouts will lead to department layouts, and
then to a facilitywide layout.

Identify needs for personal and plant services, and provide the space needed.
Identify office needs and layout as necessary.

Develop total space requirements from the above information.

Select material handling equipment.

Allocate the area according to the space needed and the activity relationships
established in item 11 above.

Develop a plot plan and the building shape. How will the facility fit on the
property?

Construct a master plan. This is the manufacturing facility design—the last
page of the project and the result of all the data collected and the decisions
made over the past months.
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20. Seek input and adjust. Ask your peer-level engineers and managers to review
your plan to see if they can punch holes in your design before you present it
to management for approval.

21. Seek approvals, take advice, and change as needed.

22. Install the layout. At this stage, the plan comes together and is one of the most
rewarding times, as well as one of the most stressful.

23. Start production. Anticipate that many things will go wrong. No one has
started up any production line without some problems; don’t expect you will
be the first. You will get better each time, but it will never be perfect.

24. Adjust as needed and finalize project report and budget performance.

Many engineering professors and industrial consulting firms are trying to
develop a computer formula for manufacturing facilities design. So far, they have
developed computer algorithms and simulations for parts of the analysis. Facilities
planners will use these tools like any other tool, but the quality of the design will
depend on how well they analyze the data, not the computer’s ability to solve prob-
lems. Therefore, it is best to take a systematic approach, one step at a time, and to
add information at each step. When completed this way, the results appear like
magic (a great plant layout result). A mature layout technician knows that a good
layout is inevitable if the procedure is followed.

The manufacturing facilities design procedure is a general plan of the project.
Each step will include some techniques that will not be used in every situation.
Skipping steps is permissible if considered and determined not to be necessary. The
24-step procedure just presented is the basic outline for the remainder of the book.
If you are doing a layout project, you might use this list as an outline.

M TYPES AND SOURCES OF MANUFACTURING FACILITIES

DESIGN PROJECTS

1. New facility. This is by far the most fun and where the most influence can be
made with a new manufacturing facility project. There are fewer restrictions
and constraints placed on a new project because you do not have to be con-
cerned about old facilities.

2. New product. The company sets aside a corner of the plant for a new product.
The new product must be incorporated into the flow of the rest of the plant,
and some common equipment may be shared with old products.

3. Design changes. Product design changes are always being made to improve the
cost and quality of the product. The layout may be affected by these changes,
and the facility designer should review every design change.

4. Cost reduction. The plant facility designer may find a better layout that will
produce more products with less worker effort. Others within the company
may make suggestions for improvements and cost reductions that will affect
the layout. All must be considered.
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5. Retrofit. Because many old plants are poorly laid out, older manufacturing
facilities designers may spend most of their time working on making these
facilities more productive. The procedure for retrofit is the same as for a
new plant—except there are more constraints. These constraints include:
existing walls, floor pits, low ceilings, and any other permanent fixtures that
may pose an obstacle to an efficient material flow.

Every area of human activity has material or people flows. Disney World’s flow is
people; hospitals have flows of patients, medical supplies, and food service; stores
have flows of customers and merchandise; kitchens have flows of cooks and foods.
If designers study the flow, they can improve it by changing the facilities layout.
Opportunities are everywhere.

Although it is said that only death and taxes are certain, there exists a third
certainty—a plant layout will change. Some industries are more changeable than
others. For example, a toy company may have new products added to its product
line every month. Plant layout work would be continuous in such a company. In
a paper mill, the layout would change very little from year to year, so plant layout
work would be minimal.

B COMPUTERS AND SIMULATION IN MANUFACTURING
FACILITIES DESIGN

Computer simulation and modeling are rapidly becoming important in the manufac-
turing and service segment of American industry. As a result of market dynamics and
fierce global competition, manufacturing and service enterprises are forced to provide
a better quality product or service on a more cost-effective basis while trying to reduce
the production or service lead time. The quest for the competitive edge requires con-
tinuous improvement and changes in the processes and implementation of new tech-
nologies. Unfortunately, even the most carefully planned, highly automated, sophis-
ticated manufacturing systems are not always immune from costly design blunders
or unanticipated failures. Among the common examples of these costly mistakes are
insufficient space to hold in-process inventory, mismatches in machine capacities, inef-
ficient material flow, and congested paths for automatic guided vehicles (AGVs).
Although computer simulation and modeling are not new to solving compli-
cated mathematical problems or to providing insights into sophisticated statistical
distributions, the power of the new generation software has dramatically increased
the application of computer modeling as a problem-solving tool in the facilities
design arena. Simulation packages currently available no longer require a strong
background in mathematics or computer programming languages in order to per-
form real-world simulations. There are a number of user-friendly advanced sim-
ulation packages available that allow the user to simulate either the working of a
factory, a just-in-time inventory environment, a warehousing and logistics problem,
or the behavior of a group technology system. These simulation packages have
been demonstrated to be a valuable aid in the decision-making processes. They also
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require a relatively small investment of time on the part of the novice in order to
develop a working knowledge of the simulation process.

Simulation can be used to predict the behavior of a manufacturing or service
system by actually tracking the movements and interaction of the system compo-
nents and aiding in optimizing such systems. The simulation software generates
reports and detailed statistics describing the behavior of the system under study.
Based on these reports, the physical layouts, equipment selection, operating proce-
dures, resource allocation and utilization, inventory policies, and other important
system characteristics can be evaluated.

Simulation modeling is dynamic, in that the behavior of the model is tracked
over time. Second, simulation is a stochastic process, meaning random occurrences
can be studied.

In the scope of facilities planning and design, computer simulation can be uti-
lized to study and optimize the layout and capacity, JIT inventory policies, mate-
rial handling systems, and warehousing and logistics planning. Computer simula-
tion allows the comparison of different alternatives and studies various scenarios in
order to select the most suitable setup.

Currently, there are a number of user-friendly advanced simulation packages
available to assist the facility planners in achieving the best possible results. Computer
simulation and its application are discussed in greater detail in Chapter 15.

ISO 9000 and Facilities Planning

ISO 9000 and other quality standards have become a major contributing factor in
the operations of many manufacturing and service enterprises. The ISO series of
international standards were first published in 1987 by the International Organ-
ization for Standardization (ISO). All or part of these standards can be adopted
by an organization depending on the size and the scope of the operation of the
enterprise. A large number of corporations demand that their vendors be regis-
tered under this or other similar quality standards. Indeed, such registration is now
a primary prerequisite for many vendors. ISO 9000 standards and requirements can
have a direct influence on facilities design. Considerations must be given during
the initial planning of the facilities in order to incorporate and facilitate the imple-
mentation of these standards. The latest revision of the ISO 9000 standard empha-
sizes the “process approach” to the organization of the enterprise. When analyzing
the facilities planning from a macroscale approach, each and every aspect of the
enterprise—from receiving to shipping, with all the intermediate and support func-
tions of the facility—should function as an integrated and a cohesive system sup-
porting the process. Some of the specifics are as follows.

A facility layout is only as effective as the management team and the plan that
the team follows to run the company. An effective quality management system rein-
forces and complements the physical aspects of the facilities and aims to maximize
the return on the investments in the organization’s physical assets such as produc-
tion equipment. The company must develop, document, implement, and main-
tain an effective quality management system. This system needs to outline critical
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processes and records that are to be maintained. The documented quality sys-
tem needs to be controlled to ensure that the company is operating on current
standards and correct procedures. The company must have upper management’s
commitment to producing a quality product. Personnel’s responsibilities must be
outlined and understood at all levels. Top management must ensure that customer
requirements are determined and met to promote customer satisfaction.

Management must regularly review the company’s quality management system
to ensure that the current practices indeed adhere to the stated policies and that the
current standards are adequate for the company’s capabilities. This includes capa-
bility analyses of equipment, personnel, and space resources of the organization.
Management must continually monitor operations for improvement opportunities.

In addition, the company must ensure that it has adequate resources. These
resources are, but are not limited to, qualified personnel, proper equipment, and
sufficient levels of inventory. The company must determine and provide adequate
resources needed to implement and maintain the quality management system
and enhance customer satisfaction. The work environment needs to be suitable to
achieve conformity to product and customer requirements. The responsibility and
role of the facility planner in determining the required level of these resources is of
paramount importance.

A company must have a well-defined and a structured system for manag-
ing its inventory in order to ensure that parts are being completed on schedule
and within customer specifications. The organization must have a written and
well-documented plan on how products and components will be traced from receipt,
through all stages of processing, and finally, delivery. When batch or product trace-
ability is required, data collection capabilities can be built into material handling
equipment and also incorporated as part of the workstation design. Handheld or
stationary scanners, for the purposes of data collection and item tracking, should
be designed as part of the workstation design and facilities planning.

The company must plan and develop the processes needed for product realiza-
tion. Customer requirements need to be considered and specific processes must be
determined to achieve customer satisfaction. These customer requirements must
be reviewed and approved prior to acceptance to ensure that the equipment and
process capabilities that are required to meet these requirements do exist.

The design and development process must be considered as well. Beginning
with customers’ specifications to the outputs from the facility, all procedures and
processes must tie back to achieving customer satisfaction. The company is required
to ensure that production of the product is maintained under controlled condi-
tions. This requirement can be tied directly to JIT, MRP, kanban, or other produc-
tion control systems. In addition, consideration must be given by the planners in
the initial stages of facilities design as to how to incorporate procedures for quality
assurance or verification at receiving, work in process (WIP), and finally, during the
final stage of production.

There are specific processes that need to be measured and analyzed to adhere
to customer requirements. An example would be testing the hardness of steel to
ensure it conforms to stated customer requirements. Those processes need to be
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identified and the analysis documented. Internally, the company must monitor its
processes and procedures to ensure they coincide. This is handled through the
internal auditing process. This process also enables top management to identify
opportunities for improvement, whether it be in updating equipment or changing
processes to increase efficiency. The ISO standards stress continual improvement,
which implies that the quality management system will continually change, as the
company changes and opportunities to improve arise.

Furthermore, at any given stages, procedures must be in place to handle all
nonconforming process or products. Systems should be developed to identify,
document, evaluate, and segregate nonconforming occurrences. The means of
handling products that are nonconforming and adequate staging facilities must
be provided until proper disposition has been determined. Such disposition may
include rework or acceptance with or without further rework, or the item may be
rejected and scrapped.

Adequate mechanisms should be in place to ensure proper handling, storage,
packaging, preservation, and delivery of the product.

Facilities planners have many opportunities to incorporate these procedures
into the initial planning stages of the plant design.

M GLOSSARY OF SOME MAJOR TERMS AND CONCEPTS

IN FACILITIES PLANNING

andon This is the line stop method indicator board located above the production
line that serves as a visual control. When operations are normal, the green light is
on. A yellow light is turned on when an operator wants to adjust something or to
call for help. If the line must stop to solve the problem, a red light is turned on. See
also line stop concept.

autonomation (jidoka) Autonomation, or automation with a human touch, means
transferring human intelligence to a machine. Devices capable of making judg-
ments are built into a machine. In the lean system, this concept applies not only
to the machinery but also to the production line and the operators. If a problem
occurs, an operator is required to stop the line. Defects are prevented on the pro-
duction line, allowing the situation to be investigated.

cost reduction formula This is a way of thinking about removing waste (muda)
from the process by asking why, what, where, when, and how of every operation,
transportation, inspection, storage, and delay to eliminate, combine, change rout-
ing, or simplify.

eight kinds of muda (waste) Types of muda include (1) overproduction, (2) wait-
ing, (3) transportation, (4) processing, (5) inventory, (6) motion, (7) rework, and
(8) people utilization. The idea of improvement is to work easier, faster, cheaper,
smarter, and safer. In trying to eliminate waste, ask if you can eliminate it, then
combine it with another cost, change the routing, or simplify it.

facilities design This includes the site selection, building design, plant layout, and
material handling. Often facilities design is used synonymously with plant layout.
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This is the organization of the company’s physical facilities to promote the efficient
use of the company’s resources such as people, equipment, material, and energy.
five why’s Every time a problem occurs, “why” is asked five times or more. When
“why” is repeated five times, the root cause of the problem, as well as its solution,
becomes clear instead of just a symptom of the problem.

five (5) S’s principles These concepts are used to describe in more detail what
proper housekeeping means: (1) organization sifting, (2) arrangement sorting,
(3) cleaning or sweeping, (4) hygiene—making things spick and span, and (5) strict
discipline.

ISO 9000 This is a series (ISO 9000, ISO 9001, ISO 9002, ISO 9003, and ISO 9004)
of international standards that were first published in 1987 by the International
Organization for Standardization (ISO). They were intended to be used in two-party
contractual settings; however, after their adoption by the European community,
the standards have become universally accepted. All or part of the standards can be
adopted by an organization depending on the size and the scope of the operation
of the enterprise.

kaizen Kaizen means continuous improvement. Kaizen is done by a team of
employees or by a single employee. It is the constant search for ways to improve the
present situation.

lean manufacturing Lean manufacturing is a continuance of lean thinking where
less of everything is better. Value added is the guiding philosophy, by which all ele-
ments of cost that do not add to the value of the end product are eliminated.
kanban A kanban (signal board) is a simple and direct form of communication that
is always located at the point where it is needed. The kanban is usually a small card
inserted into a plastic envelope. On the card is written information such as the part
number, the quantity per container, the point of delivery, and so on. The kanban
card tells the operator to produce the quantity withdrawn from the earlier process.
The card is a tool used to manage and ensure JIT production. Containers or a kanban
square can be used instead of kanban cards to accomplish the required results.

line stop concept (andon) The concept allows an operator to stop the production
line if necessary. Whenever a problem occurs, the operator stops the line, identifies
the problem, resolves the problem, and regains the flow as soon as possible. This
approach calls for discipline in responding and solving problems quickly.
manufacturing facilities design See facilities design.

material handling This means handling material, and includes both the principles
and the equipment.

mission statement This is a statement of the primary goal of the project and will
include subgoals.

pokayoke (fool-proofing) To ensure 100 percent quality products, defects must be
prevented from occurring. Pokayoke are innovations that are made to tools and equip-
ment in order to install devices for the prevention of defects. Some examples are

1. When an operation is forgotten, the next operation will not start.
2. Problems in the earlier operations are checked in the later operations to stop
the defective product.
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3. When there are problems with the material, the machine will not start.
4. Tooling and fixturing are designed to accept a part in the correct direction only.

production leveling Also referred to as line balancing, fluctuations in the product
flow increase waste. To prevent this waste, fluctuations at the final assembly line
must be kept to zero. Production is leveled by making one model, then another
model, and so on.

retrofit This means reworking the facility plan and is a part of the ongoing
improvement plan (kaizen) or the single major effort made when the situation gets
out of control.

root cause In all problems, symptoms will result that keep the root cause of the
problem from being discovered. Asking “why” five times can assist in finding the
root cause. Otherwise, actions cannot be taken and problems will not be truly
resolved.

simulation This is a means of experimenting with a detailed model, featuring the
characteristics of real systems, in order to determine how the system will respond to
various changes to its components, environment, and structure. For our purposes,
a system may be defined as a work cell, an assembly line, a group of machines, or an
entire manufacturing facility. Simulation provides the opportunity to play a series
of what-if games and to observe the effects of various changes or manipulations to
the model in order to optimize or improve the real system.

standardization This is recording the method and procedures to arrive at the same
result consistently. Standardization is very important to an improvement program.
Without standardization, things will revert to the old processes. Once standard meth-
ods are established, they must be revised to reflect improvement activities.

takt time Takt time, or Rvalue, is determined on the basis of the periodic produc-
tion requirements and the amount of operating time during the period. Setting
takt time for each process is the key to bringing all the different parts together at all
stages of assembly at exactly the right time. Every workstation in the plant needs to
keep up with the takt time. If each process makes things according to its takt time,
production will amount to exactly what is needed when it is needed. Producing by
takt time ensures that all production will be matched to the final assembly process.

Total daily
operating time
Total daily
production requirement

Takt time =

Toyota production system This is the beginning of the lean thinking concept and
lean manufacturing.

value-added work This is work that actually transforms materials, changing either
form or quality, through such activities as assembly, milling, welding, heat treat-
ing, or painting. In a typical factory, it is often found that 95 percent of an opera-
tor’s time is not used in adding value to the product. These questions can be asked
when considering value-added work: (1) Are the activities absolutely necessary for
the production activities? (2) Are the activities adding value to the product instead
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of cost? (3) Are the activities related to items that the customer may see or even
care about?

value-stream mapping (VSM) A pictorial representation of a process that allows a
systematic assessment of each component or step in the process.

M QUESTIONS

ot 00 N
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16.

17.

18.

19.

. Whatis a plant layout?

. What is a facility design?

. What is material handling?

. Explain how the cost reduction formula is used in the manufacturing design

process.

. Material handling accounts for what percent of injuries and what percent of

operating costs?

. List the goals of manufacturing facilities design and material handling.
. What is a mission statement?

. What two items in Figure 1-1 are behind schedule?

. What is the value of a manufacturing facilities design procedure?

10.
. What are the five types of manufacturing facilities design projects?
12.
13.
14.
15.

List the manufacturing facilities design procedure.

What is the difference in procedure between a new facility design and a retrofit?
What are lean manufacturing and lean thinking?

Define muda, kaizen, kanban, and andon.

Define simulation and explain why you think a simulation can be an important
tool in facilities design.

Explain how you would incorporate various ISO 9000 requirements into the
facilities planning process.

What do you believe is meant by a “random” process? Give an example of a
random occurrence on the factory floor and how simulation can be helpful in
understanding such a phenomenon.

Are you familiar with any automatic data capture technology? Where and
how do you see that such technology may be applied in the facilities planning
process?

On the average, a facility undergoes some “layout design changes” once every
18 months. What would necessitate such changes?
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OBJECTIVES:

Upon the completion of this chapter, the reader should:

* Be able to identify various sources of information for facilities planning

¢ Understand the concept of and be able to calculate takt time

e Be able to define and construct a flat and an indented bill of material

® Be able to understand the role of management policy in facilities planning

The facility design depends on basic information that the facility designer must
obtain from other sources. Much of this basic information comes from other
departments within the company. Sometimes getting this information is like “pull-
ing teeth,” but the designer needs reliable information, and others are the best
source. The larger the company is, the less data are actually produced by the
designer. Some companies have several subdepartments within manufacturing and
industrial engineering. Examples include

1. The processes section would establish the routing and select the machine to
be used.

2. The tool design section would design the fixtures and specify the specific
tools.

3. The time standards application section would set the time standards for each
operation.

4. The quality department would specify inspection procedures and require

space for tools and people.

The safety department will want to review and input its requirements.

6. Inventory and production control department policies will affect the space
needs as well as the procedures.

S
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All this information will affect the facilities design.

This chapter will discuss those sources of information from outside the manu-
facturing department, Chapter 3 will discuss time standards, and Chapter 4 will
discuss the other information required from within the manufacturing depart-
ment. The manufacturing facilities designer will always need to get the external
information from someone else, but in smaller companies and in consulting situ-
ations, he may need to produce the manufacturing department’s information
himself.

There are three basic sources of information outside the manufacturing
department:

1. Marketing
2. Product design
3. Management policy

B THE MARKETING DEPARTMENT

The marketing department provides a research function that analyzes what the
world’s consumers want and need. It searches out ways to fill these potential
customers’ demands. Some of the information that marketing provides is (1)
the selling price, (2) volume (How many can we sell?), (3) seasonality (Is it a
summer or winter product?), and (4) replacement parts that an older product
may require.

Determining the selling price is not an exclusive function of the marketing
department. The industrial engineering organization may supply the cost data for
pricing, but the selling price has a direct influence on the number of units the com-
pany sells. Every customer makes a value analysis on each purchase. The lower the
price is, the more customers will choose the product. Pricing is very complicated
and the marketing, production, and finance departments are all part of this deci-
sion, but marketing needs that information before it can ask the customers, “How
many do you want to buy?”

Volume comes down to how many units the company wants to build per day.
The marketing department may take some model shop samples to a few important
customers and ask their opinions. If these customers like the new product, they
would be asked how many they would buy. Typically, 20 percent of customers buy
80 percent of total production (an interesting statistic based on Pareto analysis').

' Pareto analysis states that 80 percent of activity (problems and opportunities) comes from 20 percent of
the sources. This statistic in facilities design is important when you consider the product (80 percent of
sales are from 20 percent of the product line) and customers (80 percent of sales are to 20 percent of the
customers). Another useful example is the cost of production parts: 80 percent of the material cost of the
product will make up only 20 percent of the total part numbers. It also means that 80 percent of the people
or machine problems come from 20 percent of the people or machines. The result of knowing this is that
a company can identify these most important components and can manage them more closely.
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Therefore, if a small group of customers say that they will buy 125,000 units that
represent 50 percent of annual sales, 250,000 units will be needed. If the plant
works 250 days a year (50 weeks times b days per week), then 1,000 units would be
needed every day.

The number of units required per day is a very important number for the facil-
ity designer because it determines the number of machines and people for which
he needs to provide space. To achieve this goal, he must determine the plant rate
(how fast every machine and workstation need to work to meet the goal).

Determining Takt Time or Plant Rate

To meet the production goal or a present production volume, every machine
and operation must keep a certain pace. For example, if the schedule calls for
the production of 1,500 grills per day or per shift, then at the end of that produc-
tion period, the company must have 1,500 completed grills, packed and ready for
shipment. To meet this schedule, essentially the plant must produce enough parts
and components per period to keep up with the production demand. If each grill
requires one cooking grid, then the production capacity must meet the demand of
producing 1,500 grids per period.

However, if each grill has two side tables, then the plant must have the capacity
of producing 3,000 of these side tables during the same period. Stated differently,
the rate of production for these side tables must be twice the rate of the grids. In
other words, each side table must be produced in one-half the time of that of the
grid. Keep in mind that we are not saying that the time requirement for the produc-
tion of a side table is only one-half that of a grid. What we are saying is that because
for every grid two side tables are required, the company must produce the side
table at a faster rate. This rate of production is called takt time or production rate, as
discussed in Chapter 1, or simply, the Rvalue.

The plant rate or takt time (a German word in common use today having the
same meaning) is the rate at which operations, processes, parts, components, and
so on must run in order to meet the production goal.

To calculate takt time, you must know the production goal, the amount of
time allotted for the production of these units (e.g., one 10-hour shift, or two
8-hour shifts, etc.), and any nonproductive time that is taken away from produc-
tion such as breaks, team meetings, lunch, and so forth. Furthermore, a general
knowledge of the overall plant efficiency as determined by unplanned downtimes,
inventory stock-outs, absenteeism, and so on is necessary in order to calculate the
takt time.

The following example illustrates the calculation of the takt time.

Example: Let us assume that you need to produce and ship 1,000 units of product from
the plant in an 8-hour shift. Thirty minutes for lunch, 10 minutes for break, and 8 min-
utes for team meetings are allotted during each shift. Furthermore, let us assume that
the plant is operating at 90 percent efficiency. (Calculating plant efficiency is beyond
the scope of this discussion; however, suffice it to say that expectations of 100 percent
efficiency are unrealistic and in this example, 90 percent efficiency is quite respectable.)
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Given the data above, how much time do you have to produce one unit of product?
8-hour shift X 60 minutes = 480 minutes production time

480 minutes production time — (30 minutes for lunch) — (10 minutes for breaks)
— (8 minutes for meetings) = 432 minutes actual work time

432 minutes actual work time X 90 percent efficiency = 389 minutes effective
(productive) time

Therefore, you have only 389 minutes to produce 1,000 units of product.

. _ 389 minutes . .
Takt time OR R = 71,000 units .389 minute per unit

Takt time OR R (plant rate) = .389 minute per unit

A finished, packed-out unit must come off the assembly and packout line every
.389 minute, or just about 2.5 units per minute. This means every workstation and
every machine in the plant will need to produce about 2.5 parts or sets of parts
per minute.

1 Unit
.389 minute per unit

Units per minute = = 2.57 units per minute

If you need two parts (like axles on a toy wagon or two side tables per grill) per finished
unit, then you would need 5.14 parts per minute.

Of course, this rate assumes that no scrap parts are produced and no rework time
is necessary. Although both scrap and rework are undesirable occurrences, they do
occur and take up production time and resources. Plant rate, or takt time, must be
adjusted to reflect this, as illustrated in the following discussion.

Calculating Scrap and Rework Rates

Although undesirable, manufacturing operations do produce scrap or unusable
parts. Furthermore, often there is a need to redo an operation simply because the
part was not produced within the desired specifications the first time. This is called
rework. Scrap and rework result in an inefficient and wasteful use of the facilities’
resources. Every effort should be made to eliminate such waste. However, as long
as the plant has to deal with scrap and rework, it cannot ignore their demand on
production time.

Quality and production departments have historical data that indicate the
level of rework and scrap for each operation. In determining the plant rate, or
takt time, you must include scrap and rework rates into your calculations. Indeed,
itis also prudent to add into these calculations the need for spare or replacement
parts.

To illustrate, let us assume in the preceding example the press operation pro-
duces 3 percent scrap. Therefore, to end up with 1,000 finished wagon bodies, you
must start with a larger number so that after scrapping 3 percent, you will have
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1,000 good parts. If you designate the finished parts with the letter O for output,
you can calculate the input, 7, as follows:

1,000
1= (T’_Tg) = 1,031 units

This is the number of blanks with which you need to start your process. Keep in
mind that if additional operations are performed, and each operation produces
additional scrap, further adjustment to the input volume is necessary. For example,
assume in addition to the stamping operation, two other steps are performed. One
step has a 2.5 percent scrap rate and the other produces .5 percent scrap. You can
calculate input as follows:

- 1,000 - ,
I="01=03) (1-.025) (1-.005) — 1,063 units

The general formula is stated as

output
(1 = %scrapl) (1 — %scrap?2) (1 — %scrap3) ... (1 — %scrap n)

You no longer are concerned with the required pieces of equipment to produce
1,000 wagon bodies. The takt time is now calculated on the basis of 1,063 units.

389 minutes . .
—1,063 units | = .366 minute/unit

Therefore, the adjusted take time, or plant rate,

= .366 minute/unit

The plant rate is one of the most important numbers in manufacturing facili-
ties design. It is used to calculate the number of machines and workstations, the
conveyor speed, and the number of employees required by the facility design.

Seasonality is important to the facilities design because the plant may be
required to produce the total year’s product needs in a few months, so a larger
facility will be needed. Customers want space heaters and sleds in the winter, gas
grills and swimming pools in the spring and summer, and toys in the stores for
Christmas. If you waited until just before the season to start producing your prod-
uct, you would either need a great deal of extra machines or miss your market time.
If you produce all year long just for the Christmas season, you would need 10 to 12
months of warehouse space. Determining how soon to start and how much to make
per day is a compromise between inventory carrying cost and production capacity
cost. The objective is to minimize total cost. Production and inventory control is a
manufacturing extension of the marketing department, and will probably be your
source of volume information.

The subject of production and inventory control goes hand in hand with manu-
facturing facilities design, and production and inventory control policies will have
a big effect on your design.
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Recognize the need for replacement parts. If you have been in business for
any period of time, your product will begin to wear out. Customers may call you
for replacement parts that have worn out or have broken. This business requires
not only that you build extra inventory but also that you have storage and shipping
areas for such customer service. Again, production and inventory control will tell
you how much to increase your volume to account for replacement parts on a part-
by-part basis.

M THE PRODUCT DESIGN DEPARTMENT

Blueprints, a bill of materials, assembly drawings, and model shop samples inform
the facilities designer of the prime mission—a detailed description of what needs
to be accomplished. The product design department is the source of this valuable
information. The first question anyone would ask when assigning a new facility
design project is, “What are we going to make?” The output of the product design
department tells you exactly what you are going to manufacture.

Blueprints, sketches, pictures, CAD (computer-aided design) drawings, and
model shop samples all communicate the idea of what the company wants to
build. (See Figure 2-1, Figure 2-2, and Figure 2-3.) There will be drawings of
each individual part of the product as shown in Figure 2-1. Figure 2—-1a shows
the individual parts in a toolbox handle. For illustration purposes, Figure 2—-1b is
presented here to show a more detailed drawing of a clap and plate subassembly.
These drawings tell you the size, shape, material, tolerances, and finish. Assembly
drawings (see Figure 2-2) show many parts (if not all parts) and how they fit
together. An exploded drawing (Figure 2-3) is especially useful for the facilities
designer because it helps visualize how the parts fit together. In Figure 2-3, two
different exploded views are presented. Figure 2-3a is an exploded view of the
toolbox. Figure 2-3b displays the exploded view of a common automobile battery
cable clamp. Centerlines are used to separate parts, and the parts are aligned
to show the assembly relationship. These give the facilities designer clues to the
sequence of assembly.

When the designer is working on the assembly line layout, the exploded
drawing will be the guide. The designer cannot get started without blueprints or
sketches.

Either a parts list or a bill of materials will be provided to the facilities
designer by the product engineering department with each new product (see
Figure 2—4 on p. 35). The parts list or bill of materials list all the parts that make
up a finished product. This list includes part numbers, part names, the quan-
tity of each part, what parts make up subassemblies, and may include material
specifications, parts and raw material unit costs, and make or buy decisions. The
decision to either make or buy a part is up to top management, not just the prod-
uct engineering department, but the parts list is a good place to indicate that
decision.
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Figure 2-1a Sample blueprint for toolbox handle.
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Figure 2-2b  Sample sketch for toolbox—Three-dimensional (3D) view.
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Part No. Part Name Quantity Needed per Unit
1 Body end 2
2 Tray bracket 2
SSA1 Body end assembly 2
3 Body 1
SA1 Body assembly 1
SSA2 Cover end 2
5 Cover 1
SSA3 Cover handle assembly 1
SA2 Cover assembly 1
17 Hinge 2
7 Tray end 2
8 Tray body 1
9 Tray handle 1
A2 Tray assembly 1
10 Paint AR¥*
11 Handle 1
12 Clip 2
13 Rivet 16
Al External body assembly 1
14 Catch 2
15 Strike 2
A2 Tray assembly 1
A3 Parts bag 1
19 Packing list 1
20 Registration card 1
21 Name tag 1
22 Divider 4
23 Plastic bag 1
24 Carton 1
25 Tape 247

* As required.

Figure 2-4 Toolbox parts list.
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The Indented Bill of Material

The indented bill of material is also an important aid in the design of the facility
and configuration of the work cells and assembly lines. An indented bill of material
provides the same basic information as the parts list. However, the indented bill
of material presents the hierarchical structure of the product by identifying each
assembly, subassembly, and the required or subordinate parts of each assembly or
subassembly. An indented bill of material is shown in Figure 2-5 (below). The high-
est level of the product, or the finished assembly, appears on the top of the list and
is given level number zero. Under this are listed the major assemblies and each
is assigned as level one (.1). The period before the numeral I indents the major
subassemblies from the main assembly. Under each subassembly, the required com-
ponents that comprise that subassembly are listed and numbered level two (..2). In
turn, under each component, subordinate parts are listed and each is numbered as
level three (...3). If a given level three itself is comprised of multiple parts, those
parts would be listed following the given level three part and would be numbered
level four (....4), ad infinitum. The purpose of the leaders or periods before each
level number is to offset or indent (hence indented bill of material) each level in
order to enhance readability.

Figures 2—6 and 2-7 further illustrate the parent—child or hierarchical relation-
ship in the indented bill of material. Figure 2—-6 shows the indented bill of mate-
rial whereas Figure 2-7 shows the assembly chart for the toolbox. The final product
as identified by the last step of the assembly chart (see Figure 2-7) is the finished
toolbox. In Figure 2-6, the toolbox, being the finished product or the highest level,
is represented as the level zero. Further examination of the assembly chart (Figure
2-7) reveals that three assemblies, A1, A2, and A3, are the last major assemblies prior
to final product assembly. These three assemblies are numbered as level (.1) in the

Company: ACME, Inc. Prepared by: M.P.S.
Product: Super Gismo Date:
Level Part No. Part Name Drwg. No. Qty. per Unit Make or Buy
0 0012 Super gismo 0012 1 Make
1 0034 Main frame 0034 1 Make
1 0421 4’ bracket 0421 2 Make
2 0344 Strap ties 0344 4 Buy
1 0113 1/4” insert 0113 2 Make
.2 0123 Tube 0123 1 Make
.3 0014 Clear paint 1 gal/100 Buy
1 0019 Brace 0019 3 Make
2 0177 1/4-20 nut 0177 4 Buy
2 0192 3/16" collar 0192 2 Make
1 0330 Cylinder 0330 1 Buy

Figure 2-5 Indented bill of material.
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Level  Part Number Part Name Qty. per Unat Make / Buy
0 Toolbox 1 Make
1 Al Exterior Body Assembly 1 Make
.2 SA1 Body Assembly 1 Make
.23 SSA Body End Assembly 2 Make
| Body End 2 Make
42 Tray Bracket 2 Make
.3 3 Body 1 Make
.2 SA2 Cover Assembly 1 Make
.3 5 Cover 1 Make
.23 SSA2 Cover End 2 Make
L4 13 Rivets 4 Buy
417 Hinge 2 Buy
.3 SSA3 Cover Handle Assembly 1 Make
.4 11 Handle 1 Make
.4 12 Clips 2 Buy
L4 13 Rivets 4 Buy
.2 14 Catch 2 Buy
.2 15 Strike 2 Buy
.2 13 Rivets 8 Buy
.2 10 Paint Buy
.1 A2 Tray Assembly 1 Make
.2 7 Tray End 2 Make
.2 3 Tray Body 1 Make
.2 9 Tray Handle 1 Make
1 A3 Parts Bag 1 Make
.2 19 Packing List 1 Buy
.2 20 Registration Card 1 Buy
.2 21 Name Tag 1 Buy
.2 22 Dividers 4 Buy
.2 23 Plastic Bag 1 Buy

Figure 2-6 Indented bill of material for the toolbox.

indented bill of material. Each assembly contains other minor subassemblies or
components. These subordinate items are listed under each appropriate assembly.
For example, by looking at Figure 2-7, you can see that packing list, registration
card, name tag, dividers, and plastic bag are “parts” of the A3 assembly. Hence, in
Figure 2-6, these items are under the A3 level and are assigned level (..2). Now try
to follow the structures under the assembly Al. You will see that Al has two sub-
assemblies labeled SAl and SA2. In Figure 2—6 these subassemblies are assigned
level (..2) and each is further broken down into smaller sub-subassemblies and
components that are numbered accordingly.
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The indented bill of material provides not only data regarding the composition
of the final assembly but also valuable insight into the flow of parts and components
in the final assembly.

Companies themselves do not fabricate every part of their products. The parts
that are purchased complete are called buyouts and can be fabricated cheaper by
someone else. Some companies purchase every part complete from outside. These
companies are called assembly plants. The parts that a company “makes” are basic
requirements for the fabrication end of the facility.

Model shop samples, or prototypes, are handmade, very costly, and exact models
of what the product engineering department wants to produce. These prototypes
are not always available, but if they were, they would be very helpful. The ability
to “feel” the parts, to take them apart and reassemble them, to look at each part
and consider how to make that part furthers your understanding of the product. A
systematic disassembly of a prototype, or even that of a finished product produced
by a competitor, is a helpful process in determining the logical and proper steps
for assembling the product. The disassembly process, often referred to as “reverse
engineering,” is most helpful in visualizing the order and steps of the process and
should plant the initial seeds for the arrangement of the facility. The reverse engi-
neering process can also assist with the product design and development activity. It
can point to steps or parts that seem to be superfluous or awkward or difficult to fit
or join with other components. The basic steps are outlined below.

A model shop sample would be used as follows:

1. Unpack the unit, noting the sequence of unpacking. This will be the basic
information for the packout line. Be sure to keep good notes; photographs
are also useful.

2. Play with the finished product to see how it functions. A good understanding
of the finished unit’s purpose is very helpful.

3. Disassemble the product carefully. Keep good notes again. Then, reassemble
the product. This will be your basic information about the assembly line.

4. Disassemble and look at each part. Decide which parts you are going to make
in the plant and which parts are going to be purchased complete (buyouts).

5. The “make” parts—those parts that are going to be made by the plant—will
need further study to determine how they will be fabricated from raw material.
This is the subject of the next chapter.

Without a model shop sample, the facilities planner would still need to fol-
low the above steps—except the information will come from drawings, prints, or
sketches. The model shop sample makes the process easier and ensures better
results.

The product engineering department can be very helpful to the plant designer.
It can point out special manufacturing problems and critical relationships, dimen-
sions, and functions. The product designer and the facilities designer need to
work closely together. This open communication and cooperation between the
two designers is a fairly new concept in engineering. The traditional approach to
product design has often been referred to as the “over-the-wall” approach, in which
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ideological and territorial barriers often hindered communication between dif-
ferent segments of an organization. When dealing with product development, a
breakdown in communication may well result in designing a product that the cus-
tomer does not want; in specifying standards and specifications that the manufac-
turing department is not capable of meeting; or in requesting material and com-
ponents that the purchasing department is not able to procure in a timely fashion.
Concurrent engineering attempts to bring all aspects of the product design, devel-
opment, and manufacturing together so that problems can be detected early and
solutions can be sought during the planning stages.

B MANAGEMENT POLICY INFORMATION

Management refers to upper-level employees who are responsible for the financial
performance of a company. Such information as (1) inventory policy and lean
thinking, (2) investment policy, (3) startup schedules, (4) make or buy decisions,
(5) organizational relationships, and (6) feasibility studies, will all have an effect on
the plant facility design. Facility designers must understand these policies up front;
otherwise, they may waste a lot of time.

Inventory Policy

The company’s inventory policy could be as simple as “provide space for a one-
month supply of raw materials, work in process, and finished goods.” Those inven-
tories would require space and facilities, but once the quantity to be stored has
been determined, calculating the space requirement is easy. Stores and warehouse
layouts will be discussed in Chapter 8. Just-in-time (JIT) and kanban philosophies
reduce inventory and, therefore, space, facilities, and cost. Work in process (WIP)
requires space, and less inventory means less of everything—which is the definition
of lean manufacturing and lean thinking.

Lean Thinking and Muda as Part of
Management Policy

Taiichi Ohno (1912-1990), the Toyota executive who was an adamant foe of waste,
developed the Toyota production system upon which lean manufacturing philoso-
phy is based. Muda, which means “waste,” specifically refers to any human activity
that absorbs resources but creates no value. Ohno identified the first six types of
muda:

1. Mistakes that require rectification; any rework is a good indication of muda.
2. Production of inventory that no one wants at this time wastes space and pro-
motes product damage and obsolescence.
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3. Useless process steps that can be eliminated without harming the value of the
end product is muda.

4. Any movement of people or inventory that does not create value is muda.
Move material as short a distance as possible, or do not move people at all.

5. Idle people waiting for inventory is an indication of a plant that is not in bal-
ance. Workers must expend approximately the same amount of effort or bot-
tlenecks are created.

6. Goods produced for which there is no customer demand is muda. If you man-
ufacture too far ahead, you take a chance that there will be no demand for
your product because something better came along.

There are more causes and examples of muda all around you; you just need to
be aware of them. Fortunately, there is a powerful cure for muda: lean thinking and
lean manufacturing. Lean thinking and lean manufacturing encourage designers to
think about value and to create actions in the best sequence, conduct these activi-
ties without interruption whenever someone requests them, and perform them
more and more effectively. In short, lean thinking provides a way to do more with
less: less human effort, less equipment, less time, and less space.

As stated, lean thinking is an important part of the facilities design process,
especially in the reduced inventory levels, less movement of material and people,
and better balance of workload among workers.

Investment Policy

The corporate investment policy is communicated in terms of return on investment
(ROI). Return is another way of saying “the savings,” and investment is the cost of
implementing the idea to get those savings. If a project saves a large enough per-
centage of the cost, then it is a good idea. For example, a facilities design project
might be approved with a 33 percent ROI. Thirty-three percent is also a 3-year pay-
back period. Facilities design projects are one of the few investments that manage-
ment will allow with such a long payback period. Most cost reduction work requires
an ROI of greater than 100 percent or a payback period of less than one year.

When presenting a manufacturing facility design proposal to management for
approval, what you are really seeking is approval to spend the budgeted money. The
project engineer must combine estimated costs from suppliers, vendors, mainte-
nance personnel, and the like, and then prepare a budget. As discussed earlier, it is
critical that the facilities planner stays under budget.

Startup Schedule

Assume you are asked to design a facility to produce a new product. Typically, you
would be told something like this:

Provide a production facility to manufacture 1,200 gas grills per day, beginning on
November 15 of this year.
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All the work needed to accomplish the task will be backdated from November 15.
Here is an example of the schedule:

Date Actually
Process Step Completed By Complete
Start production November 15
Install equipment November 1
Obtain approval for and order equipment October 1
Complete master plan September 15
Develop plot plan and allocate area September 1
Select M.H. equipment August 25
Develop total space requirement August 20
Lay out workstation August 15 Used for control
Determine activity relationships August 10
Identify office needs August 5
Identify personnel and plant service needs August 1
Develop flow requirements July 25
Balance assembly lines July 15
Determine number of machines July 15
Set standards and plant rate July 10
Determine assembly sequence July 6
Develop route sheets July 5
Determine make or buy decisions July 2

Determine what and how many will be made  July 1

Make or Buy Decisions

Does the company make this part (fabricate from raw materials), or does it buy
this part complete from a supplier who specializes in this kind of part? (See Figure
2-8.) The decision is normally quite straightforward and easy. If you are an existing
company with a product line, you know what you can and what you cannot make.
If you are a new company, you may buy out all the parts and become an assem-
bly operation only. As you get going, you might start making a few parts yourself.
No plant would make its own nuts, bolts, screws, tires, gauges, bearings, tapes, and
the like; but someone might have special equipment that makes that part faster and
better than you can and at a lower cost than you could ever achieve. The fabrication
section of your manufacturing department is always in competition with your pur-
chasing department because the cheapest way to provide the part to the assembly
department is the best source.

The fabricated parts are the subject of fabrication layout. If you make no parts,
no fabrication department layout is needed. If you make lots of parts, a large layout
project results.
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Part No. Part Name Quantity Needed per Unit Make or Buy
1 Body ends 2 M
2 Tray bracket 2 M
SSSA1 Body end 2

3 Body 1 M
SSA1 Body assembly 1

4 Cover end 2 M
5 Cover 1 M
SSA2 Cover assembly 1

6 Hinge 18 M
SAl Toolbox 1

7 Tray ends 2 M
8 Tray body 1 M
9 Tray handle 1 M
SA2 tray 1

10 Paint AR B
11 Handle 1 B
12 Clips 2 B
13 Rivet 4 B
Al Toolbox

14 Catch 2 B
15 Strike 2 B
16 Rivets 8 B
A2 Toolbox

17 Hinges 2 B
18 Rivets 4 B
A3 Toolbox

19 Packing list 1 B
20 Registration card 1 B
21 Name tag 1 B
22 Dividers 4 B
23 Plastic bag 1 B
SA3 Parts bag 1

24 Carton 1 B
25 Tape 24”7 B
Final packout 1 1

Figure 2-8 Toolbox make or buy decision.

Organizational Relationships

An organizational chart communicates much to the facilities designer (see Figure 2-9).
The number of employees determines the size of many areas such as cafeterias,
restrooms, office space, and medical facilities. The relationships among the various
functions determine the closeness requirement for each department to every other
department.

Feasibility Studies

Many new product ideas are recommended to management. These ideas need
to be evaluated before they are accepted as new manufacturing facilities design
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Office Engineering Materials Enai
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Clerk Engineer Supervisor
Supervisors
(Fabrication)
Supervisors

(Paint, Assembly, & P.O.)

Figure 2-9 Toolbox manufacturing plant organizational chart.

projects. One method used to determine whether a project idea is workable is a fea-
sibility study. Feasibility studies are generally performed by the highest level project
managers and engineers. Out of the many feasibility studies conducted by a com-
pany, only a small number of projects typically result. At a specific toy company, for
example, out of four proposals only one project was approved.

CONCLUSION

The product engineering design department provides blueprints and a bill of
materials to help facilities designers understand which parts will be made inside
the plant and which will be purchased from outside sources. Those parts that are
made (manufactured) inside the plant will require manufacturing plans, as will be
discussed in Chapters 3 and 4.

The marketing department researches the potential market demand for new or
redesigned products and determines a quantity to produce per period of time. The
designer breaks down the quantity into units per day to determine the number of
machines and the number of people needed.
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Management policy communicates the company’s attitudes and decisions. The

return on investment, the inventory policy, the startup dates required, and other
factors all have significant effects on the manufacturing facilities design and mate-
rial handling project. The designer cannot proceed without this information.

A plant layout or material handling project cannot begin until the necessary

information is provided by other departments. For example, designers need input
on product design, marketing, and management policy before initiating a project.

M QUESTIONS
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. As you embark upon the design of your manufacturing facilities, what data

would you seek from the following sources, and how would this information
affect your planning? Briefly discuss

a. Marketing
b. Product design
c. Management policy

. What information does marketing provide?

. What is takt time (Rvalue)?

. What is included in a takt time (R value) calculation?

. Why is the Rvalue so important?

. What information do designers get from the product design department?
. What information does management policy provide?

. What is a make or buy decision?

. Who is in competition with the fabrication department? Why?

. What are six causes of muda?

. Explain how to use the indented bill of materials.

. What is the difference between an indented and flat bill of materials?

. Why is the additional information provided by the indented bill of materials

important?

. Explain the concept of concurrent engineering. How does it relate to facilities

planning?
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OBJECTIVES:
Upon the completion of this chapter, the reader should:

¢ Understand the concepts of time study and time standards

¢ Understand the importance of time standards in facilities planning
® Be able to identify various techniques for establishing time standards
* Be able to identify the steps for performing a stopwatch time study

¢ Understand the difference between observed, normal, and standard times and
be able to calculate each

¢ Understand the concepts of normalizing and allowances

Time standards are among the most basic yet important pieces of information
required by the facilities planner. Time or labor standards are used for a variety
of purposes in an organization. The uses include cost and budget allocation and
control, production and planning and inventory management, performance evalu-
ation and incentive pay where applicable, and evaluation of alternative methods of
operation. For a facilities planner, the standard time is the primary input for deter-
mining the required number of people and workstations needed to meet the pro-
duction schedule, and for calculating the number of machines, work cells, assembly
line balancing, and staffing. Ultimately, this information is used to calculate the
space requirements for all work centers and the overall production facilities space
requirements.
This chapter is composed of four parts:

The definition of time study and time standards
The importance and uses of time standards

The techniques of time study

Time standards for manufacturing facilities design

Ll s



Time Study 43

M WHAT IS A TIME STANDARD?

Before you can understand the importance and uses of time study, you must under-
stand what the term time standard means. A time standard is defined as “the time
required to produce a product at a workstation with the following three conditions:
(1) a qualified, well-trained operator; (2) working at a normal pace; and (3) doing a
specific task.” These three conditions are essential to your understanding of time study,
and so further discussion follows. The process of setting time standards is time study.

A qualified, well-trained operator is required. Experience is usually what makes a
qualified, well-trained operator, and time on the job is the best indication of experi-
ence. The time needed to become qualified varies with the job and the person. For
example, sewing machine operators, welders, upholsterers, machinists, and many
other high-technology jobs require long learning periods. The greatest mistake
made by new time study personnel is time studying someone too soon. A good rule
of thumb is to start with a qualified, fully trained person and to give that person 2
weeks on the job prior to the time study. On new jobs or tasks, predetermined time
standards systems (PTSSs) are used. These standards seem hard to achieve at first
because the times are set for qualified, well-trained operators.

Normal pace is the pace at which a trained operator, under normal conditions,
performs a task with a normal level of effort. A normal level of effort is one in which
the operator can maintain a comfortable pace—not too fast and not too slow. Only
one time standard can be used for each job, even though individual differences in
operators cause different results. A normal pace is comfortable for most people.
In developing the time standards for a task, 100 percent of the time of the normal
pace is used as the normal time. When the pace is judged to be either slower or
faster than the normal pace, adjustments are made accordingly. Some common
examples of the normal pace are:

1. Walking 264 feet in 1.000 minute (3 miles per hour)
2. Dealing 52 cards into four equal stacks in .500 minute (at a bridge table)
3. Filling a 30-pin board in .435 minute (using two hands)

Training films for rating are also used to develop this concept.
A specific task is a detailed description of what must be accomplished. The
description of the task must include

1. The prescribed work method

The material specification

The tools and equipment being used

The positions of incoming and outgoing material

Additional requirements such as safety, quality, housekeeping, and mainte-
nance tasks

Gt N

The time standard is good for only this one set of specific conditions. If anything
changes, the time standard must change. The written description of a time stand-
ard is important, but the mathematics is even more important. If a job takes 1.000
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Time Standard Minutes Pieces per Hour" Hours per Piecd Houyrs per 1,000 Pieces’
1.000 60 01667 16.67
500 120 .00833 8.33
167 359 .00279 2.79
2.500 24 04167 41.67
.650 — — —
.050 — — —

“Pieces per hour is calculated by dividing the time standard minutes into 60 minutes per hour.

PHour per piece is calculated by dividing the pieces per hour into one hour (1/x).

“Hours per 1,000 pieces is calculated by multiplying the hour per piece by 1,000 pieces.

Figure 3-1

Mathematical calculations practice for developing time standards.

standard minute to produce (Figure 3-1), you can produce 60 pieces per hour, and
it will take .01667 hour to make one unit or 16.67 hours to make 1,000 units. The
time in decimal minutes is always used in time study because the mathematics is
easier. The following three numbers are required to communicate a time standard:

1. The decimal minute (always in three decimal places, e.g., .001)
2. Pieces per hour (rounded off to whole numbers, unless less than 10 per hour)
3. Hours per piece (always in five decimal places, e.g., .00001)

Many companies use hours per 1,000 pieces because the numbers are more
understandable or meaningful.

Figure 3-2 is a time standard conversion table that may be useful for a quick
reference when needed. It can be used when either the minute per unit, hours
per unit, units per hour, or units per 8 hours are known, and you need to find the
other three numbers pertaining to that standard. It can also be used to set goals
for assembly lines or work cells. An interesting additional use is when you add jobs
together and require a new standard for the combined jobs. Play with this table
to understand the relationship between the different numbers that make up the
term “standard time.” For example, if two jobs that need to be combined used to
have a standard of .72 minute per piece, or 83 pieces per hour, and .28 minute per
piece, or 214 pieces per hour, what is the new standard? Add .72 and .28 to get 1.00
minute, or 60 pieces per hour combined.

Now that you understand what a time standard is, let’s look at why time stand-
ards are considered to be one of the most important pieces of information pro-
duced in the manufacturing department.

M THE IMPORTANCE AND USES OF TIME STUDY

The importance of time standards can be shown by three statistics: 60, 85, and
120 percent performance. An operation that is not working toward time standards
typically works 60 percent of the time. Those operations working with time standards



Standard Standard Unils per Unils per Standard Standard Unils per Unils per

Minutes Hours Hour 8 Hours Minutes Hours Hour 8 Hours
480 8.000 125 1.0 .98 01633 61.22 489.80
240 4.000 .250 2.0 .96 .01600 62.50 500.00
160 2.667 4 3.0 .94 01567 63.83 510.64
120 2.000 b 4.0 .92 .01533 65.22 521.74

96 1.600 .6 5.0 9 .01500 66.67 533.33
80 1.333 .8 6.0 .88 .01467 68.18 545.45
70 1.167 9 6.9 .86 01433 69.77 558.14
60 1.000 1.0 8.0 .84 .01400 71.43 571.43
50 .833 1.2 9.6 .82 .01367 73.17 585.37
48 .800 1.2 10.0 .8 01333 75.00 600.00
45 750 1.3 10.7 .78 .01300 76.92 615.38
40 667 1.5 12.0 .76 .01267 78.95 631.58
38 .633 1.6 12.6 74 01233 81.08 648.65
35 .5b83 1.7 18.7 72 .01200 83.33 666.67
32 533 1.9 15.0 7 01167 85.71 685.71
30 .500 2.0 16.0 .68 01133 88.24 705.88
28 467 2.1 17.1 .66 .01100 90.91 727.27
26 433 2.3 18.5 .64 .01067 93.75 750.00
25 417 2.4 19.2 .62 .01033 96.77 774.19
24 1400 2.5 20.0 .6 .01000 100.00 800.00
23 .383 2.6 20.9 .58 .00967 103.45 827.59
22 367 2.7 21.8 .56 .00933 107.14 857.14
21 .350 2.9 22.9 .54 .00900 111.11 888.89
20 .333 3.0 24.0 .52 .00867 115.38 923.08
19 317 3.2 25.3 .b .00833 120.00 960.00
18 .300 3.3 26.7 48 .00800 125.00 1,000.00
17 283 3.5 28.2 .46 .00767 130.43 1,043.48
16 267 3.7 30.0 44 .00733 136.36 1,090.91
15 .250 4.0 32.0 42 .00700 142.86 1,142.86
14 233 4.3 34.3 4 .00667 150.00 1,200.00
13 217 4.6 36.9 .38 .00633 157.89 1,263.16
12 .200 5.0 40.0 .36 .00600 166.67 1,333.33
11 183 55 43.6 .34 .00567 176.47 1,411.76
10 167 6.0 48.0 .32 .00533 187.50 1,500.00
9 150 6.7 53.3 3 .00500 200.00 1,600.00
8 133 7.5 60.0 .28 .00467 214.29 1,714.29
7 117 8.6 68.6 .26 .00433 230.77 1,846.15
6 .100 10.0 80.0 .24 .00400 250.00 2,000.00
5 .083 12.0 96.0 .22 .00367 272.73 2,181.82
4 .067 15.0 120.0 2 .00333 300.00 2,400.00
3 .050 20.0 160.0 .18 .00300 333.33 2,666.67
2 .033 30.0 240.0 .16 .00267 375.00 3,000.00
1 .017 60.0 480.0 14 .00233 428.57 3,428.57
12 .00200 500.00 4,000.00

1 .00167 600.00 4,800.00

.08 .00133 750.00 6,000.00

.06 .00100 1,000.00 8,000.00

.04 .00067 1,500.00 12,000.00

.02 .00033 3,000.00 24,000.00

Figure 3-2 Time standard conversion table: Minutes, hours, pieces per hour, pieces per eight hours.
45
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work at 85 percent of normal performance. This increase in productivity is equal to
about 42 percent. In a small plant of 100 people, this improvement is equal to 42
extra people, or about a million dollars per year in savings. Not only is time standard
very important but it is also very cost-effective. One hundred and twenty percent is the
average performance of industrial plants on incentive pay plans.

The time standard is used to

1. Determine the number of machine tools to buy. In facilities design, how
would you otherwise calculate this important piece of information for a manu-
facturing facility design?

2. Determine the number of production people to employ. Again, this is a very

important piece of information when you are determining facility space

requirements.

Determine manufacturing costs and selling prices.

4. Schedule the machines, operations, and people to do the job and to deliver
on time with smaller inventories. This is what lean thinking and lean manufac-
turing are all about.

5. Determine the assembly line balance and the conveyor belt speed, load the
work cells with the correct amount of work, and balance the work cells. This
information determines the work cell and assembly line layouts.

6. Determine individual worker performance and identify and correct problem-
atic operations. This is the basic philosophy behind kaizen.

7. Pay incentive wages for outstanding team or individual performance.

8. Evaluate cost reduction ideas and pick the most economical method based on
cost analysis, not on opinion.

9. Evaluate new equipment purchases to justify their expense.

10. Develop operation personnel budgets to measure management performance.

oo

A discussion of each of these uses of time study follows. As the company’s facilities
planner, how would you answer the following questions without time standards?

1. How Many Machines Do We Need?

One of the first questions raised when setting up a new operation or starting produc-
tion on a new product is, “How many machines do we need?” The answer depends
on two pieces of information:

a. How many pieces do we need to manufacture per shift?
b. How much time does it take to make one part? (This is the time standard.)

The marketing department wants you to make 2,000 wagons per 8-hour shift.

N -

It takes .400 minute to form the wagon body on a press.
There are 480 minutes per shift (8-hour shift times 60 minutes per hour).
Subtract 50 minutes downtime per shift (breaks, cleanup, etc.).

There are 430 minutes per shift available at 100 percent.

SEERANE

Based on history or expectation, we can assume 75 percent performance
(.75 X 430 = 322.5).
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7. There are 322.5 effective minutes left to produce 2,000 units.

322.5

8 2,000 units

= .161 minute per unit or 6.21 parts per minute.

The .161 minute per unit is called the takt time, or plant rate. (As you recall, takt
time is the available minutes divided by the desired output.) Every operation in the
plant must produce a part every .161 minute; therefore, how many machines do you
need for this operation?

Time standard = .400 minute per unit

Plant rate: .161 minute per unit = 248 machines
This operation requires 2.48 machines. If other operations need to use
a machine of this type, you will add all the machine requirements together and
round up to the next whole number. In the preceding example, you would buy
three machines. (Never round down on your own. You will be building a bottleneck
in your plant.) This information is critical to the facility design.

2. How Many People Should We Hire?

Look at the operations chart shown in Figure 3-3. This chart lists the time standard
for every operation required to fabricate each part of the product and each assem-
bly operation required to assemble and pack the finished product.

Handle

500
Cast 05 50

In this operation (casting the handle), the 05 indicates the operation number.
Usually, 05 is the first operation of each part. The 500 is the pieces per hour standard.
This operator should produce 500 pieces per hour. The 2.0 is the hours required to
produce 1,000 pieces. At 500 pieces per hour, it would take 2 hours to make 1,000
pieces. How many people would be required to cast 2,000 handles per shift?

2,000 units
X 2.0 hours per 1,000
4.0 hours at standard
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Operations Chart — Water Valve Factory

Figure 3-3 Operations chart for a water valve factory: A circle for every fabrication, assembly,
and packout operation.

Not many people, departments, or plants work at 100 percent performance.
How many hours would be required if they work at the rate of 60, 85, or 120 percent?

4 hours

4 hours
120 percent —

85 percent

4 hours

60 percent = 4.7 hours

= 6.66 hours = 3.33 hours
Therefore, depending on anticipated performance, you will budget for a specific
number of hours. Either performance history or national averages will be used to
factor the 100 percent hours to make them practical and realistic.

Look again at the operations chart shown in Figure 3-3. Note the total number

of hours (138.94) at the bottom right-hand side. The operations chart includes
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every operation required to fabricate, paint, inspect, assemble, and pack out a prod-
uct. The total hours is the total time required to make 1,000 finished products.
In the water valve factory, employees must work 138.94 hours at 100 percent to
produce 1,000 water valves. If this is a new product, you could expect 75 percent
performance during the first year of production. Therefore,

138.94 hours per 1,000
74 percent performance

= 185 hours per 1,000

where 75 percent = .75.
The marketing department has forecasted sales of 2,500 water valves per day.
How many people are needed to make water valves?

185 hours per 1,000 X 2.5 (1,000) = 463 hours per day needed

Divide this by 8 hours per employee per day, which equals 58 people.

Management will be judged by how well it performs this goal. If fewer than
2,500 units are produced per day with the 58 people, management will be over
budget, and that is unforgivable. If it produces more than 2,500 units per day,
management is judged as being good at managing, and the managers are pro-
motable.

Most companies produce more than one product. The problem of how many
people to hire to produce each product is the same. For example, how many direct
labor employees would you need for a multiproduct plant?

Hours No. of Units Hours Actual Hours
Product ~ per 1,000 Needed per Day — at 100%  Actual % Needed
A 150 1,000 150.0 70 214
B 95 1,500 142.5 85 168
C 450 2,000 900.0 120 750

Total 1,132 hours

Per day, 1,132 hours of direct labor are needed. Each employee will work 8 hours;
therefore,

1,132 hours
8 hours per employee

= 141.5 employees

Thus, you will budget for 142 employees. Without time standards, any other
method of calculating labor needs would be a guess. Management doesn’t want to
be judged and compared to unattainable time standards or production goals.
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3. How Much Will Our Product Cost?

At the earliest point in a new product development project, the anticipated cost
must be determined. A feasibility study will show top management the profitabil-
ity of a new venture. Without proper, accurate costs, the profitability calculations
would be nothing but a guess.

Product costs may include the following:

Typical %

Direct labor 8

Manufacturing costs { Direct materials 25

50% Overhead costs 17
Plus

Sales and distribution costs 15

Advertising 5

Front-end costs Administrative overhead 20

50% Engineering 3

Profit 7

100%

Direct labor cost is the most difficult component of product cost to esti-
mate. Time standards must be set prior to any equipment purchase or mate-
rial availability. Time standards are set using predetermined time standards or
standard data from blueprints and workstation sketches, and are compiled in
a chart such as the one shown in Figure 3-3. The bottom right-hand side of
the water valve operation chart indicates that it takes 138.94 hours to produce
1,000 units:

138.94 hours per 1,000 units
85 percent anticipated performance

= 163.45 hours per 1,000

$163.46 hours per 1,000 water valves
X $7.50 per hour labor rate
$1,225.94 per 1,000 or 1.23 each

Direct material is the material that makes up the finished product and is esti-
mated by calling vendors for a bid price. Normally, 50 percent of the manufactur-
ing cost (direct labor + direct materials + factory overhead) is direct material cost.
For this example, we will use 50 percent. On the operating chart, raw materials are
introduced at the top of each line. Buyout parts are introduced at the assembly and
packout station.

Factory overhead costs are all expenses of running a factory, except the previ-
ously discussed direct labor and direct material. Factory overhead is calculated as
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a percentage of direct labor. This percentage is calculated using last year’s actual
costs. All manufacturing costs for last year are divided into three classifications:

Direct labor $1,000,000
Direct material 3,000,000
Overhead 2,000,000

Total factory costs $6,000,000

The factory overhead rate for last year is

$2,000,000 overhead cost
$1,000,000 direct labor costs

= 200 percent overhead rate per labor dollar

Thus, each dollar in direct labor cost has a factory overhead cost of $2.00.

Lxample:
Labor $1.23 from time standards
Overhead $2.46 200 percent overhead rate
Material $3.69 from suppliers

Total factory cost $7.28

All other costs 7.38 from ratio

Selling price $14.76

4. When Should We Start a Job, and How Much
Work Can We Handle with the Equipment and
People We Have? Or, How Do We Schedule and
Load Machines, Work Centers, Departments,
and Plants?

Even the simplest manufacturing plant must know when to start an operation for
the parts to be available on the assembly line. The more operations there are, the
more complicated the scheduling is.

Example: One machine plant operates at 90 percent.

Backlog Hours Units Hours Backlog Backlog
Job per 1,000 Required Required (Cumulative Hours) (Days)
A 5 5,000 27.8 27.8 1.74
B 2 10,000 22.2 50.0 3.12
C 4 25,000 111.1 161.1 10.07
D 3 40,000 133.3 294.4 18.40

The chart in Figure 3-4 shows the same information as the preceding data. This
plant operates a single machine 16 hours per day, 5 days per week. There are 294.4
hours of backlog at 16 hours per day, which equals 18.4 days of work in the backlog.
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Job

2 4 6 8 10 12 14 16 18 20
Number of Days

Figure 3-4 A picture of a machine’s or department’s time schedule of work.

What if a customer comes in with a job and wants it in 10 days? The job is estimated to
take only 48 hours of machine time. Can you deliver? What about the other four jobs?
When have you promised them?

One scheduling philosophy is that operating departments are compared to buckets
of time. The size of the bucket is the number of hours that each department can pro-
duce in a 24-hour day. The following chart illustrates this concept:

Hours per Day Historical
No. of (Two Shifis Department Hours
Department Machines Available) Performance % Capacity
Shears 2 32 85 27.2
Presses 6 96 90 86.4
Press breaks 4 64 80 51.2
Welding 4 64 75 48.0
Paint 3 48 95 45.6
Assembly line 1 80 90 72.0

The scheduler can keep adding work to any department for a specific day
until the hour capacity is reached; then it spills over to the next day.

Without good time standards, manufacturing management would have to carry
large quantities of inventory to avoid running out of parts. Inventory is a huge cost
in manufacturing; therefore, knowledge of time standards will reduce inventory
requirements, which will reduce cost. Production inventory control is an area of
major importance in industrial and manufacturing management, and time stand-
ards are a prerequisite.

5. How Do We Determine the Assembly Line
Balance and the Conveyor Belt Speed, Load the
Work Cells with the Correct Amount of Work,
and Balance the Work Cells?

The objective of assembly line balancing is to give each operator as close to the
same amount of work as possible. Balancing work cells has the same objective. It is
of no value that one person or one cell has the ability to outrun the rest of the plant
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by 25 percent because one person cannot produce more than the amount that
comes to her or more than the subsequent operations can use. If the person has
extra time, she could be given some of the work from a busier workstation.

Assembly line balancing or work center loading can be accomplished only by
breaking down the job into tasks that need to be performed and by reassembling
them into jobs or cells of close to the same length of time. There will always be
a workstation or cell that has more work than the others. This station is defined
as the 100 percent loaded station, or bottleneck station, and will limit the output
of the whole plant. To improve the assembly line (reduce the unit cost), you will
concentrate on improving the 100 percent station. If you reduce the 100 per-
cent station, as in the following example, by 1 percent, you save an additional 1
percent for each person on the line because each person now can go 1 percent
faster. You can keep reducing the 100 percent station until another workstation
becomes the 100 percent station (busiest station). Then your attention turns to
this new 100 percent station for cost reduction. If you have 200 people on an
assembly line and only one 100 percent station, you can save the equivalent of
two people by reducing the 100 percent station by just 1 percent. You can use this
multiplier to help justify spending large sums of money to make small changes.
(Assembly line balancing is discussed in detail in Chapter 4.)

6. How Do We Measure Productivity?

Productivity is a measure of output divided by input. If you are talking about labor
productivity, then you are developing a number of units of production per hour
worked.

LExample:
output = 1,000 units per day 1,000 .
Present = - = = 2.5 units per work hour
input = 50 people @ 8 hours per day 400
output = 2,000 units per da 2,000
Improved = =P P > = = 5.0 units per work hour

input = 50 people @ 8 hours per day 400

or a 100 percent increase in productivity (a doubling of production).
You could also increase productivity by maintaining the output constant or reduc-
ing the number of people.

1,000 units per day ~ 1,000
40 people @ 8 hours per day ~ 320

Improved output = = 3.125 units per work hour

These examples are good for plants or whole industries, but for individuals, use

Earned hours

Actual hours — percent performance

Earned hours are the hours of work earned by the operator based on the work standard
and the number of pieces produced by the operator. For example, if an operator worked
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8 hours and produced 1,000 units on a job with a time standard of 100 pieces per hour,
you would have the following:

1,000 pieces produced
100 pieces per hour

A. Earned hours = = 10 hours

B. Actual hours = 8 hours
Actual hours are the real time the operator works on the job (also called the time
clock hours).

Industrial engineers will improve productivity by reporting performances of every
operation, operator, supervisor, and production manager every day, week, month,
and year. Performance reports are based on daily time cards filled out by operators
and extended within the computer performance control system. All of the following
five functions must be in place to have a functioning performance control system:

. Setting goals (setting time standards)

. Comparing actual performances with the goals

. Tracking results (graphing)

. Reporting variances larger than acceptable limits

. Taking corrective action to eliminate causes of poor performances

CU s 00 N —

A performance control system will improve performance by an average of
42 percent over performance with no control system. Companies without perform-
ance control systems typically operate at 60 percent of standard. Those companies
with performance control systems will average 85 percent performance. This is
accomplished by (1) identifying nonproductive time and eliminating it, (2) identi-
fying poorly maintained equipment and fixing it, (3) identifying causes for down-
time and eliminating them, and (4) planning ahead for the next job.

Performance control systems hold problems up to the “light of day,” and facili-
ties planners fix the problems. In plants that do not have standards, the employees
know that no one cares how much they produce. Management’s reactions to prob-
lems speak louder than its words. How can supervisors know who is producing and
who is not if they do not have standards? How would management know the magni-
tude of problems such as downtime for lack of maintenance, material, instruction,
tooling, services, and so on if downtime is not reported?

7. How Can We Pay Our People for Outstanding
Performance?

Every manufacturing manager would like to be able to reward outstanding employ-
ees. Every supervisor knows whom to count on to get the job done. Yet, only about
25 percent of production employees have an opportunity to earn increased pay for
increased output.
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A 400-plant study by an industrial engineering consultant, Mitchell Fein, found
that when employees are paid via incentive systems, their performance improves by
41 percent over measured work plans, and 65 percent over no standards or no per-
formance control system.

Stage I. Plants with no standards operate at 60 percent performance.

Stage II. Plants with standards and performance control systems operate at
85 percent performance.

Stage I11. Plants with incentive systems operate at 120 percent performance.

A small company with 100 employees could save about $820,000 per year
($20,000 per year salary times 41 employees) on labor costs going from no stand-
ards to a performance control system.

A National Science Foundation study found that when workers’ pay was tied to
their efforts, productivity improved, cost was reduced, workers’ pay increased, and
workers’ morale improved.

8. How Can We Select the Best Method or
Evaluate Cost Reduction Ideas?

A basic rule of production management is, “All expenditures must be costjusti-
fied.” A basic rule of life is, “Everything changes.” Planners must keep improving
or become obsolete. To justify all expenditures, the savings must be calculated. As
discussed previously, this is called the return. The cost of making the change is also
calculated, which is called the investment. When the return is divided by the invest-
ment, the resulting ratio indicates the desirability of the project. This ratio is called
the ROI, or return on investment. To provide a uniform method of evaluating the
ROI, annual savings are used; therefore, all percentages are per year.

Example:

You have been producing product A for several years and look forward to several more
years of sales at 500,000 units per year or 2,000 units per day. The present method
requires a standard time of 2.0 minutes per unit or 30 pieces per hour. At this rate, it
takes 33.33 hours to make 1,000 units. All production will run on the day shift.

A. Present method and costs. With a labor rate of $10.00 per hour, the labor cost will be
$333.30 to produce 1,000 units. The cost of 500,000 units per year would be
$166,665.00 in direct labor.

1,000 pieces
30 pieces per hour

= 33.33 hours per 1,000 units

B. New method and costs. You have a cost reduction idea. If you buy this new machine
attachment for $1,000, the new time standard would be lowered to 1.5 minutes per
unit. Will this be a good investment?
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First, how many attachments will you have to buy to produce 500,000 units per year?

500,000 units per year

950 days per year 2,000 units per day

480  minutes per shift

=50 minutes per shift downtime

430  minutes per shift 100 percent
@80 % expected efficiency

344  effective minutes available to produce 2,000 units per shift

344 minutes _ . ,
9,000 units  — -172 minute per unit

To produce 2,000 units per shift, you need a part every .172 minute.

1.50 minutes per cycle

Number of machines = = 8.7 machines

.172 minute per unit

You will purchase nine attachments at $1,000 each. Your investment will be $9,000
(9 times 1,000).
Second, what is your labor cost?

60 minutes per hour

Pieces per hour = = 40 parts per hour or 25 hours per 1,000

1.5 minutes per part

25 hours per 1,000 X $10.00 per hour wage rate = $250 per 1,000
500,000 units will cost 500 X $250 = $125,000

New labor costs will be $125,000 per year.
C. Savings. Direct labor dollars.

Old method $166,665 per year

New method $125,000 per year

Savings $41,665 per year

Return (savings) $41, 665 per year
Investment (cost) $9,000

= 463 percent

ROI = 463 percent
463 percent = .216 year or 2.59 months to pay off

D. Return on investment. This investment will pay for itself in less than 3 months. If
you were the manager, would you approve this investment? Of course you would,
as would anyone.

Cost reduction programs are important to the well-being of a company and the
peace of mind of the industrial engineering department. A department that shows a
savings of $100,000 per employee per year doesn’t have to worry about layoffs or elimina-
tion. A properly documented cost reduction program will update all time standards as
soon as methods are changed. Every standard affected must be changed immediately.
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Cost reduction calculations can be a little more complicated than our example,
which did not account for

1. Taxes

Depreciation

Time value of money
Surplus machinery—trade-in
Scrap value

CUk o

9. How Do We Evaluate New Equipment
Purchases to Justify Their Expense?

The answer to this question is the same as the answer to question 8. Every new
machine is a cost reduction. No other reason is acceptable.

10. How Do We Develop a Personnel Budget?

This question was answered in question 2 when you determined the number of
people to hire. Budgeting is one of the most important management tools, and the
manager must understand it fully to manage effectively. It is said that you become
a manager when you are responsible for a budget, and that you are a promotable
manager when you come in underbudget at the end of the year. Budgeting is a part
of the cost-estimating process. Labor is only one part of the budget, but it is one of
the most difficult to estimate and control. Without time standards, it would be a very
expensive guess.

How can managers make such important decisions as those discussed in this
chapter? Much of manufacturing management has received no formal training in
making these decisions. It will be your job to show management the scientific way
to manage its operations.

¥ TECHNIQUES OF TIME STUDY

This section presents an overview of time study techniques. Further study will be
required if you want to set time standards or to apply any of these techniques. Time
study (setting time standards) covers a wide variety of situations. At one time, a job
must be designed, workstations and machines built, and a time standard set before
the plant is built. In this situation, a PTSS (predetermined time standards system),
methods time measurement (MTM), or standard data would be the techniques
used to set the time standard. Once a machine or workstation has been operated
for a while, the stopwatch technique is used. Some jobs occur once or twice a week,
whereas others repeat thousands of times per day. Some jobs are very fast, whereas
others take hours. Which technique do you use? The job of an industrial engineer
and technologist is to choose the correct technique for each situation and correctly
apply that technique.
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New manufacturing facilities design requires that you set the work method and
time standard before work begins. This requires using the PTSS, or standard data.
Once production starts, you can check yourself with the stopwatch time study tech-
nique. Retrofit projects can use stopwatch time study to time the existing meth-
ods, but new methods or new equipment will require estimating the time standard
using the PTSS or standard data. We will discuss all five techniques of time standard
development in this text:

1. Predetermined time standard systems

. Stopwatch time study

. Work sampling

. Standard data

. Expert opinion standard and historical data
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A brief description of these five techniques is presented in this chapter. Each
technique will be developed fully in its own chapter.

Predetermined Time Standards Systems

When a time standard is needed during the planning phase of a new product devel-
opment program, the PTSS technique is used (see Figure 3-5). At this stage of new
product development, only sketchy information is available, and the technologist
must visualize what is needed in the way of tools, equipment, and work methods.
The technologist would design a workstation for each step of the new product man-
ufacturing plan, develop a motion pattern, measure each motion and assign a time
value. The total of these time values would be the time standard. This time standard
would be used to determine the equipment, space, and people needs of the new
product and its selling price.

Frank and Lillian Gilbreth developed the basic philosophy of predetermined
time motion systems. They divided work into 17 elements:

1. Transport empty 7. Position 13. Inspect

2. Search 8. Assemble 14. Avoidable delay
3. Select 9. Disassemble 15. Unavoidable delay
4. Grasp 10. Release load 16. Plan

5. Transport loaded 11. Use 17. Rest to overcome
6. Preposition 12. Hold fatigue

These 17 work elements are known as therbligs. Each therblig was reduced to a time
table, and when totaled, a time standard for that set of motions was determined.

Stopwatch Time Study

Stopwatch time study (see Figure 3-6) is the method that most manufacturing employ-
ees think of when talking about time standards. Fredrich W. Taylor started using
the stopwatch around 1880 for studying work. Because of its long history, this tech-
nique is a part of many union contracts with manufacturing companies.
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Fred Meyers & Associates Predetermined Time Standards Analysis
Operation No. 25 Part No. 2220 Operation Description:
Date: 1-21-xx Time: Assemble brackets to body using 4 bolts
ByLE. Meyers
Element
Description—Left Hand Freq. LH Time RH Freq. Description—-Right Hand Time
To next body R30 18 M30 Aside completed
Grasp G2 6 RL Release
Move body to fixture M30 18 R30 To L.H.
2 G2 Grasp body in L.H.
Place in fixture AP} 5 APl Place in fixture
49 049
Get and place 2 brackets on body
- R12 9 RI12 To bracket
G2 6
4 R2 To bracket
Same as R-H. < 6 G2 Grasp bracket
Mi2 9 Mi2 To body
AP2 10
v 5 AP2(12) On body
49 049
Get and assemble 4 bolts — hand tighten
- R8 7 R8 To bolt
G3 9
9 G3 Grasp bolt
Same as R H. < M8 7 M8 To body
AP1 5 APl On body
10 G4 40 G4 10 Turn 10 times
- SF 5 SF
82 2 3rd and 4th bolt 164
Time  Study Cycle | Cost: Total Normal Time
25 120 | 2.11 in Minutes per Unit .262
gg i:g 235 Hours per unit SO0 +10% Allowance 026
Tg;al 1.89 335 Dollars per hour $15.00 Standard time 288
23;: oce. ‘12035 Dollars per unit $.072 Hours per unit 00480
Illli‘;niz.iz'[me 121508 Pieces per hour 208

Figure 3-5a PTSS example.
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Time study is defined as the process of determining the time required by a
skilled, well-trained operator working at a normal pace doing a specific task. Several
types of stopwatches could be used:

1. Snapback: in one hundredths of a minute

Continuous: in one hundredths of a minute

Three watches: continuous watches

Digital: in one thousandths of a minute

TMU (time-measured unit): in one hundred thousandths of an hour
Computer: in one thousandths of a minute

S Ot o

All but the TMU watch read in decimal minutes. The TMU watch reads in decimal
hours. Digital watches and computers are much more accurate, and many have
memory functions that improve accuracy.

M TIME STUDY PROCEDURE AND THE STEP-BY-STEP FORM

The time study procedure has been reduced to 10 steps, and the time study form
has been designed to help the time study technologist perform the 10 steps in the
proper sequence. (Figure 3-7 shows a blank time study form with circled numbers.)
This section is organized according to the following 10 sequential steps:

Step 1. Select the job to study.

Step 2. Collect information about the job.

Step 3. Divide the job into elements.

Step 4. Do the actual time study.

Step 5. Extend the time study.

Step 6. Determine the number of cycles to be timed.

Step 7. Rate, level, and normalize the operator’s performance.
Step 8. Apply allowances.

Step 9. Check for logic.

Step 10. Publish the time standard.

Within each step, the blocks of the time study form involved are defined. The cir-
cled numbers refer to the blocks on the time study form. The form is designed for
both continuous and snapback time study techniques. Everything except block 16
is exactly the same.

Step 1. Select the job to study.
Requests for time study can come from every direction:

1. Unions can question time standards and request a restudy.

2. Supervisors, who are judged partly on the performance of their subordi-
nates, can request a restudy.

3. The job could change, requiring a new standard.
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. New jobs may have been added to the plant.
. New products can be added, requiring many new time standards.
. Industrial technologists can improve methods, requiring a new time

standard.

. Cost reduction programs can require new standards—new machinery,

tools, materials, methods, and so on.

Once a reason for studying a job has been determined, the time study tech-
nician may have several people doing the same job. Which person do you time
study? The best answer is two or three, but those people you do not want to time

1. The fastest person on the job. The other employees may think you are going

to require them to keep up. Even though you can do a good job of setting
a time standard on this person, you do not want to create employee rela-
tions problems.

. The slowest person on the job. No matter how you rate the job and no matter

how good the time standard is, the employees will wonder how you came
up with that standard.

3. Employees with negative attitudes that will affect their performance while being

studied. If you can sidestep a potential problem, you should.

The person or persons to be time studied should have sufficient time on the job
to be qualified, well-trained operators. For this reason, blocks @ and ® have been
included on the time study form:

@ Operator’s name
Months on the job

The employee should have been on the job for at least 2 weeks.
Once the job has been selected to study, the following information has been
determined:

@ Part number

® Operation number

@ Drawing number

(® Machine name: a generic name like press, welder, lathe, drill, and so on

® Machine number: a specific machine with specific speeds and feeds

® Department: where the machine is located (this can be a number or name)

Step 2. Collect information about the job.

Now that the job has been identified, the technologist must collect infor-
mation for the purpose of understanding what must be accomplished. The
information required is as follows:

@ Operation description: a complete description of what needs to be

accomplished.
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@ Drawing number: will lead to a blueprint to show items like the following:

a. @ and 8D part description and material specification (a place on the
back of the time study form has been set aside for a product sketch, if
needed).

b. @@: tool numbers, and sizes of tools such as fixtures, drill sizes, and so on.
c. : feeds and speeds of equipment; this depends on the sizes of parts
and material specifications found on the blueprint; they must be

recorded.

® When reviewing the workstation and before starting the time study, the
technologist must check the following:

v Is quality OK? Quality control must confirm that the quality of the
product being produced is high. Is the operator checking parts on
the proper schedule? Time standards from producing scrap are
worthless.

v/ Has safety been checked? If all the safety devices are not in place,
then the technologist would be wasting time setting a standard for
the wrong method.

v Is the setup properly done? This is the time to see that the proper
method, tools, and equipment are in place. Are the materials and
tools correctly positioned? Are there unnecessary moves or elements
being performed?

If anything is wrong, it must be corrected before a time study can be per-
formed. If the operator must be retrained, the time study should be post-
poned until retraining is complete.

@ A big part of collecting the information is the workstation layout. The back
of the time study form allows for a workstation layout, but this may not
be needed if done on another of the previous forms (multiactivity form).
The workstation layout is one of the best ways to describe the operation.
Chapter 7 shows what must be included on a workstation layout.

Step 3. Divide the job into elements.
Elements are units of work that are indivisible. Time study elements should
be as small as possible, but not less than .030 minute.
The elements should be as descriptive as possible and must be in the
sequence that the methods call for and be made as small as is practical.

Principles of Elemental Breakdown

1. Itis better to have too many elements than too few.

2. Elements should be as short as possible, but not less than .030 minute.
Elements over .200 minute should be examined for further subdivision.

3. Elements that end in sound are easier to time because the eyes can be
looking at the watch while the ears are anticipating the sound.
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Step 4.

4. Constant elements should be segregated from variable elements to
show a truer time.

5. Separate the machine-controlled elements from the operator-
controlled elements so work pace can be differentiated.

6. Natural breaking points are best. The beginning and ending points
must be recognizable and easily described. If the element description is
not clear, the description or breakdown must be rethought.

7. The element description describes the complete job, and the ending
points are clearly marked.

8. Foreign elements should be listed in the order of occurrence. Foreign
elements are not listed until they occur during the study.

The reasons for breaking down a job into elements are as follows:

1. It makes the job easier to describe.

2. Different parts of the job have different tempos. The time study
technician will be able to rate the operator better. Machine-controlled
elements will be constant and normally 100 percent, whereas the
operator may be more or less proficient at different parts of the job.

3. Breaking down the job into elements allows for moving a part of the job
from operator to operator. This is called line balancing.

4. Standard data can be more accurate and more universally applied with
smaller elements. All work is made up of common elements. After
a number of time studies, the technologist can develop formulas or
graphs to eliminate the need for time study. Standard data should be
the goal of all time study departments.

On the time study form shown in Figures 3-7 and 3-8, two columns have
been assigned to elements:

@ Element number: The element number is just a sequential number and
is useful when more than 10 cycles are timed. Instead of describing each
element over and over again, just reference the element number.

@® Element description: Be as complete as possible. The ending points
should be clear.

@) Foreign elements: These foreign elements will be eliminated from the
study, but you don’t want to hide anything. Therefore, a reason for throw-
ing out the time is required. Foreign elements marked with an asterisk (*)
in the body of the study are referred to this box.

Do the actual time study.

This is the essence of the stopwatch time study. Block @ on the step-by-step
form is for recording the time for each element. The form has room for

8 elements (8 lines) and 10 cycles (columns) for 80 readings. Most studies
will have only 3 or 4 elements, so there is room on one sheet for 20 cycles.
This form can be used for either snapback or continuous time study.
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Continuous time study is the most desirable time study technique.
The stopwatch remains running through the duration of the study, and
element ending times are recorded behind the R for reading.

Continuous Example

1 2 3 4 5
.16 .83 1.50 2.17 2.83

Load and clamp
.55 1.23 1.90 2.57 3.23
Run machine
.66 1.33 2.01 2.67 3.32

T

Unload and place aside

Note that each time is getting larger and that five parts were run in a total
time of 3.32 minutes. In Step 5 the elemental times are calculated, but at
this time you are still out in the plant collecting data.

Snapback studies allow the technician to read the watch and reset it
immediately to time the next element. The same study is shown below
using the snapback technique.

Snapback Example

1 2 3 4 5
R
Load and clamp E .16 17 17 .16 .16
R
Run machine E .40 .40 .40 .40 .40
R
Unload and put aside E 10 10 d .10 .09

Note that the elemental time (L) is already calculated. Look at the load
and clamp time; the times look consistent—.16, .17, .17, .16, and .16. The
time for loading and clamping is immediately obvious. This same informa-
tion will be available in a continuous time study, but a lot of arithmetic is
required first. In the snapback time study technique, the Rrow can be used
for rating the operator on each element of work. (We discuss this in more
detail later when we consider rating, leveling, and normalizing.)

Step 5. Extend the time study.
Now that the time study has been done, a bigger job is at hand. The con-
tinuous method has one more step than the snapback method, so we will
concentrate on the continuous method.

Subtract the previous reading from each reading. The previous element
reading was its ending time and the beginning of this element. Subtracting
the beginning time from the ending time gives elemental time.
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@ Total/cycles: The total refers to the total time of the appropriate cycles
timed. Some cycles may be eliminated because they include something
that does not reflect the elemental time.

Foreign elements are eliminated from further consideration. Cycles are
the number of applicable elemental times included in the total time.

Average time: Average time is the result of dividing total time by the
number of cycles. On the average, it took .40 minute of machine time
on the last example.

Percent R: Percent rating refers to your opinion of how fast the operator
was performing. The rating divided by 100, multiplied by the average
time, equals normal time.

rating percent

Average time X 100 " normal time

Later in this chapter we discuss rating in detail.

@) Normal time: As stated earlier, normal time is defined as the amount of
time a normal operator working at a comfortable pace would take to

produce a part. Normal time is calculated above and is explained further
below for block @.

&) Frequency: Frequency indicates how often a task is performed. For
example, moving 1,000 parts out of the workstation, moving the empty
tub to the other side of the workstation, and bringing in a full tub of
1,000 new parts to the workstation would occur only once in 1,000 cycles
(1 per 1,000). If quality control asked the operator to inspect one part
out of every 10, 1/10 would be placed in this column. The biggest use of
this column is when the operator is producing two parts at a time; then
1/2is placed in this column. If 1/1 goes in the column, it can be left
blank.

@ Unit normal time: Unit normal time is calculated by multiplying the
frequency by the normal time.

Lxamples:

Normal Time Frequency Unit Normal Time
1.160 X 1/1,000 = .001 minute
.400 X 1/10 = .040 minute
.100 X 1/2 = .050 minute
.050 X 1/1 = .050 minute

Every element must reflect the time to produce one unit of production. No
one wants a standard for pairs, and mixing frequency of units leads to bad
time standards. Be very careful here.
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Step 6.

Step 7.

Determine the number of cycles to be timed.

The accuracy of time study depends on the number of cycles timed: The
more cycles that are studied, the more accurate is the study. Almost all
time study work is aimed at an accuracy of =5 percent with a 95 percent
confidence level, so the question is, How many cycles should be studied to
achieve this accuracy? Blocks @ through @ will help determine the num-
ber of cycles needed.

A detailed discussion of the statistical aspect of the subject and the
mathematical approach in determining the number of cycles is not within
the scope of this book. As a rule of thumb, 20 to 25 observations should
provide sufficient accuracy for our purposes.

Rate, level, and normalize the operator’s performance.

Percent rating is the technologist’s opinion of the operator’s
performance. Rating, leveling, and normalizing all mean the same
thing, and the term ratingis used from this point on. Rating is the most
challenged aspect of time study; for that reason, it is the most important
subject of this chapter (it is discussed in detail later in this chapter).

rating
100

- ® - @

Average time X = normal time

Step 8. Apply allowances @.

Allowances are added to a time study to make the time standard practical.

Total normal time + allowances = standard time

D) D)

There are several methods of applying allowances, and there are sev-

eral types of allowances. We will discuss allowances in detail later in this
chapter.

Step 9. Check for logic.

Once the time study has been extended, the test for logic should be
applied in two ways:

1. The average time (8 should look like the elemental times. If an error
in adding was made, a test for logic will prevent a mistake. The easiest
mistake to make is decimal error. Be careful not to make decimal errors
because they look bad—1,000 percent of errors result from misplacing
a decimal only one place, which is why being consistent with decimal
placement is so important.

a. Read stopwatches in two places: .01.

b. From average time on, use three places: .001.
c. Hours per unit are five places: .00001.
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2. The second test for logic is the total normal time for one unit. During
your study, you timed a specific number of parts in a certain amount of
time. For example, 10 cycles were timed in 7.5 minutes (7.5 was the last
reading in the 10th column). The average time should be somewhere
around .75 minute each. Are you close to the total normal time? If not,
there is a major error. Warning: Do not forget that if the operator is pro-
ducing two at a time, twice as many parts are being produced.

Publish the time standard.

Three numbers are required to communicate a time standard:

1. Decimal minutes 60
2. Hours per unit )
3. Pieces per hour 8

Starting with standard minutes, dividing 69 by 60 minutes per hour equals
hours per unit 8), and pieces per hour 82 is 1/x of 8 (or divide hours per
unit into one hour).

Every company has a method of recording time standard informa-
tion. Earlier in this chapter, an operations chart for a water valve factory
was shown. The time standards could be placed on that operations sheet
(review Figure 3-3). The production route sheet is another common tool
for communicating the time standard. The computer is the most common
method of storing and communicating to everyone what the time standard
is for each job.

A few more pieces of information remain to be discussed on the step-by-
step time study form:

8 Engineer: The time study technologist puts her name here.
89 Date: A time study with an incomplete date is worthless.

89 Approved by: This is where the chief engineer or manager signs, approv-
ing your work. You never fill this in.

An example problem has been included in Figure 3-8. The data have
been collected, the job has been broken down into elements, and the time
study has been made. You need to extend the study and develop a time
standard. This was a continuous time study, and that should be obvious
because the times are always getting larger. The extension will start with
the subtraction of element readings to find elemental time.

Rating, Leveling, and Normalizing

Rating is the process of adjusting the time taken by an individual operator to what
could be expected from a normal operator. The industrial engineer must understand
the industry standards of normal. Rating an operator includes four factors: (1) skill,
(2) consistency, (3) working conditions, and (4) effort (which is most important).
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Three of these four factors are accounted for in other ways and have little effect
on rating. Effort will be the primary concern.

1. Skill. The effect of skill is minimized by timing only people who are skilled.
Operators must be fully trained in their work classification before being time stud-
ied. A welder must a be qualified welder before being considered as a subject for
time study. Two years of training may be required to become a welder, and in addi-
tion, this welder must be on this job for at least 2 weeks before performing the job
sufficiently. Habits of motion patterns must be routine enough so that the operator
does not have to think about what comes next and where everything is located. Very
skilled operators make a job look easy, and the industrial technologist must not let
this skill affect the rating. On the other hand, if an operator shows lack of skill, such
as dropping, fumbling, inconsistent timing, stopping and starting, and so on, the
technologist should postpone the study or find someone else to time study.

2. Consistency. Consistency is the greatest indication of skill. Operators are
consistent when they run the elements of the job in the same time, cycle after
cycle. The time study technician begins to anticipate the ending point while look-
ing at the watch and listening for the ending point. The operator is said to be like
a machine: Consistency is used to determine the number of cycles. A consistent
operator needs to run only a few parts before the cycle time is known with accuracy.
The skill of the operator should be evident to the time study technician, and the
technician’s rating of the operator should be high. When inconsistency is present,
the technologist must take many more cycles to be acceptably accurate in the time
study. This inconsistency tends to affect the technologist’s attitude and rating of the
operator in a negative way, and the best thing to do is to find someone else to study.
Itis more fun rating and working with operators with great skill.

3. Working conditions. Working conditions can affect the performance of an oper-
ator. In the early twentieth century, this was much more of a problem than it is today.
But if employees are asked to work in hot, cold, dusty, dirty, noisy environments, their
performance will suffer. These poor working conditions can be eliminated if the true
cost is shown. The way to account for poor working conditions today is to increase
the allowances (discussed later in this chapter). If operators are required to lift heavy
materials in the performance of their duties, 25 percent more time can be added to
the time standard as an allowance. Working conditions are not part of modern rating.

4. Effort. Effort is the most important factor in rating. Effort is the operator’s
speed or tempo and is measured based on the normal operator working at 100 per-
cent. As discussed earlier, 100 percent performance rating is defined as

a. Walking 264 feet in 1.000 minute or 3 miles per hour

b. Dealing 52 cards into four hands around a 30 X 30-inch cardtable in
.500 minute

c. Assembling 30 3/8 X 2-inch pins into a pinboard in .435 minute

Effort can be seen easily in walking. Walking at speeds less than 100 percent is
uncomfortable for most people, and walking at 120 percent requires a sense of
urgency that indicates increased effort.
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Psychology has been good to the time study technician. The normal tendency
of people being watched is to speed up. Being watched makes people nervous, and
nervous energy is converted by the body into a faster tempo. The time study techni-
cian then gets a frequent chance to rate over 100 percent. When an operator works
at 120 percent, the technologist has the pleasant experience of telling the operator,
“You are fast. I'm going to have to give you 20 percent more times so that an aver-
age person can do the job.” That is fun to say, and it happens often.

When rating, the technician must keep tuned into normal pace. This requires
continued practice on her part—forever. Experiments and videos have been devel-
oped to help keep rating accurate.

PTSS has been developed based on the concept of normality according to
industry standards, and a synthetic rating is developed by time studying a job that
has been proven by PTSS. A good learning technique used at many companies is
to have new technologists time study known jobs and compare their time standards
to the known time standards. Another good learning experience is to time several
people on the same job. Effort and skill are the only differences in time, so proper
rating should make all the normal times the same (see Figure 3-9.)

Many companies use time study rating films developed by industrial associa-
tions and professional organizations:

Society for the Advancement of Management (SAM)
Tampa Manufacturing Institute

Ralph Barnes and Associates

Faehr Electronic Timers, Inc.

All these groups produce time study rating films. Industrial Engineering magazine
would also be a good source.

M ALLOWANCES

Allowances are extra time added to the normal time to make the time standard
practical and attainable. No manager or supervisor expects employees to work
every minute of the hour. What should be expected of the employee? This was the
question asked by Frederick W. Taylor over 100 years ago. Would you expect the
employee to work 60 minutes per hour? How about 40 minutes? 50 minutes? This
section will assist the technologist in answering Taylor’s question.

Types of Allowances

Allowances fall into three categories:

1. Personal
2. Fatigue
3. Delay
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1. Healthy people in the right frame of mind easily turn in 100 percent performance on correctly
standardized jobs. For incentive pay, good performers usually work at paces from 115 percent
to 135 percent, depending on the jobs and individuals.

2. For most individuals, it is uncomfortable to work at a tempo much below 100 percent and
extremely tiring to operate for sustained periods at paces lower than 75 percent; our reflexes
are naturally geared to move faster.

3. Poor efficiency on a correctly standardized job usually results from stopping work frequently—
“goofing off” for a variety of reasons. Specifically, substandard production seldomly results
Jfrom inability to work at a normal pace.

4. Some standards of 100 percent 1. Walking 3 miles per hour or 264 feet per minute

2. Dealing cards into four stacks in .5 minute
3. Filling the pinboard in .435 minute

5. Very seldomly can true performance of over 140 percent be found in industry.

6. When an operator consistently comes up with extremely high efficiencies, it is usually a sign
that the method has been changed or the standard was wrong in the first place.

7. Operators work pace during a time study does not affect the final standard. Their actual time is
multiplied by the performance rule to give a job standard that is fair for all employees.

8. Inasmuch as healthy employees can easily vary work pace from approximately 80 percent to
around 130 percent—through a range of 50 percent—reasonable inaccuracies in the setting of
standards should be sensibly accepted.

9. Ineffective foremen usually fight job standards. Good supervisors, however, sincerely help in
the standard-setting effort, clearly realizing that such information is their best planning and
control tool.

10. Methods usually influence production more than work pace. Don’t ever get so absorbed in how
quickly or how slowly operators “seem” to be moving that you fail to consider whether or not
they are using the right method.

Figure 3-9 Ten fundamentals of pace rating (courtesy of Tampa Manufacturing
Institute).

Personal Allowance

Personal allowance is that time an employee is allowed for personal activities such as

1. Talking to friends about nonwork subjects

2. Going to the bathroom

3. Getting a drink

4. Any other operator-controlled reason for not working

People need personal time, and no manager would begrudge an appropriate
amount of time spent on these activities. An appropriate amount of time has been
defined as about 5 percent of the workday, or 24 minutes per day.

Fatigue Allowance

Fatigue allowance is the time an employee is allowed for recuperation from fatigue.
Fatigue allowance time is given to employees in the form of work breaks, more
commonly known as coffee breaks. Breaks occur at varying intervals and are of
varying duration, but all breaks are designed to allow employees to recuperate
from on-the-job fatigue. Most employees today have very little physical drudgery



Time Study 75

Fatigue Curve
% Allowances per Force in Pounds

-
v3

% Allowances Added

Pounds of Force

1. 5% minimum fatigue allowance.

2. 5% of increase fatigue allowances per 10 pounds
of increase force over 10 pounds.

3. Force is weight of part if lifted.

Figure 3-10 Fatigue allowance curve: Percent allowances per pound of force.

involved with their jobs, but mental fatigue is just as tiring. If employees use less
than 10 pounds of effort during the operation of their jobs, then 5 percent fatigue
allowance is normal. A 5 percent increase in fatigue allowance is given for every
10-pound increase in exertion required of the employee (see Figure 3-10).

Example: An employee must pick up a 50-pound part. Fatigue allowance is (50 — 10)
+ 10 = 4.0 units of 10 pounds.

5 percent + (4 X 5) = 25 percent allowance

Explanation of Example: The basic fatigue allowance is 5 percent and an additional
5 percent fatigue allowance is added for each 10 pounds of force required over
10 pounds. Fifty pounds is 40 pounds more than basic; 40 pounds is four units of
excess weight (10 pounds is one unit); four units times 5 percent percent of
excess fatigue; 20 percent plus 5 percent basic equals 25 percent fatigue allowance.

The weight has to be picked up every minute. If the frequency were once every
5 minutes, the 50 pounds would be divided by 5.

5 percent + (% X b) = 9 percent

The basic fatigue allowance is still 5 percent. When lifting only one 50-pound object
every b minutes, only one-fifth of the excess weight is considered. Forty pounds is
four units of weight, so

Four units X 5 percent
5

= 4 percent excess fatigue allowance
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Five percent basic plus 4 percent excess equals 9 percent fatigue allowance.

The duration of breaks must now be calculated. The normal 5 percent fatigue
allowance is commonly interpreted as two 12-minute breaks, one in midmorning
and one in midafternoon, or a combination of the two, adding up to 24 minutes.
Five percent of the 480 minutes in an 8-hour day is 24 minutes.

Seventeen percent allowances would equal 82 minutes per day. How will this 82
minutes be split for frequency and duration of breaks? We suggest that 11 minutes
be given every hour except the hour before lunch. Seven 11-minute breaks equals
77 minutes, plus a 5-minute cleanup at the end of the shift. Note that a heavy job
such as the one we are discussing here will tire out the employee faster than light
or mental work, and the increased breaks are not only justified but they will also
increase production. Breaks from work allow employees to recuperate, so when they
return to work their production rate is higher than it would have been without a
work break. The break more than pays for itself.

1. Five percent is the minimum fatigue allowance.

2. Five percent increased fatigue allowances per 10 pounds of increased force over
10 pounds.

3. Force is the weight of the part if lifted.

Delay Allowances

Delay allowances are unavoidable because they are out of the operator’s control.
Something happens to prevent the operator from working. The reason must be
known and the cost accounted for to develop the cost justification. Examples of
unavoidable delays include

1.

7.
8. Union work

9.
10.
11.
12.

Waiting for instructions or assignments

2. Waiting for material or material handling equipment
3. Machine breakdown or maintenance

4.
5
6

Instructing others (training new employees)

. Attending meetings, if authorized
. Waiting for setup; operators should be encouraged to set up their own

machines—a setup is complete when quality control approves
Injury or assisting with first aid

Reworking quality problems (not operator’s fault)
Nonstandard work—wrong machine or other problem
Sharpening tools

New jobs that have not been time studied yet

The operator’s performance must not be penalized for problems out of her

control. (Delays that are controlled by the operator are called personal time and
are not considered here.)

1.
2.
3.

Three methods are available to account for and control unavoidable delays:

Add delay allowances to the standard.
Time study the allowances and add them to the time standard.
Charge the time to an indirect charge.
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The goal of time study is to eliminate delay allowances. This is best done by
time studying the delay and adding that time to the time standard. However,
some delays are so complicated that negotiating an allowance with the opera-
tor will save time and money for the company. For example, suppose you ask
the question, “How much time do you spend a day cleaning the machine?” The
operator will always say, “Well, it depends,” and the technologist must ask some-
thing such as

What is the longest time?
What is the shortest time?
Do you think 15 minutes is a good average?

If the operator agrees that 15 minutes per day is a good figure, the technologist will
calculate a delay allowance as follows:

15 minutes cleanup

480 minutes per shift = 3 percent

A 3 percent allowance will be added to the personal allowance of 5 percent plus a
fatigue allowance of b percent to produce a 13 percent total allowance.

Generally, unavoidable delays can be eliminated or anticipated. Time stand-
ards in the form of standard data can be established and added to the time study to
compensate the operator. An unavoidable delay is a foreign element. Those una-
voidable delays that cannot be anticipated will require operators to charge their
time to an indirect account—meeting, injury, machine breakdown, and rework are
examples. Supervisors will be required to approve all indirect charges, and the time
should be more than 6 minutes to be statistically significant. Employees must not be
penalized for management’s lack of planning, but the supervisor must be given as
much advance notice as possible. Reassignment may be in order.

One last warning about delay allowances: Don’t put anything in the time stand-
ard that you cannot live with. It is difficult to get this out of the standard once
included. Most companies have eliminated delay allowances but have allowed oper-
ators to punch out for anything not covered by the time standard.

Personal fatigue and delay allowances are added together, and the total allow-
ance is added to the normal time:

Normal time + allowance = standard time

Methods of Applying Allowances

Allowances are added in four different ways. The forms in this text use just one of
these methods, but there are good reasons for using the other methods. Each com-
pany has its own time study form and procedure. The form tells you which method
of applying allowances to use. The four methods are presented here in order of
ease of application.
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Method 1: 18.5 Hours per 1,000

This method is the simplest of all and reduces the mathematical steps. It is also
based on a constant allowance—in this case, 10 percent.

If a job takes 1.000 minute normal time, how many pieces per hour could be
produced? At the rate of one per minute, 60 could be produced per hour, but you
want to be practical and add 10 percent allowances. Ten percent of 60 is 6, so 54
pieces per hour would be an appropriate time standard. How many hours would
it take to produce 1,000 units at the rate of 54 per hour? One thousand divided
by 54 equals 18.5 hours per 1,000—the name of this method. Three numbers are
required to communicate a time standard:

Decimal minute = 1.000
Hours per 1,000 = 18.5
Pieces per hour = 54

All time standards start with a decimal minute, so if the next standard is .5 minute,
the hours per 1,000 equals .5 X 18.5 = 9.25 hours per 1,000, and the pieces per
hour is 1/x or 108 pieces per hour. Try these examples:

Normal Minutes Hours per 1,000 (18.5) 1/X Pieces per Hour

.250 4.625 216
.333
750

1.459

2.015

Notice that no calculations are made to add allowances; it is all in the 18.5.
What would the hours per 1,000 be with 15 percent allowances?

Method 2: Constant Allowance Added to Total
Normal Time

Method 2 is used in this text and is the most common technique used in industry.
Each department or plant has only one allowance rate. The average allowance is
between 10 and 15 percent. An explanation of what makes up the allowance, such
as the one below, must be included:

Personal time = 24 minutes

Two breaks at 10 minutes = 20 minutes

Cleanup time = 4 minutes

Total allowances = 48 minutes
48 minutes

480 — 48 minutes = 11 percent
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Eleven percent is added to normal time to get standard time, or 111 percent times
normal times equals standard time.

1.000 + .11 = 1.110 minutes
1.000 X 111 percent = 1.110 minutes

The time study form will tell you which calculation to make.

Method 3: Elemental Allowances Technique

The theory behind this technique is that each element of a job can have different
allowances, as in the following example:

Element Description Unit Normal Time Allowance % Standard Time
1. Load machine .250 15 .288
2. Time machine .400 5 420
3. Unload machine 175 10 .193

Note that each element allowance is different. Element 1 is operator controlled,
and a heavy part is involved. Therefore, more allowances were included. Element
2 is a machine element, and the operator just stands there—no fatigue was given.
Element 3 is a normal 5 percent fatigue, plus 5 percent personal allowance.

The obvious advantage of this method is improved elemental time standards.
The disadvantage is the increased mathematical effort required. The time study
form would have to be redesigned to accommodate this method and, as with all
allowances, the form would show you which technique to use.

Method 4: The PF&D Elemental Allowance Technique

Asin Method 3, the allowance is placed on each element, and the personal, fatigue,
and delay (PF&D) method shows exactly how the allowance was developed. This
technique is the most complete of all the techniques.

Example:
Unit
Element Normal Allowances %
Description Time p F D Total Standard Time
1. Load machine .250 5 10 0 15 288
2. Run machine 400 0 0 5 5 420
3. Unload machine 175 5 5 0 10 .193

This allowance technique takes a lot of time and effort. It is very descriptive, but the
cost is too high for most companies.
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Allowances are an important part of the time standard, and properly established
allowances will assist in the continued improvement of the quality of work life. If a job
has undesirable aspects that do not reflect on the individual cycle, the allowances must
reflect this undesirability. In that way, the money exists to justify a needed change. A
plantwide base rate of 10 percent is still very desirable, but additional allowances can
be added as needed. The forms used in this text allow for a range of allowances.

Work Sampling

Work sampling is the same scientific process used in Nielsen ratings, Gallup polls,
attitude surveys, and federal unemployment statistics. Technicians observe people
working and draw conclusions. In fact, everyone who has ever worked with some-
one else has done work sampling; you have an opinion of how hard the other per-
son works:

“Every time I look at her, she’s working.”
“He’s never working.”
Somewhere in between

Supervisors, using informal work sampling, are forming attitudes about employees
all the time.

Industrial engineers can walk through a plant and state, “This plant is work-
ing at 75 percent performance.” They should add “10 percent or so,” depending
on how many people they observed (number of samples). You could walk through
a plant of 250 people one time and count people who are working and those who
are not working and calculate the performance of that plant within percent.
Industrial engineering consultants often start their consulting proposal with such
statistics. Consultants expect to find 60 percent performance in plants without
standards, but that is an average. A specific plant may have better management
and be averaging between 70 and 75 percent. They could not save as much in this
plant.

Setting standards using work sampling is not difficult. The industrial engineer
samples a department and finds the following statistics:

No. of Hours Pieces Pieces per
Task Observations % Total Worked Produced Hour
Assemble 2,500 62.5 625 5,000 8
Idle 1.500 37.5 375 —
Total 4,000 100.0 1,000¢

2 Pieces per hour = pieces = 5,000
hours = 625

"From supervisor (number of finished products put in the warehouse).

= 8 pieces per hour.

‘From payroll (hours paid during the study).
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Eight pieces per hour is not quite the time standard, but you haven’t added allow-
ances. How much time is in the 625 hours for breaks, scheduled or unscheduled? How
much time is in there for delays? None. Actual hours worked is 625. All other nonwork
time is part of the 375 hours that are thrown away. You could add an appropriate
amount of extra time to cover personal time, fatigue time, or delay time (allowances).
Ten percent extra time is considered normal. A time standard of 7.3 pieces per hour
would be appropriate.

Standard Data

Standard data should be the objective of every motion and time study department.
Standard data are the fastest and cheapest technique of setting time standards,
and standard data can be more accurate and consistent than any other technique
of time study. Starting with many previously set time standards, the industrial engi-
neer tries to figure out what causes the time to vary from one job to another on a
specific machine or class of machine. For example, walking time would be directly
proportional to the number of feet, paces, yards, or meters walked. There might be
two curves on the graph: obstructed and unobstructed.

A second example is counting playing cards. Time for counting cards would be
directly proportional to the number of cards counted. Can you think of any other
reasons for the time to vary?

There are several ways of communicating the time standard to future genera-
tions of factory workers, supervisors, and engineers: (1) graph (see Figure 3-11),
(2) table, (3) worksheet (again, see Figure 3-11), and (4) formula.

Metal-cutting machines are examples of the need for and use of formulas. A
blueprint calls for the drilling of a hole through the steel plate. Three pieces of
information are required:

1. What are the diameter and depth of the hole?
2. What is the material?
3. What tool do we use?

With this information, look up the feeds and speeds in the Machinery’s Handbook.!
Feeds and speeds are communicated as follows:

Speed 500 feet per minute
Feed .002 inch per revolution

By substituting this information into three simple formulas, you determine the time
standard.

Other machines, like welders, have simpler formulas, such as 12 inches per
minute. The machine manufacturers are a good source of standard data.

! Machinery’s Handbook, New York: The Industrial Press.
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Move material in and out 1.0 minute, frequency = 1000 = time %: — .001 minute
Standard time 416 minute
Pieces per hour 144 per hour
Hours per piece .00694 hour

Figure 3-11 Standard data worksheet example.

Expert Opinion Time Standards and Historical Data

An expert opinion time standard is an estimation of the time required to do a spe-
cific job. This estimate is made by a person with a great experience base. Many
people say, “You can’t set time standards on my work.” A good industrial engineer’s
response would be, “You are right, but I know someone who can—you can!” The
individual nature of many staff and service workers makes setting time standards
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Volume of Production

Cycle Time High 1,000s Medium 100s Low 10s
Long Work sampling Work sampling Expert opinion
Stopwatch Work sampling
History
Medium Work sampling Stopwatch Expert opinion
Stopwatch Work sampling History
PTSS Stopwatch
Short PTSS PTSS Stopwatch
Stopwatch Expert opinion

Note: Standard data are the ultimate time standard technique and can be used in all situations. Standard data should
be the goal of all time study departments.

Figure 3-12 Which time standards technique do we use?

with the more traditional techniques unprofitable. Engineering maintenance and
some office workers never do the same thing twice, but goals are still needed (time
standards). Maintenance work is controlled by work order. Why not ask an expert
how long this requested work will take? In well-managed companies, new mainte-
nance projects will not be approved until the job is estimated. These time standards
would be used to schedule and control maintenance work, just as you would sched-
ule and control the work performed by a machine operator.

The expert in an expert opinion time standards system is usually a supervisor.
In larger departments, a specialist may be used. For example, in the maintenance
department, the person would be called a maintenance planner. The expert would
estimate every job and maintain a backlog of work. The backlog of work would give
the department time to plan the job, thereby performing that job more effectively.

Historical data are an accounting approach to expert opinion time standard
systems. A record is kept of how much time was used on each job. When a new
job comes along, it is compared to a previous job standard. These standards are
then used in a labor performance control system. The problem with historical time
standards is that they do not reflect the time the job should have taken. Inefficiency
is built into such a system, but a bad standard is better than no standard at all.

Figure 3—12 will help you to choose the correct technique for setting time standards.

M TIME STANDARDS FOR MANUFACTURING
FACILITIES DESIGN

Time study does not always mean stopwatch time study. The stopwatch method of
setting time standards is not very useful in manufacturing facilities design because
you need to know the required time for each element of work before production
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begins. For this reason, predetermined time standards or standard data systems are
used. Time standards are used for five main purposes in facilities design:

1. Determining the number of workstations and machines
Determining the number of people

Determining conveyor line speeds

Balancing assembly and packout lines

Loading work cells

AN

We will discuss each of these topics in the next chapter.

W QUESTIONS

. What are time standards used for?

. What is the definition of a time standard?

. What three numbers make up a time standard?

. What is productivity? How is it measured for individuals?

. What are the five techniques of setting time standards?

. Which technique would be used when no workstation is available?
. Which technique is the most popular?

. Which technique would be used for maintenance work?

© 0 T S O 0N

. Which is the best technique for setting time standards?

ot
(=4

. Which technique is both a method and a time study technique?

11. What are the three basic levels of productivity?

12. Define takt time.

13. How many machines should you buy and how many people should you hire if
3,000 units are needed per shift in a 75 percent efficient plant that has 10 per-
cent downtime? The machine time standard is .284 minute. How much will a
unit cost to produce if the operator earns $15 per hour? How many units will be
produced per shift? What is the takt time?

14. Calculate the pieces per hour and the hours per unit for the following:

Time Standard Minute Pieces per Hour Housrs per Piece

.300 — —
2.000 — —
450 — —
.050 — —

15. Define measured or observed time, normal time, and standard time.
16. What is meant by allowances and what are the most common types of allowances?

17. How does standard time differ from normal time?



18.

19.

20.
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Given a 10-hour shift, if a total of 20 minutes is allowed for breaks and a
10-minute cleanup period is given at the end of the shift, determine the takt
time. Assume 85 percent efficiency. During this shift, 2,500 units are to be built.
The average observed (measured) time for an operation is given as .570 minute.
The operator is rated at 95 percent. Allow a total of 15 percent for PF&D. If the
direct labor wages are $12 per hour, determine (a) normal time, (b) standard
time, (c) pieces per hour, (d) hours per 1,000 pieces, (e) standard direct labor
cost per unit, and (f) direct labor cost per unit as produced by this operator.
Three operations are performed on a part. If these operations produce 1, 3.5,
and .5 percent scrap, respectively, determine the number of blanks required to
begin the process if 5,000 finished units are required.
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OBJECTIVES:
Upon the completion of this chapter, the reader should:

Understand the role of process design in facilities planning

Be able to define and construct routing sheets

Be able to calculate conveyor speed

Understand the concept of and be able to calculate “fraction” equipment
Understand the concept of line balancing and be able to balance an assembly line

The process engineer may be the same person as the facilities designer, but the
larger the firm is, the less this is true. In larger firms, the manufacturing facilities
designer is a collector of information used in the facility design. Larger firms may
have departments called processing, tool design, time standards, ergonomics, pro-
duction packaging, and others. Basically, the process engineer or designer, whether
a person or a department, is in charge of all these tasks. The process designer deter-
mines how the product and all its components will be made. The information pro-
vided by the process designer would include the following:

1.

e

Sk

The sequence of operations to manufacture every part in the product (the
company “makes” parts only because the “buy” parts will not be our company’s
problem)

The needed machinery, equipment, tools, fixtures, and so on

The sequence of operations in assembly and packout

The time standard for each element of work (this may be another department
in many companies)

. The determination of the conveyor speeds for cells, assembly and packout

lines, and paint or other finishing systems
The balance of the workloads of assembly and packout lines
Load work cells
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8. The development of a workstation drawing for each operation using all the
principles of motion economy and ergonomics.

This book will consider the process designer and the facilities designer to be
one and the same person, and all the information produced in the manufactur-
ing department will be done by the same person—you. This would be a good job
description and one of the best work experiences you will ever have. Then, you will
really understand how your plant operates.

Process design can be divided into two broad categories, fabrication and assem-
bly. Fabrication process design is initially planned on a route sheet. Assembly and
packout process design uses the techniques of assembly charts and assembly line
balancing.

B FABRICATION: MAKING THE INDIVIDUAL PARTS

The sequence of steps required to produce (manufacture) a single part is referred
to as the routing. The part is routed from the first machine to the second machine
and so on until you have a finished part that will be united with other parts. The
form used to describe this routing is called the route sheet.

Route Sheets

A route sheet (see Figures 4-1 and 4-2) is required for each individual fabricated
part of the product (for make parts). If the finished product that is to be manufac-
tured has 30 different parts and you buy 10 from outside the company (buyouts),
and make 20 parts in-house, you will need 20 route sheets. The route sheet lists the
operations required to make that part in the proper sequence. The route sheet
gets its name from the way it is used. For example, you need to produce an order
of 2,500 axles for a wagon. A copy of the route sheet would be issued by the pro-
duction and inventory control department showing the order quantity. This order
would then be given to the stores department where the raw material for 2,500
axles would be pulled and transported to the first operation (according to the route
sheet). The route sheet would accompany the material from operation to opera-
tion telling the operators what to do. The route sheet will tell the plant personnel
about the part number, part name, quantity to produce (left blank until needed),
operation number, operation description, machine number (if available), machine
name, tooling needed, and time standard.

The route sheet ends with the last operation prior to being assembled with
other parts. For example, if three parts are going to be welded together, the indi-
vidual parts lose their identity once joined with other parts, so that the route sheet
would end before welding. If an individual part goes through a clean, paint, and
bake operation before being assembled, then the clean, paint, and bake procedure
would be included on the route sheet.
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Route Sheet 1
Part Number 7440 Part Name Body
Raw Material 1,020 cold rolled steel 18 X 24 inches 20 gal.
Order Quantity
Pieces per Hour
Operation No. Machine Name Operation Time Standard
5 Strip shear Cut to width 1,400

10 Chop shear Cut to length 1,175

15 Punch press Punch catch holes 650

20 Press brake Form two legs 475

Route Sheet 2
Part Number 7420 Part Name End
Raw Material 1,020 cold rolled steel 6 1/2 X 6 1/4 inches 20 gal.
Order Quantity _ Twice the number of bodies
Pieces per Hour
Operation No. Machine Name Operation Time Standard
5 Strip shear Cut to width 1,850

10 Chop shear Cut to length 950

15 Punch press Punch hinge holes 825

20 Press brake Form three sides 595

Figure 4-2 Sample route sheets.

The sequence of operations as shown on the route sheet affects the proper
layout of the equipment on the production floor. You want the material to flow
smoothly through the plant from the raw material stores to the first operation, to
the second operation whose machine is right next to the first machine. This will
ensure that the part travels as short a distance as possible. Process-oriented layouts
are where you group all like machines together and bring all parts to them, whereas
product-oriented layouts place machines where they are needed to eliminate exces-
sive moving. Skipping over machines and backtracking will result from process lay-
outs and must be discouraged because it adds costs without adding to the value
(muda). When many parts are fabricated in one group of machines (called a proc-
ess layout), jumping around may be necessary, but you want to minimize this jump-
ing, skipping, and backtracking. There are two ways to change the sequence in
order to make the flow through the plant smoother:

1. Change the route sheet (paper change) if possible so that the sequence of oper-
ation agrees with the other parts or the existing (or proposed) plant layout.

2. Change the physical layout of the machines so that the machines are in the
correct sequence.
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Changing the paperwork is the first choice because it is the least expensive way.

Time standards are an important part of the route sheets. Time standards are
used to determine how many machines are needed in the layout. They are another
piece of information that may come from another group within the manufacturing
engineering department, but in many companies, time standards are developed by
the manufacturing facilities designer.

In Chapter 2, Figure 2—-3a showed an exploded drawing of a toolbox. This tool-
box has nine different manufactured parts, thus nine route sheets will be needed.

Part No. Part Name Quantity per Box

Body ends
Shelf brackets
Body

Cover ends
Cover body
Hinge

Tray ends
Tray body
Tray handle

© 0 ~J O T 0O N =~
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Figure 4-2 shows two of these route sheets. Figure 4-3 is a summary of all nine
route sheets.

Part Body Tray Cover Tray
Name Ends Brackets  Body Ends Cover  Hinge Ends Tray Handle
Time Standards in Pieces per Hour

Parts per unit 2 2 1 2 1 1 2 1 1
Operations

Strip shear 1,850 2,750 1,400 2,100 1,750 — 2250 1,850 —_
Chop shear 950 1,400 1,175 1,050 1,320 935 1,220 1,410 —
Punch 825 — 650 870 759 — — — —
Form 595 841 475 616 528 — 629 567 —
Roll form — — — — — — — — 375

Time Standards in Decimal Minutes per Unit*
(Divide the Above Pieces per Hour into 54 Minutes)

Strip shear .029 .020 .039 .026 .031 — 024 .029 —
Chop shear .057 .039 .046 051 041 .058 044 .038 —
Punch .065 — .083 062 07 — — — —
Form .091 064 114 .088 102 — .086 .095 —
Roll form — — — — —_ — — — 144

*The time standards in decimal minutes will be used to determine the number of machines needed.

Figure 4-3 Summary of route sheets.
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The Number of Machines Needed

The question of how many machines you should buy can be answered only when
you know

1. How many finished units are needed per day
2. Which machine runs what parts
3. What is the time standard for each operation

How many finished units are needed per day? The marketing department
decides how many products to produce (manufacture) per day. For example, let’s
say you are going to build 2,000 toolboxes per 8-hour shift. From the figure, you
calculate the plant rate (takt time) as follows:

60 minutes per hour X 8 hours = 480 minutes

Less downtime 10 percent _48 minutes
Available minutes per shift 432 minutes
Expected efficiency approx. _80 minutes
Effective minutes = 345.6 minutes per 8-hr shift

You have 345.6 minutes to produce 2,000 units.

. _ 345.6 minutes . . .
Takt time = 79.000 units .173 minute per unit

Which machine runs what parts? The route sheets discussed previously tell
which machines are needed to produce each part. Figure 4-3 summarizes the nine
route sheets needed to manufacture the toolbox. Note that seven different parts are
run on the strip shear, eight different parts on the chop shear, four different parts
on punches, seven parts on the press brakes, and only one part on the roll former.

What is the time standard for each operation for each part? The time standard
for every operation on every part is in both pieces per hour and decimal minute
(see Figure 4-3). You need the decimal minute time standards to compare with the
takt time, calculated in question 1 of this section.

Once you know the plant rate (Rvalue), the machines to be used, and the time
standards, divide the time standard (decimal minute) by the Rvalue. The resultant
number of machines should be in two decimal places (i.e., .34 machine). Once
all the machine requirements for each operation have been calculated, total simi-
lar machine requirements and round up recommending the purchase of enough
machines. The numbers shown in Figure 4-4 are the result of dividing those in
Figure 4-3 by the R value of .173 (to produce 2,000 toolboxes per shift). This
information on the number of machines required will be used later to determine
the number of square feet of floor space needed in the fabrication department.
Chapter 7 discusses workplace design and space determination, and that is based
on the above fabrication equipment requirements.

You will need to acquire two strip shears, four chop shears, three punch presses,
six press brakes, and one roll former to produce 2,000 toolboxes per day. Always
round up on the total machines; otherwise, a bottleneck will be created and the
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2 2 1 1 1 1 2 1 1

Body Tray Cover Cover Tray Tray Tray Total
Part Name  Ends Brackets Body Ends Body Hinge Ends Body Handle Machines
Machines
Strip shear 34* 24 23 .30 .18 — 28 17 — 1.74
Chop shear 66 45 27 .59 24 33 S1 22 — 3.27
Punch press 75 — 48 12 41 — — — — 2.36
Press brake  1.05 74 .65 1.02 .59 — 99 .55 — 5.59
Roll former — — — — — — — — 83 .83

*029 + 173 X 2 parts per unit = .34 machine.

Figure 4-4 Machine requirements spreadsheet.

plant will not produce 2,000 toolboxes per day—unless the employees work over-
time. If, due to economic considerations, rounding up cannot be justified, overtime
may need to be planned for these operations in order to meet production require-
ments and to alleviate bottlenecks. If investment can be justified, and the produc-
tion volume is warranted, then rounding up is recommended.

M WORK CELL LOAD CHART

Earlier in this chapter, process-oriented and product-oriented layouts were
explained. To better help you understand the concept of work cell, we need to
define the concept of group technology.

Group technology takes advantage of similarity in parts or features in a group or
family of parts so that these parts can be processed as a group. Group technology
requires that engineering drawings include a certain coding scheme that specifies
the type and parameters of the required processing. The type of the process speci-
fied by the code, for example, may be a drilling operation. The parameters that
are included would specify the hole dimensions. Those parts with similar codes,
regardless of their end products or destination, can then be grouped and processed
together, taking advantage of one setup and minimizing the setup cost.

Whereas the idea of work cells has been around since the 1920s, the use of
group technology has added special significance and increased the use of work
cells. Where volume warrants, a small group of machinery and equipment can be
arranged to process not only several units of the same product but also a family of
batches from several different products that have been identified through group
technology as requiring the same series of operations.

A work cell is a collection of equipment required to make a single part or a family
of parts with similar characteristics. This equipment is placed in a circle around an
operator or operators. (Figure 4-5 shows a typical work cell layout.) The operator
(most often a single operator) then takes a part from the in-basket and moves that part
around the circle of equipment. Equipment usually includes automatic machines that
only need to be loaded, activated, and then unloaded. Once the machine is loaded
and activated, the operator moves the just-completed part from the first machine to
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Drill #1 Drill #2
4 holes 4 holes
4 6
C'bore
8 holes
12 10
Tap 8 holes Ream 8 holes

Figure 4-5 Work cell layout.

the second, where the operator removes the previous part and loads the next part.
This process continues around the cell: taking parts out of one machine, putting new
parts back into this machine, then activating that machine until arriving at the last
machine, where the part is removed, inspected, and placed in the finished parts bas-
ket. Work cells are being developed at a very fast rate because they

1.

N O Otk 0o

Significantly reduce setup time

Eliminate all storage between operations

Eliminate most of the moving time between operations
Eliminate delays spent waiting for the next machine
Reduce costs

Reduce inventory (work-in-process reductions)

Reduce manufacturing in-process time

These are the goals of lean manufacturing and a good description of eliminat-

ing muda. The work cell concept considers operator utilization to be more impor-
tant than machine utilization.
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The work cell load chart is different from the previous techniques in that the
end result does not have to be a complete part or product; it could be for only a few
operations. You could end up with a complete part; however, that is not the goal
of a work cell. For example, you may cast or forge a part elsewhere, machine the
part in a cell, and chrome plate it in a third area. Once we determine what the cell
is going to do, we need to micromotion-study all the operations involved. This was
discussed in Chapter 3.

Work cell load charts are special operations charts used for multimachine situ-
ations (see Figures 4-6 and 4-7, for examples). The charts list the operator time,
machine time, and walking time required to run a work cell to produce one part
per cycle using many machines. Consequently, the work cell load charts show the
total cycle time, operator utilization, and machine utilization. Because they are vis-
ual, work cell load charts help people to see problems and to make improvements
on the operation by properly loading the operators or machines and so on.

Step-by-Step Procedure for Preparing a Work Cell
Load Chart

The circled numbers in this discussion correspond to the categories shown in
Figure 4-7.

@ Operation No.: This is just a numerical sequence of steps. Good procedure uses
numbers that leave room for expansion, like 2, 4, 6, 8 or 5, 10, 15, 20. This will
allow the insertion of new operations between existing operations without
having to renumber everything.

@ Operation Description: This will include machine names and operation descrip-
tions being performed. It should be descriptive enough to communicate to
others what is being accomplished, so that they can follow the sequence of
operations.

For 3 to 5: Time standards in decimal minutes. These times were developed by
time study techniques discussed in Chapter 3.

® Manual: The time it takes the operator to load, unload, inspect, and do any-
thing else the operator is required to do. This time is totally under the control
of the operator.

@ Machine: Once the operator activates the machine, the machine does its job
automatically, and the operator goes on to the next operation. This machine
time is usually calculated using feeds and speed formulas, discussed in Chapter
3. Machine times are usually out of the control of the operator.

® Walk: Walk time is the time it takes an operator to move from one machine
or operation to the next. The time standard for walking has already been
determined to be .005 minute per foot, and it can be easily calculated from
a workstation layout. For example, it would take .050 minute for the average
person to move 10 feet. This statistic is based on the basic time standard of
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walking 3 miles per hour, plus a 25 percent allowance for obstruction and
turning.

® Operation accumulation time graph: This is the visual “meat” of the form. The time
data are plotted on the chart using three standard symbols:

: Solid line represents manual or operator time

_ _:Dotted line represents machine or automatic time
"WWN\ @ Zigzag line represents walk time to next operation

The resulting graph visually shows the workload on a time scale and can be used to
balance the operator and machines better. Also, the total cycle time results in a time
standard. With analysis and a little imagination, an improvement can be attained.

M ASSEMBLY AND PACKOUT PROCESS ANALYSIS

Once all parts are produced by the fabrication departments or received from the
suppliers and available for assembly, new analytical tools are needed. Subassembly,
welding, painting final assembly, and packout are all functions included in this area
of the plant.

The Assembly Chart

The assembly chart (Figure 4-8) shows the sequence of operations in putting
together the product. Using the exploded drawing (Figure 2-3a) and the parts list
(Figure 2—4) shown in Chapter 2, the layout designer will diagram the assembly
process. The sequence of assembly may have several alternatives. Time standards
are required to decide which sequence is best. This process is known as assembly line
balancing.

Time Standards for Every Task

The tasks should be as small as possible, so that the layout designer has the flex-
ibility of giving that small task to several different assemblers (see Figure 4-9). The
time standard setting techniques used for assembly line design are from either
a predetermined time standard system or standard data. If you had 10 bolts to
assemble, you would want a time standard (decimal minute) per bolt and a sepa-
rate time for running the bolt down and tightening because this process gives the
most flexibility.

Plant Rate and Conveyor Speed

Conveyor speed is dependent on the number and units needed per minute, the size
of the unit, the space between units, and, sometimes, the hook spacing. Conveyor belt
speed is recorded in feet per minute. Therefore, the size of the part plus the space
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NAME TAG
DIVIDERS(4)

REGISTRATION BAG @ RIVET
PACKING LIST RIVETS(8)
PLASTIC BAG
HINGE(2
RIVETS(4) RIVET
PACK
ouUT
Figure 4-8 Assembly chart—Toolbox.

Operation No. Operation Description Minute
SSSA1 Assemble and spot/weld two tray brackets to two body ends .153 each
SSA1l Weld two body ends to body 201
SSA2 Weld two cover ends to cover body 260
SA1l Weld hinge to body, weld cover to hinge, and hang an overhead conveyor 356
P1 Clean, paint, and bake automatic
Al Rivet handle and two clips to cover 310
A2 Rivet two catches to cover two strikes to body 555
A3 Rivet two hinges to body and cover 250
SA2 Weld tray ends to tray and add handle. Hang on overhead conveyor 415
P2 Clean, paint, and bake tray automatic
SA3 Bag loose parts 250
PO. Pack tray into toolbox, place plastic bag into toolbox and close. Form 501

carton and pack toolbox
Figure 4-9 Assembly and packout time standards.
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between parts (measured in feet) times the number of parts needed in one minute
equals feet per minute.

Example: Charcoal grills are in cartons 30 X 30 X 24 inches high. A total of 2,400 grills
are required every day.

480 minutes per 8-hour shift
less 50 minutes schedulted downtime (breaks, etc.)
430 available minutes
_ 80%  anticipated performance
_ 344 effective minutes of work per day
2.400 grills per day
= 143 minute per grill
1 minute

.143 minute per grill = 7 grills per minute

7 grills per minute X 2-1/2 feet per grill (30 inches) = 17.5 feet per minute

The conveyor must run at 17.5 feet per minute, or the plant will not produce its
2,400 grills. Check the production rate:

7 grills per minute X 430 minutes per shift
X 80% performance = 2,408 grills per shift

Paint Conveyor Speed

The overhead paint conveyor speed is complicated additionally by multiple parts
per hook and hook spacing.

Example: You are going to paint the following parts on one overhead conveyor system:

Parts per Quantity to Paint Needed Hooks Hooks
Part No. Hook (per shift) per Day per Minute *

15 1 500 500 1.45
263 4 300 75 22
44 2 1,000 500 1.45

14 8 2,000 250 73

21 2 100 50 15

03 1 125 125 _.36
4.36

‘Based on 430 minutes @ 80 percent = 344.

A total of 4.36 hooks need to pass any one point in one minute if the hooks are one
foot apart. So, 4.36 feet per minute would be the conveyor speed. If the hooks were 1-1/2
feet apart, the conveyor speed would be 6.54 feet per minute (4.36 X 1.5) Figure 4-10
shows some different kinds of paint hooks.
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Figure 4-10 Paint hooks.

This conveyor speed also determines the size of the drying oven and baking oven.
Let us say that your parts need 10 minutes at 400° to dry. Ten minutes at 6.54 feet per
minute equals 65.4 feet of conveyor in an oven. Most drying ovens take the parts into
and out of the oven from the same end, so the oven will be about 33 feet long and
4-1/2 feet wide.

Looking at the toolbox example, you will use hook spacings of 18 inches because
of the part size. Which parts need painting? The box and tray assembly only. Each is
placed on a hook by itself and sent through an electrostatic spray system. But first, it must
be cleaned and dried. After painting, it will be baked and cooled. The drying needs 450°
for 10 minutes. Fifteen minutes is required for cooldown before an assembler can take
it off the line.

Quantity Needed Hooks Hooks per

Parts per Hook per Shift per Day Minute*
1. Box assembly 1 2,000 2,000 5.78
2. Tray assembly 1 2,000 2,000 5.78
11.56

“Based on a takt rate or Rvalue of .173 or 5.78 per minute.

A total of 11.56 hooks are needed every minute and each hook is 18 inches apart
(1-1/2 feet), so 11.56 times 1.5 equals 17.34 feet per minute conveyor speed.
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You need 10 minutes of drying and baking time, so 17.34 feet per minute times
10 minutes equals 173 feet of drying and baking. Use a double-decker dryer 90 feet long
with drying on the top (hottest) and baking on the bottom. Cooling time of 15 minutes
times 17.34 feet per minute means 260 feet from baking to the first assembler.

Like magic, the data for your layout is coming together. In reality, it isn’t magic at
all but a systematic approach that provides the answers.

When the toolboxes are taken off the overhead conveyor line after painting to
rivet on the handle, the finished toolbox can be placed on a flat belt conveyor. That
conveyor speed needs to be 5.78 toolboxes per minute times the spacing. Because this
toolbox is 18 inches long, 24 inches between centers should be adequate spacing. Two
feet per box times 5.78 boxes per minute equals 11.56 feet per minute. The tray will
stay on the hook until it reaches the packout station. Trays and toolboxes will be on
every other hook.

Although there is enough information to lay out the clean, paint, and bake area
now, we will wait until Chapter 7 and calculate all production space requirements then.

Assembly Line Balancing

The purposes of the assembly line balancing technique are

1. To equalize the workload among the assemblers

To identify the bottleneck operation

To establish the speed of the assembly line

To determine the number of workstations

To determine the labor cost of assembly and packout
To establish the percentage workload of each operator
To assist in plant layout

To reduce production cost

PN O N

The assembly line balancing technique builds on the assembly chart (Figure 4-8)
time standards (Figure 4-9), and the plant rate (takt rate or Rvalue) is calculated
in the last section.

The objective of assembly line balancing is to give each operator as close to the
same amount of work as possible. This can be accomplished only by breaking down
the tasks into the basic motions required to do each piece of work and reassembling
the tasks into jobs of near equal time value. The workstation (or stations) with the
largest time requirement is designated as the 100 percent station and limits the out-
put of the assembly line. If industrial engineers want to improve the assembly line
(reduce costs), they concentrate on the 100 percent station. Reducing the 100 percent
station in the example below by 1 percent would save the equivalent of .25 people, a
multiplying factor of 25 to 1.

Figure 4-11 shows an example of an assembly balance problem for the toolbox
production.

SA3 could be taken off the assembly line and handled separately from the main
line to save money. Given the standard time of .250 minutes for SA3, one SA3 could
be assembled in .0047 hours, or 240 SA3s per hour if the operation were performed
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Time Number of  Rounded  Average  Percent Hours Pieces

Standard Stations Up Time Loaded  per Unit  per Hour

SSSA1 .306 1.77 2 153 92 .00557 180
SSAl 291 1.68 2 146 87 00557 180
SSA2 .260 1.50 2 130 78 00557 180
SAl .356 2.06 3 119 71 .00835 120
Al 310 1.79 2 155 93 00557 180
A2 555 3.20 4 139 83 01113 90
A3 250 1.44 2 125 75 00557 180
SA2 A4lS 2.40 3 138 83 00835 120
SA3 .250 1.44 2 125 75 00557 180
P.O. 301 290 3 167 100 .00835 120
Total 3.494 25 06960

Figure 4-11 Initial assembly line balance.

in a batch mode. However, in an assembly line mode, operations are slowed to the
rate of the slowest activity; hence, the rate of production for SA3s is dropped to only
180 pieces per hour, or .00557 hours per unit.

.0057 balanced cost
- .00417 individual cost
.00140 hour per unit savings
X __500.000 units per year
700 hours per year
@ $15.00 per hour

= $10,500.00 per year savings

This is called the cost of balancing. In this case it is too high.
Subassemblies that can be taken off the line must be

1. Poorly loaded. The smaller the percentage that is loaded, the more desirable

it is to subassemble. For example, a 60 percent load on the assembly line bal-

ance would indicate 40 percent lost time. If you take this job off the assembly

line (not tied to the other operators), you could save 40 percent of the cost.

Small parts that are easily stacked and stored.

3. Easily moved. The cost of transportation and inventory will go up, but because
of better labor utilization, total cost must go down.

o

A subassembly on the assembly line balance form would look like this:

Question Time No. of  Rounded Average  Percent Hours Units
No. Standard  Stations Up Time Loaded  per Unit  per Hour

SA3 .250 1.44 1.44 2.50 Sub .00417 240
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Look back at Figure 4-11 and SA3. You have saved plenty, but can you do this to
SA1? No, because it is a large part that is not easily stacked, stored, or moved.

The assembly line balance in Figure 4-11 is not a good balance because of the
low percentage loads. An improvement is possible (look at the 100 percent station).
If you add a fourth packer, you will eliminate the 100 percent station at packout
(P.O.). Now the new 100 percent (bottleneck station) is Al (93 percent). By add-
ing this person, you will save 7 percent of 25 people or 1.75 people and increase
the percent load of everyone on the assembly line (except P.O.). You might now
combine Al and A2, and further reduce the 100 percent. The best answer to an
assembly line balance problem is the lowest total number of hours per unit. If you
add an additional person, that person’s time is in the total hours. Try to improve the
toolbox assembly line balance, then see how that affects the assembly line in Figures
4-12 and 4-13.

Notes on the assembly line balance (Figure 4-11):

1. The busiest workstation is P.O. It has .167 minute of work to do per packer.
The next closest station is Al with .155 minute of work. As soon as you identify the
busiest workstation, you identify it as the 100 percent station, and communicate
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Figure 4-12 Spot weld subassembly.
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that this time standard is the only time standard used on this line from now
on. Every other workstation is limited to 360 pieces per hour. Even though
other workstations could work faster, the 100 percent station limits the output

of the whole assembly line.

2. The total hours required to assemble one finished toolbox is .06960 hour. The
average hourly wage rate times .06960 hour per unit gives you the assembly and
packout labor cost. Again, the lower this cost is the better the line balance is.

Line balancing is an important tool for many aspects of industrial engineering,
and one of the most important used is the assembly line layout. The back of the
assembly line balancing form is designed for an assembly line layout sketch. Look at

the examples in Figures 4-12 and 4-13.

Packout work is considered the same as assembly work as far as assembly line bal-
ancing is concerned. Many other jobs may be performed on or near the assembly line,
but they are considered subassemblies and are not directly balanced to the line because
subassemblies can be stockpiled. Their time standards stand on their own merit.
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W STEP-BY-STEP PROCEDURE FOR COMPLETING THE
ASSEMBLY LINE BALANCING FORM

The assembly line balancing form shown in Figure 4-14 includes the following
categories:

@ Product No.: The product drawing or product part number.

@ Date: The complete date of development of this solution.

® ByIE.:The name of the engineer doing the assembly line balance.
@ Product Description: The name of the product being assembled.

® Number of Units Required per Shift: The quantity of production required per shift—
given to the engineer by the sales department. The engineer’s objective is to
get as close to this quantity as possible without going below.

® Takt time: The plant rate or takt rate has been discussed previously in this
chapter, but this block is designed for a specific plant with the following past
experience.

a. Existing products have run at 85 percent efficiency.

b. New products average 70 percent efficiency during the first year.

c. Eleven percent allowances are added to each standard. The R value in
this plant is calculated by dividing 300 or 365 minutes by the number of
units per shift (Step ®). The result is the plant or takt rate—the Rvalue.

@ No.: This is a sequential operation number. Operation numbers provide a
simple, useful method of referring to a specific job.

Operation/Description: A few well-chosen words can communicate what is being
done at this workstation. Parts’ names and job functions are the key words.

® Takt time: The takt time calculated in block ® above goes behind each opera-
tion. The plant or takt rate is the goal of each workstation, and putting the
takt time on each line keeps that goal clearly in focus.

Cycle Time: The cycle time is the time standard set by combining elements of
work together into jobs. The goal is the takt time, but that specific number
can seldom be achieved. Cycle time can be changed by moving an element of
work from one job to another; however, elements of work are a large propor-
tion of most jobs. Faster equipment or smarter methods may reduce the cycle
time, and this is a good cost reduction tool to be discussed later.

@ No. Stations: The number of stations is calculated by dividing the takt time @
into the cycle time (09 and rounding up. If the number of stations is rounded
down, the goal (number of units per shift ®) will not be achieved. Manage-
ment may round down the number of workstations because of cost, but if it
does, it knows the goal will not be achieved without overtime, and so on. But
that is management’s decision, not the engineer’s. If the number of worksta-
tions is rounded down, the workstation will be the bottleneck, the restriction,
the slowest station, or the 100 percent station.
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Fred Meyers & Associates Assembly Line Balancing
Product No. @ Product Description: @ take Time@ Existing Product = 365 Minutes R
Units Req'd/Shift
Date: @
i = __300 Minutes
Byle.__ ® Nurmber Units Required per Shify__(3) | Calculations  New Product = =0 Pn s = R
Avg | [is/I000[Pes Fir
; ot takt Cycle | No. | Cycle Line | Line
No. Operation Description Time } Time |Stations| Time | Load |Balance {Balance|

Figure 4-14 Assembly line balancing step-by-step form.

@ Avg. Cycle Time: The average cycle time is calculated by dividing the cycle time
by the number of workstations @. It is the speed at which this workstation
produces parts. If the cycle time of a job is one minute, and four machines
are required, the average cycle time is .250 minute (1.000 divided by 4 equals
.250) or a part would come out of those four machines every .250 minute.
The very best line balance would be for every station to have the same average
cycle time, but this never happens. A more realistic goal is to work at getting
them as close as possible. The average cycle time will be used to determine
the percentage workload of each workstation, the next step.

® % Load: The percentage load tells how busy each workstation is compared to
the busiest workstation. The highest number in the average cycle time column
@ is the busiest workstation and, therefore, is called the 100 percent station
(100 percent is written in the percent load column). Now every other station
is compared to this 100 percent station by dividing the 100 percent average
station time into every other average station time and multiplying the result
times by 100. The result will equal the percent load of each station. The
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percent load is an indication of where more work is needed or where cost re-
duction efforts will be most fruitful. If the 100 percent station can be reduced
by 1 percent, then you will save 1 percent for every workstation on the line.

Example: To calculate percent load, look back at the example in Figure 4-11 of this
chapter. The average cycle times were .153, .146, .130, .119, .155, .139, .125, .138, .125,
and .167. Reviewing these average cycle times reveals that .167 is the largest number and
is designated the 100 percent workstation. A good practice is to circle the .167 and the
100 percent to remind you that this is the most important workstation on the line, and
no other time standard has any further meaning. Now that the 100 percent station is
determined, the percent load of every other workstation is determined by dividing .167
into every other average cycle time:

Operation SSSA1 = .153 divided by .167 = 92 percent
SSA1 = .146 divided by .167 = 87 percent
SSA2 = .130 divided by .167 = 78 percent

and so on

Where will the supervisor put the fastest person? The P.O. operation! Where will the
industrial engineer look for improvement or cost reduction? The P.O. operation, the
100 percent loaded station.

Electronic copies of the routing sheet, line balancing, and fabrication equipment
spreadsheet are provided for your use. These forms may be downloaded, copied, and
utilized for your project.

A good balance would have all workstations in the 90 to 100 percent range. One
workstation below 90 percent can be used for absenteeism. A new person can be put on
this station without slowing down the whole line.

Hs./1,000 Line Balance: The hours per unit produced can most easily be calcu-
lated by dividing the 100 percent average cycle time (which is circled on the
line balance) by 60 minutes per hour:

.167 minute per unit

60 minutes per hour = .00278 hour per unit

The .167 time standard is for one person, so that if two people are required on
an operation, two times .00278 hour per unit will be required.

Two people = .00557 hour per unit

Three people = .00835 hour per unit

Four people = .01113 hour per unit

Also, as a quality check, if you multiply the number of operators on the
assembly line times .00278 hour per unit, you get the total hours to make one
unit. In the toolbox problem .06958 (25 X .0027833 = .06958) hour of labor
will be required to assemble each toolbox. Another piece of logic is that every-
one on an assembly line must work at the same rate. In other words, the person
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with the least amount of work to do cannot do more than the operator ahead
of him.

@ Pcs./Hr. Line Balance: Pieces per hour is 1/x of hours per unit, or divide the
hours per unit into one. Notice in Figure 4-11 that all the stations produce
360 pieces. Station Al has two operators, each producing 180 pieces per hour
for 360 pieces per hour total.

Total Hours per Unit: To get total hours per unit, add the number of hours from
all the operations. The hours per unit for one operator times the total num-
ber of operators on the line also equals the total hours per unit. The total of
column 11 is the total operators.

@ Average Hourly Wage Rate: This would come from the payroll department, but,
for example, let us say $15.00 per hour is the average hourly wage rate.

Labor Cost per Unit: In the example, .06960 hour times $15.00 per hour = $1.044
per unit labor cost. The lower the cost is, the better the line balance.

Total Cycle Time: The total cycle time tells the exact work content of the whole
assembly, and if treated like any other time standard, it can show what a per-
fect line balance would be.

In the example, 3.494 minutes divided by 60 minutes per hour equals .05823
hour per unit. The line balance came out to .06960, or .01137 hour more. This
.01137 hour is potential cost reduction, and what cannot be removed by cost reduc-
tion is called the cost of line balance.

M CALCULATING THE EFFICIENCY OF THE ASSEMBLY LINE

The efficiency of an assembly line can be determined in a number of ways. The
direct labor cost per unit can be easily calculated from the last two columns of the
line balancing chart. The last column in Figure 4-14 shows the total number of
pieces or units that are produced per person-hour on the line. The inverse of this
figure is the required person-hours per piece. Therefore, multiplying this number
by the hourly wages yields the direct labor cost per unit. As you attempt to balance
the line further, any increase or decrease in this cost is a clear indication of how suc-
cessful you are in improving the line.

You can also calculate the numerical or percentage efficiency for the line using
either the hours per 1,000 columns or the cycle time column. Figure 4-14 shows
calculations for hours per 1,000 and hours per 1,000 line. The hours per 1,000 col-
umn uses the cycle time as if this were a stand-alone operation. That is, the opera-
tor is not hindered by the flow of the line. The hours per 1,000 line column uses
the adjusted cycle time as determined by the 100 percent station. The sum of the
first column tells us how many units could be assembled if each step could be per-
formed at its standard cycle time. The second column shows what the actual pro-
duction is because not all stations are performing at their maximum capacity. Keep
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in mind that an assembly line or any sequential series of operations can operate
only as fast as the slowest member of the team.

sum of hours per 1,000
sum of the hours per 1,000 line balance

Line efficiency = X 100

Similarly, line efficiency can be calculated as follows. The average cycle time
for the 100 percent station is the fastest speed at which any operator on this line
can work. This time multiplied by the total number of operators on the line is
the total cycle time per unit. Why? This figure divided by the total cycle time @9 in
Figure 4-14 will show the efficiency of the line:

sum of 1 .Cycle time

total cycle time

X 100

Line efficiency =

Both methods of calculation will yield the same answer. Once again, any change in
the line is reflected in the line efficiency.

Management often equates the addition of workstations or operators to an
increase in the labor cost per unit. The above calculations, especially those dealing
with the cost per unit, clearly demonstrate that adding workers to the line by virtue
of increasing the line efficiency often decreases the cost per unit.

Use of Computer Simulation

Computer simulation and modeling are powerful tools in designing work cells and
aiding with balancing lines and work cell loads. Various software packages allow
the user to design an entire facility or just a portion of a facility, such as a work cell.
One can then simulate the working of the cell under various conditions and exam-
ine various scenarios. Figures 4-15 through 4-18 show a manufacturing work cell
that was designed by using the computer simulation package ProModel. The use
of simulation and simulation software will be discussed in greater detail in Chapter
15. The cell was set up by using a library of icons available in the software. The deci-
sion regarding equipment selection and the arrangement, as well as the number of
resources—that is, the number of equipment and operators—is made by the opera-
tor. This cell was designed for the production of cogs. System parameters such as
machine time, cycle time, walking distances, and so on are obtained in the same
manner as the facilities planner would obtain them under any conditions, and they
are entered into the simulation run. Once the data are entered, the designer has
the opportunity to play various scenarios in order to optimize the cell.

As shown in Figure 4-15, this cell consists of a receiving area, two NC lathes, a
degreasing station, and an inspection area. The purpose in this example is to deter-
mine the number of workers that would minimize the cost per unit of production
in the cell.

Three simulation runs were performed. The first run utilized only one opera-
tor as shown in Figure 4-16. As illustrated in Figures 4-17 and 4-18, the second
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Figure 4-16 The simulated status of the manufacturing cell utilizing one operator
after a fixed period of time (courtesy of ProModel Corporation).
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and third runs employed two and three operators, respectively. Each simulation
was run for a total of 10 hours of actual production time. Simulation runs pro-
duce detail statistics pertaining to production volume, machine usage, equipment
and operator idle time, and an array of other useful information. Some of these
statistics and reports will be presented in Chapter 15. Summary data are given
in Figures 4-16 through 4-18 regarding each run. Summary statistics in Figure
4-16 show that when using only one operator in the cell, during the 10-hour pro-
duction run, 48 cogs were produced. The average cycle time was approximately
34.58 minutes per part and the cost per unit is estimated at $14.67. When the
number of operators is increased to two, during the same elapsed time 82 cogs
are machined with an average cycle time of 25.32 minutes per unit. The produc-
tion cost is reduced to $11.56 per cog (see Figure 4-17). Increasing the number
of workers to three does not seem to be beneficial. As shown in Figure 4-18,
although the average cycle time is not significantly changed, the cost per unit is
increased by approximately $.28 per unit, presumably due to an increase in direct
labor cost. Furthermore, the total production has remained the same, indicating
that the machine capacity has been reached. This rather simple simulation allows
the process engineer to determine that the optimum number of operators for this
cell is two. Of course, other scenarios that manipulate the number and the type of
equipment can also be carried out.

System Totals

presmmen|  \Manufacturing Work Cel

Figure 4-17 The simulated status of the cell utilizing two operators after the same
period of elapsed time (courtesy of ProModel Corporation).
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Figure 4-18 The simulated status of the cell utilizing three operators after the same
period of elapsed time (courtesy of Promodel Corporation).

B LAYOUT ORIENTATION

Mass production and job shop are the two basic layout orientations. Mass produc-
tion is product oriented and follows a fixed path through the plant. The assembly
line best illustrates the mass production orientation. Mass production orientation
is preferred over job shop because the unit cost is lower, but not all products follow
a fixed path.

The job shop orientation layout is process oriented (built around machine cent-
ers). Fabrication departments are usually laid out this way because the paths taken
by the parts are not consistent. This is called a variable path flow.

Because mass production is preferred over job shop, several new techniques
have been developed to move job shop orientation closer to mass production:

1. Group technology tries to classify parts into groups with similar process
sequences. The equipment then can be placed in a straight line or a work cell
approaching a fixed path. The plant could have a sheet metal line, plastics line,
bar stock line, casting line, and so on. Reducing cross traffic, backtracking, and
feet of travel are the objective.

2. A work cell is a group of machines dedicated to making one complicated
part. One or two operators may run 6 to 10 machines. The machines remain set
up for this part indefinitely. Some machines may not be fully utilized, but the lost
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time is counterbalanced by less inventory required, less material handling, and
much shortened throughput time (the time a part spends in production).

Most plants use job shop orientation for the fabrication end of the plant and

mass production orientation for assembly lines and packout. As opportunities arise,
group technology and work cells are created.

In the next chapter, flow analysis techniques will be discussed to optimize lay-

outs of fabrication and assembly areas.

M QUESTIONS

S OU s 00 N =

© o g

12.
13.

. What is process design?

. What are the two categories of process design?

. What is a route sheet?

. What information is included on a route sheet?

. What determines how many machines to buy?

. Which time standard (decimal minute, pieces per hour, or hours per unit)

compares to the takt time?

. What is an assembly chart (see Figure 4-8)?

. What information is needed to calculate an assembly line conveyor speed?
. What additional information is needed to calculate paint conveyor speed?
10.

. Rebalance Figure 4-11 by adding a fourth packout person and make a sub-

What are the eight purposes of assembly line balancing?

assembly out of SA3. Then answer the following:

. What is the total hours per unit?

. How many units per shift will be made at 100 percent?

How many people are now used?

. What is the new 100 percent station?

. Is this a better balance?

How much money is saved if you produce 700,000 units per year and the
employees are paid $10.00 per hour?

mo e T

What are the two primary layout orientations?

Balance the following assembly line to produce 1,500 units per 8-hour shift at
85 percent and 30 minutes personal time:

Operation No. Time Standard

1 .390
235
700

1.000
.240
490

Sy O W 00 N
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14. Calculate the efficiency of the line in question 13.

15. Explain how adding personnel to a line can reduce cost per unit.
16. Define and contrast process-oriented and product-oriented layouts.
17. Define group technology and explain how it is implemented.

18. Explain the concept of work cell.

19. Given a takt time or Rvalue of .452 minute, balance the following line. What is
the efficiency of the line?

Operation No. Time Standard
1 .455
2 .813
3 .233
4 .081
5 .945
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Flow Analysis Techniques

OBJECTIVES:
Upon the completion of this chapter, the reader should:

¢ Understand the importance of material flow and flow analysis
* Be able to identify and construct various flow analysis tools
® Be able to calculate flow efficiency by the use of a from-to chart

Flow analysis is the heart of plant layout and the beginning of the material han-
dling plan. The flow of a part is the path that the part takes while moving through
the plant. Flow analysis not only considers the path that every part takes through
the plant but it also tries to minimize the (1) distance traveled (measured in feet),
(2) backtracking, (3) cross traffic, and (4) cost of production.

Flow analysis will assist the manufacturing facilities designer in the selection
of the most effective arrangement of machines, facilities, workstations, and depart-
ments. It is said that if you improve the product flow, you will automatically increase
profitability. You can improve flow by developing product or part classes or families
(parts with similar process steps) and implementing the concept of group technol-
ogy. You can try to get each part to take a similar path and to move the parts auto-
matically. The flow of parts and, therefore, the layouts of the plant will differ greatly
with the two basic types of layout orientation—the process-oriented facility and the
product-oriented facility. Product-oriented layouts will have less of everything (part
of the definition of lean manufacturing) than the process-oriented layouts, but a
large number of different parts or products with varying process steps may dictate a
process-oriented layout. The flow analysis tools and techniques that are appropriate
for a process-oriented layout are discussed in the next section.

It is equally important to consider and analyze the traffic patterns and paths that
employees take throughout the facility in the course of the day. For example, most
employees drive to work, park their cars, enter through the employee entrance, punch
their time cards, go to their lockers, go to the cafeteria, and then go to their worksta-
tion. Use this flow to place these service facilities conveniently for the employees. In

115
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the course of the day, employees may also have to leave their workstation to walk to the
tool room, to use the bathroom, or to take a drink of water from the water fountain.
When designing the flow pattern, keeping in mind that the employees’ walking time is
a nonproductive time may help to focus on the importance of flow analysis.

A core principle of lean manufacturing is the product-oriented flow layout.

It establishes the basis for high factory performance and has many advantages, as
compared to process-oriented flow layouts that are planned around a group of simi-
lar equipment. Let us look at the advantages of product-oriented flow and think
about cells and assembly lines when reviewing this list:

1.

2.

There is simplified coordination and production scheduling—first-in-first-out
and no setting aside (no work in process).

Users and makers of parts can see and talk to each other, thereby seeing and
solving problems more quickly.

There is less work-in-process inventory. A golf club manufacturer had 6
months of in-process inventory when it had a process-oriented layout. The
manufacturer changed to a product-oriented layout and reduced in-process
inventory to less than 2 days.

This layout eliminates excessive handling of materials. Work cells combine
several machines in a U-shaped layout around an operator moving one part
around the circle until it is complete. The old way would have moved tubs of
parts from machine to machine.

. Quality problems are easier to identify and quicker to fix because there are so

few parts in the system.

Flow of material and operators’ work can be standardized (written up as a
standard practice) way to do the job, and it is used as an instructional plan for
new employees.

Less floor space is required for all the above reasons.

This layout provides the foundation for continuous improvement, which is
another basic requirement of lean manufacturing.

The following list summarizes the differences between the material flow in a

process-oriented layout and a product-oriented layout:

1.

2.

Material flow will be much smoother in product-oriented flow plans, but material
still travels according to the sequence of operations specified on the route sheet.
The distance material has to travel through the production process will be
much shorter.

. There is less confusion about which process sequence to use, or when and

where finished material should be transferred.

One concern with the product-oriented layout is the restriction of the
machine capacity. Instead of using one fast, flexible, expensive machine that
can produce many different parts, cheaper machines that can be used solely
for one part are acquired.

Once a sophisticated, expensive machine is purchased, it may become an

obstacle in converting to different products and a product-oriented flow layout.
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Machine 1 Clean

\ Parts
Machine 2 Weld Stored
Machine 3 Paint

Figure 5-1a Process flow layout.

Receiving
Store

Mach. Mach. Mach. Clean Weld Paint Parts

1 2 3 Stored

Figure 5-1b Product flow layout.

Sophisticated equipment is often a compromise of features. The machine may
perform many functions, but none may perform as well as a single, special pur-
pose machine. Product flow with multiple steps yields the opportunity to return
to simpler, less costly equipment that will perform specialized tasks. Tools such
as production balancing, kanban, work cell development, employee involvement,
and quality are greatly enhanced by working with a product-oriented flow layout.

Existing plants will realize improvements by changing to product flow facilities
design. The first step is to identify the existing flow path on a layout (called a flow
diagram) for the products made by your company (Figures 5—1a and 5-1b, 5-13, and
5-14). In some plants, this may not be easy. Different jobs require different machines,
so jobs take various paths around the plant. There are always some good product flow
paths, and they must be carefully identified. In many plants, presses and press opera-
tors are in one location, whereas shears and their operators are in another location.
Figures 5-1a, 5-1b, and 5-14 show how the flow in such a layout would look.
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Where products are more standardized (similar), it is much easier to identify
the flow paths. Many plants may have started out with an efficient product flow
but have lost their efficiency due to expansion and growth. Machines and people
are located and organized without consideration of the product flow. In some
cases, it may be important to improve the operations without moving the people
and equipment. For example, the equipment may be in the wrong location but
would be too costly to move. Small plants may also tolerate their present organi-
zation because the operation is fairly compact, transport distances are short, and
operators can see and talk to one another. This layout assumes that great efficien-
cies can be gained by having all the press operations grouped together under
one supervisor, all the machining operations grouped together under another
supervisor, and so on. However, this is not good for product flow. It is hoped
that workers will become skilled at performing just one operation and perform
it with high efficiency. However, losses in poor flow, increased material han-
dling, and increased inventory requirements make process layouts very expensive.
Scheduling and movement of material through the process operations will fre-
quently become complex. Often it is found that a given part travels several times
the length of the factory in going through all the required operations. A hand
tool manufacturing company made many different families of tools such as sock-
ets, wrenches, screw drivers, and so on. The plant was laid out in process order
where all tools traveled through most of the departments. The average 3/8-inch
drive socket traveled over 6,000 feet in the process of being manufactured (22
operations). A product layout was proposed and implemented where the socket
traveled only 300 feet. It does not take much imagination to figure out which
layout was the most economical.

In the product-oriented layout (Figure 5—-1b), machines are moved and grouped
according to part or product families. The production flow is greatly simplified. To
function properly, operators within a manufacturing cell are cross-trained on all
the operations performed in the cell. This increases the flexibility to respond to
special lots within the cell and has a direct impact on product quality because the
operators can see the whole effect of the operations and can quickly identify the
root cause of any problems generated within the cell.

An over-the-road flatbed trailer manufacturer set up a plant with 17 cells. The
subassembly operations could get as far as eight trailers ahead, but the main pro-
duction line (13 cells) was connected together on a track where a pull system was
used. A pull system has a completed part in each position (cell), and when it is
needed, the next operation takes the part and this cell goes back to work making
another one. A properly balanced cell will complete the next unit just moments
before it is needed.

Flow analysis techniques will assist the manufacturing facilities designer to
choose the best arrangement of machines, workstations, employee services, support
services, and departments. There are three groups of flow analysis tools—techniques
for (1) the fabrication of individual parts; (2) the total plant flow; and (3) people
and information flow, which will be studied in the next chapter and in Chapter 12
on office layout.
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M FABRICATION OF INDIVIDUAL PARTS

These techniques are used mostly in process layouts. The study of individual parts
flow results in the arrangement of machines and workstations. Route sheets are the
primary source of information. To establish this best arrangement of equipment,
facilities designers use four techniques:

1. String diagram

2. Multicolumn process chart
3. From-to chart

4. Process chart

You may not use each technique every time, but using more than one technique
is good practice. To show how these techniques work, consider a small group of
parts (see Figure 5-2) with the following routing (flow). This flow routing will be
considered inflexible so that you must lay out (or lay out again) the workstations.
You need 2,000 units per day of all parts and the parts weigh .5, 9, .5, 15, and 3.75
pounds, respectively. Each machine is identified with a letter (R, A, B, C, D, E, F, S).
R is the incoming material location (called receiving), and S is the shipping end of
the line. Using some creative ability, the machines will be laid out in alphabetical
order first, then checked for efficiency.

String Diagram

In a string diagram, circles represent the equipment and the lines between circles
indicate flow (see Figures 5-3 and 5-4). Flow lines between adjacent circles are
from middle of circle to middle of circle. If you jump a department, you will place
the line above the circles. If the flow is backward, called backtracking (going toward R),
the flow line is drawn under the circles (Figure 5-3).

Look at the important relationships (the two circles with several lines between
them). What is clear in the string diagram in Figure 5-3 is that this arrangement of
machines produces a lot of travel. To improve this layout, look for important relation-
ships (more than one part taking the same route). Look at the C to D relationship.

Part No. Routing (Operation Sequence)
1 RABDCEFS
2 RBDCAS
3 REFBACDS
4 RFACDS
5 RCADS

Figure 5-2 Routing for five parts.
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Figure 5-4 String diagram—Improved method.

Four of the five parts make this trip, so this relationship is important and C must stay
close to D. Here are other important relationships:

1. B-D has two lines.
2. A-C has four lines.
3. D-S has three lines.

So, let us rearrange the layout (see Figure 5-4). Which is best? You could move
each part seven steps from R to S, so that a perfect layout would require moving
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only 7 steps times 5 parts equals 35 steps. A step is the distance between the center
of one circle to the center of the adjacent circle. If you jump one circle, two steps
would be required.

In the first alphabetical layout, part 1 went from Rto Ato BtoD to Cto Fto S
for a total of 9 steps. Part 2 traveled 13 steps; part 3 traveled 17 steps; part 4 traveled
17 steps; and part 5 traveled 11 steps.

Part No. No. of Steps Traveled
1 9
2 13
3 17
4 17
5 11
Total 67

35
Efficiency = g7 = 52 percent

The second layout produced fewer steps:

Part No. No. of Steps Traveled
1 19
2 11
3 11
4 7
5 9
Total 57

35
Efficiency =55 = 61 percent

How efficient can you make this layout?

Multicolumn Process Chart

Using the same routing information used in the string diagram for the five parts, a
maulticolumn process chart shows the flow for each part right next to but separate from
each other (see Figures 5-5 and 5-6). First of all, you list the operations down the
left-hand side of the page, then set up a column next to the list of operations—one
for each part as follows (see Figure 5-5):

35
Efficiency = 67 = 52 percent
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MULTI-COLUMN PROCESS CHART

PART NUMBERS
1 2 3 4 5

(EO

9lieslizallw]l@lvs]B=disv

O () ltoTAL

gstepsl 9 13 17 17 11 |67
TS 7 7 7 7 7 135
EFFICIENCY— 35/67=52%

Figure 5-5 Multicolumn process chart.

MULTI-COLUMN PROCESS CHART
PART NUMBERS
1 2 3 4 5

R

E

F

B

A

C

D

S TOTAL

#STEPS | 17 1 7 7 9 51
LEAST STEPS | 7 7 7 7 7 35

EFFICIENCY-35/51=69%
Figure 5-6 Multicolumn process chart—Improved layout.
This is the same efficiency established in the string diagram. Let us try to

improve it again, but make it different from (better than) the second string dia-
gram. Look for clues to improvements. Figure 5-6 is an improved layout.
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You have come a long way toward a perfect layout. The alphabetical layout pro-
duced only a 52 percent efficiency; now it is 69 percent efficient. You can still
improve efficiency. Before you try another improvement, study the third technique
of flow analysis, the from-to chart.

From-To Chart

The from-to chartis the most exact technique of the three. Designers can develop an
efficiency that considers the importance of the parts. Up until now, we have con-
sidered each part as equal in importance, but at the beginning of this chapter, the
quantity and weight of each part was recorded. Figure 5-7 shows a chart of those
data given earlier.

Routing for Five Parls’

Part No. Routing (Operation Sequence)

RABDCFS
RBDCAS
REFBACDS
RFACDS
RCADS

CU s 00 N —

“From Figure 5-2.

The relative importance of part 4 is 30 times more important than parts 1 and 3,
so it should have 30 times more effect on the layout.

The from-to chart is a matrix. The sequence of operations is written down the
left-hand side of the form and across the top. The vertical sequence of machines
is the “from” side of the matrix. The horizontal sequence of machines is the “to”
matrix. Everything moves from some place to some place. Each time a move is
required, a weighted value is placed in that coordinate (see Figure 5-8). For an
example of all five parts, see Figure 5-9.

To evaluate this alternative, you assign penalty points to each move depending on
how far the move is away from the present location. For example, the move R to A is
right next door, so you multiply that weight times 1 (one block). R to B is two blocks

Part No.  Quantity per Day ~ Weight in Pounds Total Weight (Ibs)  Relative Importance*

1 2,000 0.5 1,000 1.0
2 2,000 9.0 18,000 18.0
3 2,000 0.5 1,000 1.0
4 2,000 15.0 30,000 30.0
5 2,000 3.75 7,500 7.5

*These numbers and the routing in Figure 5-2 create the weighted value of each move.

Figure 5-7 Part quantity and weight data.
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R A B C D E F S
R 1
A 1
F B 1
R C 1
(0] D 1
M E
F 1
S

Figure 5-8 From-to chart—Example of Part 1 with a relative value of 1.

away, so you multiply the 18 in that block times 2, three blocks away times 3, and so

on. In Figure 5-10, the circled numbers are the penalty points (p.p.). Below and to the

left of the diagonal line indicates backtracking, so that the penalty points are doubled.
The efficiency of the alphabetical layout is

1 (2)235 = 52 percent

Now look for clues to improvement. The highest penalty points are the best clues.
For example, from F to A has a penalty point of 300. This means that F wants
to be closer to A. The move of R and F has a penalty point of 180. This means
F wants to be closer to R. A new layout change of sequence will change both the
vertical and horizontal sequences. Figure 5-11 illustrates an improved layout:

83
Efficiency :;TS = 52 percent

This still can be improved. Find the best layout. A 56 percent is the best layout
possible. A perfect layout (straight-through flow—no backtracking) is not possi-
ble in this case because of the different routing for each part, assuming there is
no other routing possible. If you could change the routing of even one part, you
could improve the efficiency. Practical limitations may dictate the routing, so you
are left with the need to arrange the machines and equipment the best possible
way. The string diagram, the multicolumn process chart, and the from-to chart are
techniques to help find that best layout.
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TO
R A B C D E F S Total
R 1 18 7.5 1 30 57.5
A 1 1430 7.5 18 57.5
F B 1 1+18 20
R C 18+7.5 30+1 1 57.5
0 D 18+1 3041 | 7.5
7.5
M E 1 |
F 30 t 1 EY)
S
TOTAL: 283

Figure 5-9 From-to chart—Alphabetical layout.

The first part of this chapter listed four goals of flow analysis. Minimizing dis-
tance traveled and backtracking are the first two goals. These first three techniques
(string diagram, multicolumn process chart, and from-to chart) address these goals.
Discouraging backtracking was best addressed by these techniques, but distances
were considered only in relative terms. Future techniques will allow you to calculate
the exact distance measured in feet. Minimizing the cost of production is the ulti-
mate goal of flow analysis. The final fabrication flow analysis technique addresses

this point.

Process Chart

The process chart (see Figure 5-12) is used for just one part, recording everything
that happens to that part from the time it arrives in the plant until it joins the other
parts. Symbols are used to describe what happens:
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R A B C D F S T PP.
1 18 | 7.5 30 57.5 |244.5
R O |69 |@3
1 31 | 1.5 18 {575 {1935
A 3
® @3
1 19 20 | 40
F B o
25.5 31 1 57.5 | 136
R C ©)
o b é 38.5 | 57.5 [1535
1 1 1
Mo D
30 1 1 32 | 309
F ® @
S — | —
gR 575 | 20 575575 32 57.5] 283 [1077.5

P.P. = penalty points

Figure 5-10 From-to chart—Alphabetical layout analysis.

Symbol

Description

= operation, work on the part

= transportation, moving the part

= storage, storerooms, warehouse, work in process

= delay, very temporary storage, usually at a
workstation; both incoming containers and

outgoing containers of parts

= inspection, quality control, work on the product

= combination operation and inspection

Process charting lends itself to a standard form. A properly designed form will
lead designers to ask questions of each step. Designers want to know the why, who,
what, where, when, and how of every operation, transportation, inspection, stor-
age, and delay. Once designers understand the answers to these questions, they

can ask
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TO
R E F B A C D S T P.P.
1 30 18 1 7.5 57.5 | 156.5
R @ @ |G13
1 1 1
E @®
1 30 1 32 66
F F @ ®
1 1+18 20 58
R ® ®
1 1430 7.5 18 57.5 102
0 A @ Gp | @
1 18+7.5 1+30 57.5 88
M ¢ ® GD @D
1+18 1+30+7.5] 57.5 76.5
D
S
T 1 32 20 57.5 | 575 57.5 57.5 283
P.P. 1 67 57 116 106.5 | 103 97.5 548.0

Figure 5-11 From-to chart—Improved alphabetical layout analysis.

Can I eliminate this step?
Can I automate this step?

N o Otk 0 o=

Can I combine this step with another one?
Can I change the routing to reduce distances traveled?
Can I move workstations closer together?
Can I justify production aids to increase effectiveness?
How much does this part cost to produce?

Step-by-Step Description for the Process Chart

This step-by-step procedure accompanies Figure 5-12.
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Figure 5-12 Sample process chart.
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. Present Method or Proposed Method: A checkmark in one of the two boxes
is required. A good industrial engineering practice is always to record the
present method so that the improved (proposed) method can be com-
pared. Setting the cost with the present and proposed methods will require
justification of the proposal, especially if any costs are involved. Recording
and advertising cost reduction dollars saved is a smart idea for any engineer.

. Date Page of : Always date your
work. Work tends to stay around for years, and someday you will want to
know when you did this great work. Page numbers are important on big jobs
to help keep the proper order.

. Part Description: 'This is probably the most important information on the
form. Everything else would be useless if you did not record the part
number. Each process chart is for one part, so be specific. The part de-
scription also includes the name and specifications of the part. Attaching a
blueprint to the process chart would be useful.

. Operation Description: In this block, you record the limits of the study; for
example, from the receiving department to the assembly department. Also,
any miscellaneous information can be placed here.

. Summary: The summary is used only for the proposed solution. A count of the
operations, transportation, inspection, delays, and storage for the present and
proposed methods are recorded and the difference (savings) is calculated.

The distance traveled is calculated for both methods and then the differ-
ence is determined. The time standards in minutes or hours are summarized
and the difference is calculated. Thus, the result of all the work of present
and proposed process charting is cost reduction information.

. Analysis:  'Why, what, where, when, how, and who—these questions are
asked of each step (line) in the process chart. “Why” is first. If you do not
have a good reason for a step, you can eliminate it and save 100 percent of
the cost. The questioning of each step is how you come up with the pro-
posed method. With these questions, designers try to

a. Eliminate every step possible because this produces the greatest savings.

b. Combine steps when they cannot be eliminated to spread the cost and
possibly to eliminate steps in between. For example, if two operations are
combined, delays and transportation can be eliminated. If transportation
is combined, many parts will be handled as one.

c. Change the sequence of operations to improve and reduce flow and to
save many feet of travel when steps cannot be combined or eliminated.

As you can see, the analysis phase of process charting gives the proc-
ess meaning and purpose. We will come back to Step 6 after Step 15 for
cost reduction.

. Flow Diagram Attached (Important): Process charting is used in conjunction
with flow diagramming. The same symbols can be used in both techniques.
The process chart is the words and numbers, whereas the flow diagram is
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10.

11.

12.

13.

the picture. (The flow diagram is the technique described in the next sec-
tion.) The present and proposed methods of both techniques must tell the
same story; they must agree.

Studied By: is where the facilities designer’s name goes.

Details of Process:  Each line in the flow process chart is numbered, front and
back. One chart can be used for 42 steps. Each step is totally independent
and stands alone. A description of what happens in each step aids the ana-
lyst’s questions. Using as few words as possible, describe what is happening.
This column is never left blank.

. Method: Method usually refers to how the material was transported—by

fork truck, hand cart, conveyor, by hand—but methods of storage could
also be placed here.

Symbols: The process chart symbols are all listed here. The analyst should

classify each step and shade the proper symbol to indicate to everyone what

this step is.

Distance in Feet: This step is used only with the transportation symbol. The

sum of this column is the distance traveled in this method. This column is

one of the best indications of productivity.

Quantity: Quantity refers to many things:

a. Operation: How many pieces per hour were produced.

b. Transportation: How many pieces were moved at a time.

c. Inspection: How many pieces per hour were inspected if under time
standard or frequency of inspection.

d. Delay: How many pieces are in a container. This will tell us how long the
delay is.

e. Storage: How many pieces there are per storage unit.

All costs will be reduced to a unit cost or cost per unit, so knowing how many

pieces are moved at one time is important.

Time in Hours per Unit (.00001): This step is for labor cost. Cost for storage
and delays will be set in another way—inventory carrying cost. This column
will be used only for operations, transportation, and inspection. Time per
unit is calculated in two ways:

a. Starting with pieces per hour time standards, say, 250 pieces per hour,
divide 250 pieces per hour into one hour, and you get .00400 hour per
unit. On the process chart, place 400 in the time column, knowing that
the decimal is always in the fifth place.

b. Starting with a material handling time of 1.000 minute to change a tub of
parts at a workstation with a hand truck, you have 200 parts in that tub.
How many hours per unit is your time standard?

1.000 minute per container
200 parts per container

= .005 minute per part

.005 minute per part

60 minutes per hour = 00008 hour per part
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14. Cost per Unit:  Hours per unit multiplied by a labor rate per hour equals a
cost per unit. For example, in the above two problems using a labor rate of
$15.00 per hour cost per unit would be
a. .00400 X $15.00 = $.06 per unit
b. .00008 X $15.00 = $.0012 per unit
The cost per unit is the backbone of process charting. Because you are
always looking for a better way, the least expensive method overall is the
best method.

15. Time/Cost Calculations: Industrial engineers are required to calculate costs
based on many different things, and, therefore, how costs were calculated tends
to get lost. This space is provided to record the formulas developed to deter-
mine the costs so that they do not have to be redeveloped over and over again.

M TOTAL PLANT FLOW

The three techniques studied in this section include the following:

1. Flow diagram
2. Operations chart
3. Flow process chart

We will consider every step in the process for fabrication, assembly, and packout
of the product. The techniques use the same symbols as those used in the process
chart, butin a different way. All parts are considered, not just one.

Flow Diagrams

Flow diagrams show the path traveled by each part from receiving to stores to fabri-
cation of each part to subassembly to final assembly to packout to warehousing to
shipping. These paths are drawn on a layout of the plant.

The flow diagram will point out problems with such factors as cross traffic,
backtracking, and distance traveled.

When the paths traveled by all the parts are drawn on the same layout, the flow
diagram will also bring attention to the heavy traffic paths and the activity centers
between which the most traffic occurs. More congested paths may require wider
aisles or an alternative material handling solution. Production centers between
which heavy traffic occurs may need to be moved closer to each other to reduce the
overall distances traveled.

Figures 5-13 and 5-14 each show the flow path for a single item through a
facility for illustration purposes. Whereas these analyses are performed in isolation
from the paths of other parts, one can still investigate as to whether these flow pat-
terns can be improved. For instance, can the distance traveled in Figure 5-13 be
shortened and one of the temporary storage skids be eliminated? Can you envision
a solution for the backtracking problem in Figure 5-14?
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Figure 5-14 Flow diagram—Toolbox plant.

Cross Traffic

Cross traffic is where flow lines cross. Cross traffic is undesirable and a better layout
would have fewer intersecting paths. Anywhere traffic crosses is a problem because
of congestion and safety considerations. Proper placement of equipment, services,
and departments will eliminate most cross traffic.

Backtracking

Backtracking is material moving backward in the plant. Material should always move
toward the shipping end of the plant. If it is moving toward receiving, it is moving
backward. Backtracking costs three times as much as flowing correctly. For exam-
ple, five departments have a flow like this:

O—C@ O O G
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How many times did material move between departments 3 and 4? Three times!
Twice forward and once backward. If you arranged this plant and changed around
departments 3 and 4, you would have straight-through flow:

O—-—O—0O—0

This arrangement has no backtracking. Efficiency-wise, material travels less distance.
In the first example, it traveled six blocks (a block is one step between departments
next to each other). In the straight line flow, it traveled only four blocks—a 33 per-
cent increase in productivity.

Distance Traveled

Distance costs money to travel. The less distance traveled, the better it is. The flow
diagram is developed on a layout, and the layout can be easily scaled and the dis-
tance of travel calculated. By rearranging machines or departments, you may be
able to reduce the distances traveled.

Because flow diagrams are created on plant layouts, no standard form is used
and there are few conventions to restrict the designer. The objective is to show
all the distances traveled by each part and to find ways of reducing the overall
distance.

The flow diagram is developed from route sheet information, assembly line bal-
ance, and blueprints. The route sheet specifies the fabrication sequence for each
part of a product. This sequence of steps required to make a part is very practi-
cal and has some room for flexibility. One step may come before or after another
step, depending on conditions. The sequence of steps should be changed to meet
the layout if possible because that requires only a paperwork change. But if the
sequence of operations cannot be changed and the flow diagram shows backtrack-
ing, moving equipment may be necessary. The objective will always be to “make a
quality part the cheapest, most efficient way possible.”

Step-by-Step Procedure for Developing
a Flow Diagram

Step 1. The flow diagram starts with an existing or proposed scaled layout.

Step 2. From the route sheet, each step in the fabrication of each part is plotted
and connected with a line, and color codes or other methods of
distinguishing between parts are used.

Step 3. Once all the parts are fabricated, they will meet, in a specific sequence, at
the assembly line. The position of the assembly line will be determined by
where the individual parts came from. At the assembly line, all flow lines
join together and travel as one to packout, warehouse, and shipping. A
well-thought-out flow diagram will be the best technique for developing a
plant layout.
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Plastic overlays on plant layouts are often used to develop flow lines for flow
diagrams. The flow lines can be drawn with a grease pencil and grouped by classes
for plants with several different parts. It does not take a large product to make the
fabrication departments of a plant layout look like a bowl of spaghetti. Using several
plastic overlays will simplify the analysis.

A new industrial engineer will learn much from the creation of a flow diagram,
and an experienced engineer will always find ways to improve the flow of material.

Refer back to Figure 5—13, which shows the flow of one part through a plant. Can
you recommend improvements? Figure 5-14 shows the flow in the toolbox example.

The Operations Chart

The operations chart (see Figures 5—15 and 5-16) has a circle for each operation
required to fabricate each part, to assemble each part to the final assembly, and to
pack out the finished product. On one piece of paper, every production operation,
every job, and every part are included.

Operations charts show the introduction of raw materials at the top of the page,
on a horizontal line. (See Figure 5-15.) The number of parts will determine the size
and complexity of the operations chart.

Below the raw material line, a vertical line will be drawn connecting the circles
(steps in the fabrication of that raw material into finished parts). Figure 5-15 illus-
trates these points. Once the fabrication steps of each part are plotted, the parts
flow together in assembly. Usually, the first part to start the assembly is shown at the
far right of the chart. The second partis shown to the left of that, and so forth work-
ing from right to left (see Figure 5-16). Some parts require no fabrication steps.
As described in an earlier chapter, these parts are called buyouts. Buyout parts are
introduced above the operation at which they will be used (shown on the bottom
of Figure 5—16—packout operation). In the packout operation, six products will be
placed in a master carton and taped closed.

The operations chart shows a lot of information on one page. The raw mate-
rial, the buyouts, the fabrication sequence, the assembly sequence, the equipment
needs, the time standards, and even a glimpse of the plant layout, labor costs, and
plant schedule can all be derived from the operations chart. Is it any wonder that
plant layout designers consider this one of their favorite tools?

The operations chart is different for every product, so a standard form is not
practical. The circle is universally accepted as the symbol for operations. There is
more convention in operations charting than in flow diagramming, but designers
should not be too rigid in their thinking.

Step-by-Step Procedure for Preparing
an Operations Chart

Step 1. Identify the parts that are going to be manufactured and those that are
going to be purchased complete.



EXAMPLE OPERATION

PART NUMBER(QUANTITY)

1600—4250(2) PART NAME
BODY ENDS
OPERATION PIECES/HR
1400
STRIP SHEAR  (05) 4% DESCRIPTION HRS/1000
CHOP SHEAR (10) &% OPERATION
NUMBER
850
PUNCH HOLES (15) m—l7 TOTAL HRS
00310 HERS. TO MAKE A UNIT

(1 PART)

Figure 5-15 Sample operations chart.
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PARTS 1 & 2
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PARTS 3 & 4

TAPE 48' /6

MASTER CARTON 1/6

250
pAckoUT (P.0) o100

Figure 5-16 Operations chart design.
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Step 2. Determine the operations required to fabricate each part and the
sequence of these operations.

Step 3. Determine the sequence of assembly of both buyout and fabricated parts.

Step 4. Find the base part. This is the first part that starts the assembly process.
Put that part name on a horizontal line in the upper right of the chart.
On a vertical line extending down from the right side of the horizontal
line, place a circle for each operation. Beginning with the first operation,
list all operations down to the last operation.

Step 5. Place the second part to the left of the first part and the third part to the
left of the second part, and so forth until all manufactured parts are listed
across the top of the page in reverse order of assembly. All the fabrication
steps are listed below the parts with a circle representing each operation.

Step 6. Draw a horizontal line from the bottom of the last operation of the second
part to the first part just below its final fabrication operation and just
above the first assembly operation. Depending on how many parts the first
assembler puts together, the third, fourth, and so on, parts will flow into
the first part’s vertical line, but always above the assembly circle for that
assembly operation.

Step 7. Introduce all buyout parts on horizontal lines above the assembly
operation circle where they are placed on the assembly.

Step 8. Put time standards, operation numbers, and operation descriptions next
to and in the circle as explained earlier.

Step 9. Sum total the hours per unit and place these total hours at the bottom
right under the last assembly or packout operation.

Figure 5-17 is a good example of an operations chart showing subassembly.
Some parts will flow together before they reach the assembly line. This could be
welding parts together or assembling a bag of parts. This is called subassembly and
is treated just like the main assembly, except itis done before the parts reach the far
right side vertical line. Bag packing is a good example. All parts are usually buyouts
and could be placed at the bottom left of the operations chart, such as bag packing
shown in Figure 4-8 SA3 (see Chapter 4) and in Figure 5-17 SA3, bottom left.

Flow Process Chart

The flow process chart combines the operations chart with the process chart. The
operations chart used only one symbol—the circle or operations symbol. The flow
process chart is just five times more, using all five process chart symbols. Another
difference is that buyout parts are treated like manufactured parts. No standard
form exists to flow process charting (see Figure 5-18).

The flow process chart is the most complete of all the techniques, and when
completed, the engineer will know more about the plant’s operation than anyone
in the plant.
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Step-by-Step Procedure for Preparing a Flow
Process Chart

Step 1. Start with an operations chart.
Step 2. Complete a process chart for each part.

Step 3. Combine the operations chart and the process chart, working in all the
buyouts.

B COMPUTER-AIDED FLOW DESIGN AND ANALYSIS

Computers and state-of-the-art software packages can aid with the design and analy-
sis of material flow in the manufacturing facility. The use of this technology allows
the user to consider and evaluate many configurations without the expense of phys-
ically rearranging the facility to achieve an optimum level of efficiency in mate-
rial flow. FactoryFLOW is a powerful layout analysis tool capable of integrating the
actual facilities drawings with the material flow paths and the production and material
handling data. As is the case in the traditional manual method, facilities planners are
responsible for developing or obtaining the input data such as time standards, route
sheets, and process and equipment requirements. Using a companion program,
FactoryCAD, they can prepare a sketch of facilities showing the existing or the pro-
posed location of various activity centers. By integrating the routing data with the
layout information and using material flow as the key measure of production design
efficiency, the software enables the facilities designers to compare, evaluate, and
analyze alternative designs.

The software allows the user to incorporate a large amount of data ranging
from production volumes and part routings, to fixed and variable material han-
dling costs. The output of the analysis can then be viewed in a spatial medium, with
the designer having the ability to manipulate system parameters in real time to
study and compare various scenarios.

The software produces actual path diagrams showing how materials travel
among various activity centers. Flow line thickness indicates frequency, hence the
cost. Critical paths, bottlenecks, and flow efficiency can be readily determined. In
addition to online visual aids, the software produces a wide variety of reports for a
detailed analysis of the cost of individual and combined moves.

As with any computerized modeling tool, the system allows the user to investi-
gate various scenarios by easily making changes to the layout, routings, production
volumes, material handling systems, and a host of other variables. The results of
these changes can be seen immediately and obtained in a report. The ability to
manipulate system variables easily allows the user to

® Redesign material flow
¢ Eliminate or significantly reduce non-value-added handling
® Reduce total part or product travel distance
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Figure 5-18 Flow process chart (courtesy of Christine M. Stephens, CAD designer).
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Figure 5-19 Flow lines produced by FactoryFLOW (courtesy of Engineering
Animation, Inc.).

¢ Reduce work-in-process inventories
¢ Evaluate alternate material handling systems

FactoryFLOW produces flow lines (see Figure 5-19) that illustrate total move
distances, move intensities, and costs. Furthermore, the system generates numeri-
cal data comparing alternate flow paths and alternate layouts of machines and
storage areas. Creating and evaluating layout alternatives are accomplished by
moving the equipment with the mouse and having the system recalculate the
results. Optimal dock, storage, and equipment locations can be quickly and easily
determined.

Figure 5-20 illustrates the proposed layout for an automotive components
plant that would have required over $7 million in new machines and $1.2 million in
building expansion. Using FactoryFLOW, designers were able to create and evalu-
ate various alternatives. In just 2 weeks, they were able to achieve a more focused
material flow to reduce space and tooling requirements and to expand a cost sav-
ings of $3.2 million. Figure 5-21 shows the redesigned layout and the enhanced
flow lines.



Figure 5-20 Proposed layout for an automotive plant using FactoryFLOW (courtesy
of Engineering Animation, Inc.).

Figure 5-21 Redesigned layout with enhanced flow lines using FactoryFLOW
(courtesy of Engineering Animation, Inc.).
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M CONCLUSION

Flow analysis leads to better plant layouts. Promoting efficiency, effectiveness, and
cost reduction are the goals of flow analysis. A detailed analysis of material flow will
arm the layout designer with critical information such as (1) operation require-
ments, (2) material handling needs, (3) storage needs, (4) inspection requirements,
and (5) delay reasons.

4.

With this information, the designer is challenged to

Eliminate as many steps as possible
Combine steps

Rearrange equipment

a. to eliminate cross traffic

b. to eliminate backtracking

c. to reduce the distance of travel

Reduce production costs in general

Electronic copies of the process chart and from-to chart are provided for your use.
These forms may be downloaded and utilized in your project.

¥ QUESTIONS

CU W 00 N =

© o

10.
. What is FactoryFLOW and what does it attempt to do?
12.

. Define flow line.

. What does flow analysis try to do?

. What are the two basic groups of flow analysis techniques?

. What are the fabrications of individual parts flow analysis techniques?

. Draw a string diagram, multicolumn process chart, and a from-to chart for the

following four parts:

Part No. Weight Sequence
A 1 12347
B 2 13267
C 3 134567
D 4 13457

What is the efficiency of the from-to chart?

. Draw a process chart for the toolbox body shown in Figure 4-1 using the flow

diagram in Figure 5-14.

. What are the three techniques of total plant flow?

Draw an operations chart for your project.
Flow process charts combine what two techniques?

Why is flow analysis and design for human resources as important as that for material?

What are the advantages of computer-aided flow analysis? What are the possible
disadvantages?
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Activity Relationship Analysis

OBJECTIVES:
Upon the completion of this chapter, the reader should:

® Be able to define activity relationship chart and its function
* Be able to identify relationship codes

* Be able to construct an activity relationship chart

® Be able to construct a dimensionless block diagram

® Be able to utilize the block diagram to analyze flow

Manufacturing flow was discussed in Chapter 5, but other departments, services, and
facilities must be included to establish good overall flow. Material flows from receiv-
ing, to stores, to warehousing, to shipping. Information flows between offices and the
rest of the facility, and people move from place to place. Each department, office, and
service facility must be placed properly in relationship to each other. The techniques in
this chapter will help establish the optimum placement of everything that needs space.
Sometimes very little space is necessary; for example, the employee entrance location is
important to the employee flow path. From the parking lot to the employee entrance,
to the time clock, to the lockers, to the cafeteria, to the work area is a typical operator’s
flow path when coming to work. The techniques to be studied in this chapter are

1. The activity relationship diagram
2. The worksheet

3. The dimensionless block diagram
4. The flow analysis

These techniques will help the facilities planner place each department, office,
and service area in the proper location. The objective is to satisfy as many important
relationships as possible in order to create the most efficient layout possible.

The auxiliary services (manufacturing support services), personnel services (bath-
rooms, cafeterias, etc.), and offices for all those who need them will be part of this
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chapter, but they will be discussed in much greater detail in Chapters 8,9, and 12. The
four techniques studied in this chapter are sequential. The activity relationship dia-
gram is redrawn into a worksheet, and the worksheet is used to draw the dimensionless
block diagram. The flow analysis is then drawn on the dimensionless block diagram.

M ACTIVITY RELATIONSHIP DIAGRAM

The activity relationship diagram, also called an affinity analysis diagram, shows the
relationship of every department, office, or service area with every other depart-
ment and area (see Figure 6-1). It answers the question, How important is it for
this department, office, or service facility to be close to another department, office,
or service facility? This question needs to be asked about the relationship of every
department, office, or service facility with every other department, office, or service
facility. Closeness codes are used to reflect the importance of each relationship. As
a new person or an outside consultant, you may need to talk with many people to
determine these codes, and once they are set, your arrangement of departments,
offices, and service facilities is nearly determined for you. The codes are as follows:

Code Definition

A Absolutely necessary that these two departments be next to
each other

E Especially important

I Important

@) Ordinary importance

U Unimportant

X Closeness undesirable

The A code should be restricted to the movement of massive amounts of mate-
rial between departments; for example, the raw steel storeroom and the shear
department in manufacturing is an A code. For the same reason, the steel receiving
department must be close to the steel storeroom. The need for great numbers of
people moving could also be classified as A codes; for example, maintenance and
the tool and supplies crib are an A code. However, be sparing in the use of this most
important code; otherwise, it will become less useful. You will find it difficult to han-
dle more than eight A codes with one department. Sometimes you can combine two
departments, offices, or service facilities together on the same line such as on line 4
of Figure 6-1 (assembly and packout). This is like a super A code. Maintenance and
the toolroom, and the restroom and lockers, are other examples of departments
and service facilities, respectively, that should not be divided.

Use E codes if there is any doubt that it is an A code. Much material or many peo-
ple move between these two departments, but not everything or everyone moves all the
time. For example, everyone needs the restroom, or break room, but not all the time, so



Activity Relationship Analysis 147

FABRICATION
WELDING
PAINT
ASSEMBLY & P.O.
RECEIVING
STORES
WAREHOUSE
SHIPPING
RESTROOM
MAINTENANCE
TOOL ROOM
LOCKER ROOM
CAFETERIA
OFFICE

0 e N AW N =

—
e

I
o

-
N

._.
had

—
&

Figure 6-1 Activity relationship diagram.

an E code could be appropriate for departments with several people. Departments
with few people may have the same needs, but because of the fewer people, there is
less need to place them close to the services. An interesting way to consider the place-
ment of a service facility like a restroom is to think of attaching a rubber band between
every employee and the restroom so that each person pulls the restroom toward him
or her. If you had only two people, the rubber bands would place the restroom halfway
between the two people. With many people, it is just a little more complicated.

Use I and O codes when some level of importance is desired, but these close-
ness codes are not as useful as the others. It is not a good idea to omit these codes,
at least for the first few layout designs.

U codes are useful because they tell you when no activity or interface is needed
between two departments. These departments can be placed far away from each other.

X codes are as important as A codes, but for the opposite reason. For example,
if the paint department is located next to the welding department, an explosion is
possible. Noise, smell, heat, dust, cold, and so on are all good reasons for an X code.

Be sure that you can understand the activity relationship diagram in Figure 6-1.
For instance, the closeness code for the relationship between paint and the tool
room is a U. Do you see this? Still referring to Figure 6-1, what are the closeness
codes for the following departments?

1. Fabrication and stores
2. Paint and fabrication

3. Stores and warehouse
4. Maintenance and office

The answers to these questions are presented at the end of this section.
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Here is a step-by-step procedure for developing an activity relationship diagram:

. List all departments in a vertical column on the left-hand side of the form. For

an example, see Figure 6-1.

Starting with line 1 (fabrication), establish the relationship code for each fol-
lowing department. Establishing these relationship codes requires an under-
standing of all the departments, an understanding of management attitudes,
and a determination to produce the most efficient layout possible.

Reason codes can be used like asterisks. For example, you do not want ship-
ping and receiving close to each other. Why? A I could be placed below the X
in the 5-8 intersection below the activity relationship code. You would write a
reason code key below the diagram:

Reason Code Reason
1 For better flow
2 All material moves between these two departments
3 People movement

and so on and so on

For example, an A closeness code with a 2 reason code should be on line
5-6 of Figure 6-1.

Next week someone may ask, “Why did you code this an A?” Without reason

codes, you might not remember why. Reason codes are not used all the time, but often
they can be useful. The form shown in Figure 6-11 uses reason codes and is a better
example than Figure 6-1. Figure 6-1 is just a teaching example for closeness codes.

Ll

Answers to the activity relationship charts from Figure 6-1:

A
E
X
U

Determining the Relationship Code

The relationship or affinity codes state the desired degree of closeness between two
activity centers. Each code can be broken down into a qualitative and a quantitative
component in order to facilitate the assignment of the codes.

The quantitative component of the relationship between two departments or

work centers can be based on the actual flow of material. Considerations given to
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how many parts per day, or how many different parts, or how many tons of material
are moved between the two given work centers can be a great aid in determining
the proper relationship codes between the two centers. Flow lines can be drawn
between the two activity codes to depict the movement of the parts or people. The
number of lines or the intensity of the flow will then indicate the desired degree of
closeness. One numbering or weighing scheme may assign arbitrary values to the
relationship codes as follows: A=4,E=3,1=2,and O = 1. Using the same scale, one
can evaluate the intensity of the flow lines between the centers.

The qualitative component in assigning relationship codes can be based on
expert opinions and the judgment of individuals as to where two departments
or centers should be located in relation to each other and in assigning a relative
number to the relationship. To keep matters simple and also to avoid the possibil-
ity that the flow-related and the non-flow-related criteria do not overshadow each
other, it would be advisable to use the same ranking scale. The average scores from
the combined flow and non-flow-related activities can provide a reasonably clear
guide in assigning the activity relationship or affinity codes.

For the novice, and often for the experienced planner, it might be tempting
to overstate the relationship between the work centers and to overassign code A, in
particular. A Pareto analysis approach to assigning the relationship codes may be
helpful. A rule-of-thumb approach states that you should not exceed the following
percentages for a given code:

Code Percentage
A 5
E 10
1 15
O 25

The remaining relationships will probably be assigned as U, with the exception,
of course, of where a code X is deemed necessary.

The total number of relationships, N, between all possible pairs of work centers
in any facility can be determined as follows:

_n(n=1)
N=""9
where n = number of departments or work centers in the facility. For example,
for a facility with 25 different departments or work centers,

_25(25-1)

N 9

= 300 total relationship codes

Using the rule of thumb described above, the facilities planner in this case
should have no more than 15 A relationship codes (300 X 5 percent = 15).
Similarly, it is reasonable to expect that the number of E and I codes should not
exceed 30 and 45, respectively.
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B WORKSHEET

Whereas the development of the worksheet is not necessary, it may serve as an
interim step between the activity relationship diagram and the dimensionless block
diagram. It can also serve as a summary of the activity relationship chart. This step,
however, can be skipped and one can move directly to the dimensionless block dia-
gram. The worksheet interprets the activity relationship diagram and becomes the
basic data for the dimensionless block diagram.

Here is a step-by-step procedure for the worksheet (see Figure 6-2):

1. Listall the activities down the left-hand side of a sheet of paper.

2. Make six columns to the right of the activity column and title them A, E, I, O,
U, and X (relationship codes).

3. Taking one activity (department, office, or service facility) at a time, list the
activity number(s) under the proper relationship code. Two points will assist
the designer here:

a. Be sure every activity number appears on each line (1-14 must be somewhere
on each line).

b. The relationship codes for an activity center are listed below as well as above
the activity name, as shown by the direction arrows in Figure 6-1. For exam-
ple, line 2’s (welding) relationship code with fabrication is an A and is located
at the coordinate 1-2.

The activity relationship worksheet shows the same relationships as the activity rela-
tionship diagram.

¥ DIMENSIONLESS BLOCK DIAGRAM

The dimensionless block diagram is the first layout attempt and the result of the activity
relationship chart and the worksheet. Even though this layout is dimensionless, it will

Activities A E 1 0 U X

1. Fabrication 2,613,10 9,11,13,14 | 4,5,12 7,8
2. Welding 1,3 6 9,10,12,13,5 7,8,4,11,14
3. Paint 2,411 6 12,13,9 5,7,8,10,11, 14
4. Assemblyand PO. 3,7 6,8 9,12,13,141{ 1,5 2,10, 11
5. Receiving 6 14 4,2,1,9,12,13 3,7,10,11 8
6. Stores 51| 4 3,2,14 9 8,10,11, 12,13 7
7. Warehouse 4,8 14 5,3,2,1,9,10,11,12,13 | 6
8. Shipping 7 4 14 9,12,13 6,3,2,1,10,11 5
9. Restrooms 12 113,14 4,1 8,6,5,11,3,2,10 7

10. Maintenance 11 |1 9,2 8,7,6,5,4,3,12,13,14

11. Tool room 10 1 9,14 8,7,6,5,4,3,2,12,13

12. Locker room 9 13 4 8,5,3,2,1 11,10,7,6, 1

13. Cafeteria 14,12,91 4,1 8,5,3,2 10,11,7,6

14. Office 13,9 8,6,5,4,1 | 11,7 12,10,2,3

Figure 6-2 Activity relationship worksheet.
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be the basis for the master layout and plot plan. Once the size of every department,
office, and support facility has been determined, space will be allocated to each activ-
ity per the dimensionless block diagram’s layout. Area allocation will be discussed
in depth in Chapter 13. If you obey the activity codes, a good layout will result.
Sometimes it is harder laying out the dimensionless block diagram than when exact
sizes are available, because large departments tend to have more A and E relation-
ships than small departments and can have many more departments (activities) on its
borders. Here’s a step-by-step procedure for a dimensionless block diagram:

1. Cut up a sheet of paper into about 2 X 2-inch squares. (In this example, 14
squares are needed.)
2. Place an activity number in the center of each square (1 to 14 in this example).
3. Taking one square at a time, make a template for that activity by placing the
relationship codes in the following positions (see Figure 6-3):
a. Arelationship in the top left corner
b. E relationship in the top right corner
c. Irelationship in the bottom left corner
d. O relationships in the bottom right corner
e. U relationships omitted
f. X relationships in the center under the activity number

4. Each activity center is represented by one square (see Figure 6-4).
5. Once the 14 templates are ready, you place them in the arrangement that will
satisfy as many activity codes as possible.

Start with the activity with the most important closeness codes. For example,
in Figure 6-2, activities 1 and 4 have two A and two E codes. Start with either one
of these activities. Place the template you chose in the middle of your desk. Look
at the A codes, find those A-coded activity templates, and place those templates

“p” wg
2,6 3,10
1
Fabrication
X = none
9,11,13,14 4,5,12
“pr “«Qr

Figure 6-3 One square representing the fabrication department.
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Figure 6-4 Dimensionless block diagram.

adjacent to the first template with a full side against the first template. In the exam-
ple shown in Figure 6-3, pick up the template for activity 1 (fabrication) and place

it in the middle of your desk. Now pick up templates 2 and 6 (because they have
an A relationship with 1). Place template 2 on any one of template 1’s four sides
but ensure full side contact. Place template 6 also where it has a full side with 1, but
notice that template 6 needs to be close to (have an I relationship with) template 2

also, so that you allow a corner to touch. You now have three templates (activities)
positioned. Continue to pick up additional A relationships and place them where
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they satisfy the most activity relationships until all departments are accounted for.
If you have more than one place to put a template, consider the lesser important
(E, I, O codes) relationships (see Figure 6-4). Since this is a dimensionless layout,
shape is of no importance; only satisfying the relationship codes is the primary con-
sideration.

All As should have a full side touching. All Es should have at least a corner
touching. No X relationship should be touching.

Give two checkmarks for As that are not touching at all or for Xs touching with
a full side; one checkmark for As with only a corner touching, with an X touching
a corner, or with an E not touching at least one corner. Try to accommodate all
the A, E, and X codes. Use the I codes when you can, but there is usually more
than enough important codes so that I and O codes are seldom used. You probably
noticed that U codes did not even have a place on the template, and if it were not
for the ability to check yourself by ensuring that every activity has been included,
you could just leave out unimportant relationships.

How many checkmarks do you find? The fewer checkmarks, the better. In this
example, 6-4 gets one checkmark, and 4-6 gets one checkmark.

M FLOW ANALYSIS

Flow analysis is now performed on the dimensionless block diagram. Starting with
receiving, show the movement of material to stores, to fabrication, to welding, to
paint, to assembly and packout, to the warehouse, and to shipping. Flow analysis
will ensure that important relationships will be maintained and that your layout
makes good sense. You would not want material to flow through the corner of a
department, nor to jump over one or more departments. Also, you would not want
shipping or receiving to be located in the middle of the building.

Electronic copies of the activity relationship chart and the worksheet are pro-
vided for your use. You may download, copy and utilize these forms for your project.

B COMPUTER-GENERATED ACTIVITY RELATIONSHIP CHART

As discussed in the previous chapters, state-of-the-art software packages are avail-
able to aid facilities planners in achieving an optimum or, at least, a near-optimum
solution to a layout problem. One area in which planners can enjoy the benefits
of the computer-aided layout tools is in the generation of the activity relationship
chart and the resulting block diagram.

FactoryPLAN, via a series of interactive menus and on-screen prompts, assists
the user in arranging the layout based on the closeness ratings between pairs of
activity centers or work areas. The software can be used to lay out a manufacturing
facility with discrete product lines using data based on material flow, personnel
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Figure 6-5 Relationships between fabrication and welding (courtesy of Engineering
Animation, Inc.).

interactions, shared equipment, and a variety of other reasons. The analysis is per-
formed in three steps:

¢ (Create a data file containing activity center names. At this point, the user can
also enter the type of activity, such as material handling, inspection, office,
and so on that takes place at this center. The user also has the option to spec-
ify the required space for the center.

* Once the list is completed, the user is prompted to specify the affinity code and
reason code between pairs of work centers. As with the manual method, it is the
responsibility of the facilities planner, based on available data, to determine
the desired degree of closeness between the work centers and to give a reason
code for the required proximity. Figure 6-5 shows the menu for entering the
relationship code between fabrication and welding. As shown in the figure, code
A and the reason code 2 are stated. Once the relationships between fabrication
and other centers are stated, the next center is automatically selected so that the
codes between those departments can be filled in.

¢ The third step of the analysis is the generation of the activity relationship
chart and the flow path diagrams.

Figure 6-6 displays the activity relationship chart generated by FactoryPLAN

software based on the data supplied by the planner. In this example, the informa-
tion from Figure 6—1 was used so that a closer comparison could be drawn between
a manual and a computer-aided outcome. The tool room, locker room, cafeteria,
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1 BLDG-OUT
|2 FABRICATION
3 WELDING
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6 RECEIVING
7 STORES

8 WAREHOUSE
(9 SHIPPING
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7

Figure 6-6 FactoryPLAN-generated activity relationship chart (courtesy of
Engineering Animation, Inc.).

and office areas were left out to enhance clarity of the flow diagram. You will also
notice that in the activity relationship diagram generated by the computer, a center
called “BLDG-OUT” is generated by the software. This artificial activity is created
to represent the relationships between the activities in the facility and the outside
world such as the flow of material into the receiving department and the flow of
the material out of the shipping department. Each diamond contains the closeness
code and the reason code. The software-generated chart omits the U codes.

The software will generate an optimized layout based on the data that are
entered by the user. The layout can then be manipulated and rearranged by simply
selecting a work center and moving its location.

The users may also generate their own layout. The software will prompt the
users, starting with work centers that have A relationship codes, to place the activ-
ity center. The center is placed by a simple click of the mouse. With the placing of
each center, flow lines are automatically generated.

The prompting will continue until all work centers have been placed. At any
point in the process, the planner may move an activity center to a more desirable
location based on the density of the flow lines. Figure 67 shows the flow lines that
are generated based on the interdepartmental activities and the flow of materials or
personnel. Study the number and density of these flow lines. Activity centers can be
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Figure 6-7 Flow lines (courtesy of Engineering Animation, Inc.).

easily moved to shorten the distances of those centers that are connected by the
heaviest lines. In Figure 6-7, an attempt was made to duplicate the layout shown in
Figure 6-4. Compare the two drawings. One can certainly appreciate the more tell-
ing tale of traffic that occurs among all centers as shown in Figure 6-7.

M QUESTIONS

What are the six activity codes and for what do they stand?
From where do these codes come?

What are reason codes? Why are they used? How are they used?
Why do you need a worksheet?

What is a template?

S FUk o=

Develop a dimensionless block diagram for the activity relationship diagram in
Figure 6-8. How many checkmarks did you come up with? Remember, the fewer
the better.

7. If a facility contains 15 different departments, how many total affinity codes do
you expect?

8. Using the rule of thumb, what would be the maximum number of A, E, and I
codes that you would be inclined to use?
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Figure 6-8 Activity relationship diagram for question 6.

157



CHAPTTEHR

Ergonomics and Workstation
Design Space Requirements

OBJECTIVES:
Upon the completion of this chapter, the reader should:

¢ Understand ergonomic principles as applied to workstation design
¢ Understand the concepts of motion economy

® Be able to apply these principles and concepts to work space planning and
space determination

® WORKSTATION DESIGN

158

The result of ergonomics and workstation design is a workstation layout, and the
workstation layout determines the space requirements. The manufacturing depart-
ment’s total space requirements are just a total of individual space requirements
plus a contingency (a little extra) factor.

Ergonomics is the science of preventing musculoskeletal injuries in the work-
place. It is the study of workplace design and the integration of workers with their
environment. Ergonomic considerations include employee size, strength, reach,
vision, cardiovascular capacities, cognition, survivability, and, more recently, cumu-
lative musculoskeletal injuries. Safety and health considerations are now an integral
part of workstation design, and workstation designers must continue their educa-
tion in this area. Ergonomics is an important subject in industry today. The text
in Figure 7-1, provided by Aero-Motive Manufacturing Company, describes the
importance of ergonomics.

The word “ergonomics” comes from two Greek words, ergon, meaning “work”
and nomos, which means “rules” or “laws.” One may loosely translate the word
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Ergomation is the successful incorporation of the worker and the process
environment. This process has become an integral part of the workplace as
studies have proven that thousands of hours are lost due to RMI (Repetitive
Motion Injury).

Flexibility plays an important role in the work process; ergomation products
have been created to allow for physical differences in operators. As a result,
worker movements are deliberate and put the worker in the best possible
position.

Modularity is also vital. All aspects of the work area have universal connecting
hardware that allows unlimited configurations.

Figure 7-1 Ergomation (adapted from Aero-Motive Manufacturing).

“ergonomics” as “laws or rules of performing or doing work.” The discipline of
ergonomics is also referred to as human factors or human engineering.

The discussion of ergonomics is best left for a course that deals specifically with
that subject. But to the extent that it relates to workstation design, the golden rule
may be stated as follows: Design the work or the workstation so that the task fits the person
rather than forcing the human body or psyche to fit the job. To achieve this seemingly sim-
ple, yet extremely important principle, one area of ergonomics, called anthropometry,
provides insight into the physical measurements of the human body. Using the basic
statistical tools, anthropometry defines the range of variations and distribution when
dealing with various physical measurements and characteristics of the human body,
such as height, strength, and length of reach, among other data.

Anthropometric data, then, help planners design workstations, manual unit
loads, or other tools to accommodate the majority of workers. For example, if a
workstation is designed for the 5th percentile woman, the 95th percentile man will
encounter great difficulty in performing his task at this station. A hand tool requir-
ing the strength or the grip of the 95th percentile man will not accommodate the
5th percentile woman.

Not all aspects of workstation design that are necessary fall under strict mea-
surement and statistical distributions of anthropometrics. Common sense does
play a role as well. Understand the natural posture or the comfortable state of the
worker. Consider the height of the workbench in relation to the worker’s elbows.
Are the elbows raised or are they at the 90° angle when doing work? Which one is a
more comfortable position? How about the wrists? Do the worker’s wrists lay flat, or
are they bent in an upward position (the major cause of carpal tunnel syndrome)
while doing work?

Improper workstation design costs American industry millions of dollars annu-
ally in lost productivity, health, and job-related injuries and accidents.
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The resulting workstation design is a drawing, normally a top view, of the worksta-
tion, including the equipment, materials, and operator space. Designing workstations
has been an activity performed by industrial and manufacturing engineers for nearly
a century. During this period, the profession has developed a list of principles of ergo-
nomics and motion economy that all new engineers should learn and apply. When the
principles of ergonomics and motion economy are properly applied to the design of
a workstation, the most efficient and safe motion patterns will result.

“Where to start?” is the first question most often asked by new workstation design-
ers. The answer is very simple—start anywhere! No matter where you start in design-
ing a workstation, another idea will come along making that starting point obsolete.
Where to start depends a great deal on what is to be accomplished at that worksta-
tion. The cheapest way to get into production is usually the best rule for the starting
point. The cheapest way means just that—the simplest machines, equipment, and
workstations. Savings must justify any improvement on this most economical method.
Therefore, the designer is free to start anywhere, then improve on the first method.

The following information must be included in any workstation design:

Worktable, machines, and facilities

Incoming materials (material packaging and quantity must be considered)
Outgoing material (finished product)

Operators’ space and access to equipment

Location of waste and rejects

Fixture and tools

Scale of drawing (see Figure 7-2)

O N~

N o Otk

A three-dimensional drawing would show an even greater amount of information.
Any talented designer could attempt a three-dimensional design. Figure 7-3 is a
photo of a well-planned workbench.

The second example of workstation design will be of a machine operation (see
Figure 7-4). The needs of this station design are the same as the previous station,
but the equipment (machines, jigs, and fixtures) will be added.

Figure 7-5 through 7-10 (pp. 208-211) are workstation designs for the equip-
ment required in the toolbox plant example. Figure 7-11 is a workstation design
for the toolbox paint system.

B ERGONOMICS AND THE PRINCIPLES

OF MOTION ECONOMY

Industrial and manufacturing engineers are continually developing guidelines
for safer and more efficient and effective workstation design. Frank and Lillian
Gilbreth originally collected these guidelines and titled them “The Principles of
Motion Economy.” Ralph Barnes has updated and published these principles since
1937. Ergonomics started during World War II and has just recently become an
important part of industrial and manufacturing engineering.
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Figure 7-2 Workplace layout—OIld method.

Effectiveness is doing the right job. Efficiency is using the job right. Effectiveness
is important to consider first because doing an unnecessary job is bad, but making
a useless job efficient is the worst sin. Safety and efficiency should be the goals of
every workstation designer.

Ergonomics and the principles of motion economy should be considered for
every job. Sometimes principles will be violated with good reasons. These violations
and reasons should be written up for future use. You will have to defend yourself to
every new workstation designer, so be prepared—write it up.

The principles are often used together in very creative ways, but knowledge of
these principles is the starting point. The only limit to improved workstation design
is the designer’s creativity.

Principle 1: Hand Motions

First of all, hand motions should be eliminated as much as possible. Let a mechani-
cal device do it, but if needed (and many hand motions are necessary), the hands
should operate as mirror images. They should make start and stop motions at the



Figure 7-3 Workbench (courtesy of American Seating Co.).
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same time; they should move in opposite directions; and they should both be work-
ing at all times.

If the hands are reaching for two parts at the same time, the bins should be
placed the same distance back from the work area and from the centerline of the
workstation.

Reaching for only one part with one hand leaves the question of what the
other hand is going to do. To keep both hands working at all times is a large
challenge and can be most easily accomplished by doing two parts at a time (one
complete task with the left hand and one complete task with the right). Holding
parts in one hand while assembling other parts to it is a very poor use of the hands.
(Think about how you would redesign this task.) This is affectionately called a
“one-arm bandit job.” It is said that the most expensive fixture in the world is the
human hand.

Keep in mind that in workstation design, the issue of workers being right-
handed or left-handed is not considered. Furthermore, if hand tools are used they
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Figure 7-7 Chop shear—Total square feet: 75.

must be designed ergonomically, and they must be easily adapted to both left-
handed and right-handed individuals. Considering that over 10 percent of people
are lefthanded, the probability of having a left-handed person operating at a given
station is easily within the realm of possibility.
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Principles of motion economy related to hand motions:

Eliminate as many hand motions as possible.

Combine motions to eliminate other motions.

Make motions as short as possible, and discourage leaning because of
excessive reaching.

Reduce the force required as much as possible.

Keep both hands equally busy.

Use mirror image moves.

Do not use the hand as a holding device.

Locate frequently used tools and materials closer to the point of use, and tools
and materials used less often farther away. The weight of tools and materials
should also influence their closeness to the point of use. Place heavy material
closer to the point of use.
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Figure 7-9 Roll former—Total square feet: 102.

Principle 2: Basic Motion Types

Ballistic motions are fast motions created by putting one set of muscles in motion and
not trying to stop those motions by using other muscles. Throwing a part in a tub
or hitting a panic button on a machine are good examples. Ballistic motions should
be encouraged.
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Figure 7-10 Fabrication department layout.

Controlled or restricted motions are the opposite of ballistic motions and require
more control especially at the end of the motion. Placing parts carefully is an example
of a controlled motion. Safety and quality considerations are the best justification for
controlled motions, but if there are ways to substitute ballistic motions for control-
led motions, cost reduction can result. Controlled motions are to be considered first
for elimination—try to design a means for avoiding their use because they are costly,
fatiguing, and unsafe.

Continuous motions are curved motions and much more natural than straight-
line motions, which tend to be controlled or restricted motions. When the body
part has to change direction, speed is reduced and two separate motions result. If
direction is changed less than 120°, two motions are required. Reaching into a box
of parts lying flat on the table is an example of requiring two motions: one motion
to the lip of the box and another down into the box. If the box were placed at an
angle, one motion could be used. This principle will be shown in greater detail in
the gravity principle section of this chapter.

Principle 3: Location of Parts and Tools

Have a fixed place for all parts and tools and have everything as close to the point of
use as possible. Having a fixed place for all parts and tools aids in habit formation and
speeds up the learning process. Have you ever needed a pair of scissors, and when
you looked where they were supposed to be, they were gone? How efficient were
you in the next few minutes? A toolmaker’s toolbox is laid out so that the toolmaker
knows where every tool is and can retrieve it without looking. This should be a goal in
every workstation that planners design.
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Figure 7-11 Workstation design for toolbox paint system.

The need for having parts located as close as possible to the point of use is
quite evident, and it should be no surprise to learn that the farther you reach
for something, the more costly and fatiguing that reach will be. Real creativity is
required to minimize reaches. You can place parts on two tiers, instead of having
one row of parts across the top of the workstation, or maybe three tiers of parts
one over the other would be better. You can hang tools from counterbalances
over the workstation. Or, you can use conveyors to move parts into and out of the
workstation.

Here is a summary of the location of parts and tools:

1. Have a fixed location for everything.
2. Place everything as close as possible to the point of use.
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Principle 4: Freeing the Hands from as Much
Work as Possible

As stated earlier, the hand is the most expensive fixture that a designer could use.
So, you must provide other means of holding parts. Fixtures and jigs are designed
to hold parts so that the worker can use both hands. Foot-operated control devices
can be designed to activate equipment to relieve the hands for work. Conveyors can
move parts past operators so that they don’t have to get or set aside the base unit.
Powered round tables are also used to move parts past an operator. Fixtures can
be electric, air, hydraulic, and manually activated. They can be clamped with little
pressure or tons of pressure. Clamping devices can be automatically activated and
the hand can be relieved of the task. Clamping devices can have any shape, which
will be determined by the shape of the part. A hex nut can be placed in a hex-
shaped hole that has no clamping need, but it will be held firm because of the part
and fixture shape. Toy manufacturers need to hold toys in a clamping device until
the glue dries. The clamp can have the exact shape as the toy bottom and toy top.
Fixture design is easy and only your knowledge of the part and needed processes
are required to design fixtures. Many tooling vendors would “love” to supply you
with fixture building materials and devices. (See Figure 7-12.)

Flush
Mounted
Production

Vertical Ready
Containers Provide

Audit Plug-in Equipment
Count Shadowless
Visual Power Channel Lighting Unitized
Distributes Electricity Conveyors

Air or Hydraulics to
Mobile Each Operator
Library

\

Flush Mounted
Solder Pot

Interchangeable
Slide-in Work Tops

Posture
Chair

Control
Panel

Figure 7-12 Operator considerations.
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Principle 5: Gravity

Gravity is free power. Use it! Gravity can move parts closer to the operator. By
putting an incline in the bottom of parts hoppers, parts are moved closer to the
front of the hopper. Production management loves to spare every expense, and
the use of gravity can do that. For example, consider a box that is 24 X 12 X 6
inches lying flat on the table. The average part in that box (the only part the
designer is interested in) is 12 inches back, 6 inches over, and 3 inches down the
exact middle of the box. Now if you get a scrap 2 X 4-inch board out of the trash
and place it under the rear end of the box and raise it up 4 to 5 inches, the parts
will slide down to the front of the box as the parts are used. The operator’s reach
has been reduced from 12 to 3 inches from the front lip of the box—a significant
cost reduction on both reaches to the part and the moves back. This is a continual
saving of about $2.20 per 1,000 parts. Large boxes of parts can be moved into and
out of workstations using gravity rollers and skate wheel conveyors. Parts can be
moved between workstations on gravity slides made of sheet metal, plastic, and
even wood.

Gravity can also be used to remove finished parts from the workstation.
Dropping parts into chutes or slides that carry the parts down and away from the
workstation can save time, operator fatigue, and workstation space. Slide chutes
can carry punch press parts away from the die without operator assistance by using
jet blasts of air, mechanical wipers, or even the next part pushing the finished part
from the die.

Gravity use is everywhere. Workstation designers should try to incorporate it in
their designs as much as possible. Designing the use of gravity into your workstation
is a challenge, and it is fun. Opportunities are everywhere. Find them!

Principle 6: Operator Safety and Health
Considerations

Keep safety hazards in mind and anticipate emergency action requirements while
designing the workstation. Operator safety and health is your responsibility. You
must consider the anthropometric dimensions of the workforce while designing
the workstation. Design the workstation to eliminate straining of the neck to look at
things, to eliminate stooping or bending, to eliminate turning sideways or turning
around, and to eliminate excessive reaches and moves.

Operators become efficient and stay healthy if they are allowed to work at the
right height, given the opportunity to work while both sitting or standing, given
enough light to work by, and given adequate space to perform their tasks.

The correct work height is elbow height plus or minus 2 inches. Light work can be
2 inches above elbow height, whereas heavy work should be 2 inches below elbow
height. Elbow height is measured with the forearm held parallel to the ground and
the upper arm held straight down; measure the elbow height to the floor. This is the
work height. A job should be designed for sitting or standing, but the elbow height
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must be the same. This requires the designer to calculate working height while
standing, then to provide a chair that will accommodate that height while sitting.
Many workstations need to be used by several people. To maintain the correct work
height, have adjustable workstations, design the station for the tallest person to be
operating the station and provide platforms for the shorter people, or adjust the
work height on top of the workstation.

The industrial chair will need to be adjustable to maintain proper work height.
Because work height is dependent on the individual, chairs and tables will have
to be adjustable for efficient operation. These facilities are readily available com-
mercially. The chair must also be comfortable. This usually means that it supports
the back, and a foot ring aids comfort and reduces lower back fatigue. Comfortable
chairs and the option of working while sitting or standing give the operator a
chance to move around and reduce the effects of fatigue. Foot pedals, controls, or
knee-operated devices can eliminate hand motions, but avoid the use of foot pedals
or controls unless the operator is sitting.

Adequate lighting may not be available in the normal lighting of a manufactur-
ing department, so additional lighting should be added—much like a desk lamp.
The closer the work is, the more need there is for light. Where to place this light-
ing is the problem. The best place is over the work and slightly over the back, but
not casting a shadow. Much lighting is placed in front of the work, but this causes
glare from the reflection. Auxiliary lights could be placed to the left or right of the
work as well.

Operator space should be 3 X 3 feet, which is normal unless the workstation is
wider, but 3 feet times the width of the workstation may be needed. Three feet off
the aisle is adequate for safety, and 3 feet from side to side allows parts to be placed
comfortably next to the operator. If two people are working back to back, then
5 feet between stations is recommended. If machines need maintenance and
cleanup, a 2-foot access should be allowed around the machine. Movable equip-
ment can be placed in this access area if needed for efficient operation.

W SPACE DETERMINATION

The space determination procedure for most production departments starts with the
workstation design. From each workstation layout, measure the length and width
to determine the square footage of each station. The following data resulted
from the workstation layouts in Figure 7-5 to 7-11, and Figure 4-12 and 4-13 in
Chapter 4.

Multiplying the total square feet by 150 percent allows extra space (this could
be 200 percent if management wants to provide a spacious layout, or a larger con-
tingency allowance) for the aisle, work in process, and a small amount of mis-
cellaneous extra room. It does not include restrooms, lunchrooms, first aid, tool
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No. of Total
Length X Width = SqFt X Stations Square Feet Figure
Strip shear 12 X 85 102 2 204 7-5
Chop shear 15 X 5 75 4 300 7-7
Punch press 11 X 8 88 3 264 7-6
Press brake 11 X 8 88 6 528 7-8
Roll former 17 X 6 102 1 102 7-9
paint system 100 X 28 2,800 1 2,800 7-11
Spot welding 34 X 28 952 1 952 412
assembly 38 X 16 608 1 608 413

Total square feet 5,758
X 150 percent = 8,637 square feet
are required

rooms, maintenance, offices, stores, warehouse, shipping, or receiving. These area
requirements will be discussed in Chapters 8 and 9. The extra 50 to 100 percent
space added to the equipment space requirement will be used mostly for aisles.
Aisles can be very space consuming; for example, let us lay out a 100 X 100-foot
plant as follows:

100’
10" x 100" Aisle
35’
35’
10’ x 100’ Aisle 100’
35’
10’ x 100’ Aisle

A 10-foot aisle around the outside of the production area will eliminate clutter
next to the walls. But that leaves you with an 80 X 80-foot area with no aisles. Put in
10-foot cross aisles. How much room did you use?
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(3) 100 feet long, 10 feet wide aisles = 3,000 ft

(3) 70 feet long, 10 feet wide aisles = 2,100 ft?

Total Aisle Square Feet 5,100 ft

Total Square Feet (100 feet X 100 feet) 10,000 f¢2
5,100 ft2

10.000 f& — 21 percentaaisles

Given that this layout requires 51% for aisle space, the 50% rule-of-thumb aisle
space allocation would therefore not be sufficient. A better aisle plan might be simi-
lar to the following:

100

Aisle
Aisle

100"

28 g 28 g 28

Two 100-foot aisles 8 feet wide equals 1,600 square feet.

1,600 ft2 .
10.000 f& — 16 percentaisles

This may be too tight, but notice the improvement from 51 percent down to
16 percent. You also have better access to areas (35-foot- vs. 28-foot-wide areas).

Small space-consuming items such as an air compressor or drinking fountain
may be included in this 50 percent extra area, but large area requirements must be
designed and planned. The next chapter addresses those other areas that require
space designs.

An electronic copy of the machinery and equipment layout data sheet has been
provided for your use. This form may be downloaded and used for your project.



Ergonomics and Workstation Design Space Requirements 173

M QUESTIONS

W TR N -

10.
11.

Where do you start on workstation design? Why?

What is the starting point of workstation design? Why?

What must be included in a workstation design?

What are the principles of motion economy?

What is effectiveness?

What is efficiency?

What is the extra 50 percent space added to the workstation space requirement?

Design workstations for your project and develop the fabrication area require-
ment in square feet.

Itis said that “A good job, like a good machine, must be designed.” Explain this
statement. What does it mean in terms of workstation design?

Define ergonomics and explain its importance to workstation design.

What is anthropometry? What are the anthropometric considerations in work
design?
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Auxiliary Services
Requirement Space

OBJECTIVES:
Upon the completion of this chapter, the reader should:

Understand the need for support activities in a manufacturing enterprise

Be able to identify support activity departments such as receiving, storage,
maintenance, and so on

Be able to calculate the space requirements for such support functions

Manufacturing departments need support services, and these services need space.
The purpose of this chapter is to identify these services, define the purposes of these
services, determine the facilities requirements, and determine the space require-
ment. There are many service functions to consider in a manufacturing plant, but
the activity centers that require a lion’s share of space are

1.

Gk 0 1o

Receiving and shipping

Storage

Warehousing

Maintenance and tool room

Ultilities, heating, and air conditioning

M RECEIVING AND SHIPPING
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Receiving and shipping are two separate departments, but they have very similar
people, equipment, and space requirements. Receiving and shipping could be
placed next to each other or across the plant from each other. The placement of
the receiving and shipping departments has a big effect on the flow of material in
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the plant. The receiving department is the start of the material flow, whereas the
shipping department is the end of the material flow.

Advantages and Disadvantages of Centralized
Receiving and Shipping
A centralized receiving and shipping point would have the following advantages:

Common equipment

Common personnel

Improved space utilization

Reduced facility costs (fewer outside construction costs)

0N =

Loading and unloading trucks are very similar functions, so the facilities are
similar. Dock doors, dock plates, fork trucks, and aisles are needed for both receiv-
ing and shipping. In some plants, it could be the same dock. Personnel require-
ments are also similar. Responsible people who know the value of proper counts,
proper identification, and control of the company’s most valuable assets are receiv-
ing and shipping clerks.

The disadvantages of centralized shipping and receiving are space congestion
and material flow. Space congestion can cause injury, product damage, and lost
materials. It would be a costly mistake to ship out some of the newly received parts.
Material flow is more efficient if the material could flow straight through the plant:
receiving on one side of the plant and shipping on the other side.

Receiving in more than one place is also a possibility. Steel plate could come
in to the plant via its own area, finished parts could enter the plant close to assem-
bly, whereas all other raw material comes in a third receiving area. The most cost-
efficient method is the correct choice.

Choosing to place shipping and receiving close together or across the plant
from each other is a difficult decision based on balancing the advantages and the
disadvantages. The result will be an activity code of A or X. The facilities planner
and management will have to choose, and that choice will dictate the flow of mate-
rial through the plant.

The Trucking Industry’s Effect on Receiving
and Shipping

The trucking industry can affect receiving and shipping departments. The trucking
industry is organized nationally to deliver raw materials and parts to industry in the
morning and pick up shipments in the afternoon. This is known as less than truck
load (LTL) quantities. Full truck loads are handled differently, but if you look at the
sources of raw materials, it could come from hundreds of sources. No one would
expect a truck to show up at the dock with one box of parts, and a full truck load
could be years’ worth of inventory, so plants use common carriers. A truck arrives in
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town with many orders for many plants. That truck and many more are unloaded
at a local trucking company’s warehouse. The materials are sorted by company to
be delivered the next morning. Overnight, the local trucks are loaded for delivery.
Material for several plants could be loaded on the same truck with the first stop
loaded last and the last stop loaded first. The truck stops by the receiving depart-
ment and drops off many raw materials and parts orders for the day. In the after-
noon, the same truck could return and pick up shipments. One truck could pick
up 50,000 pounds of shipment. The shipment may then be taken to a distribution
center or a hub where it is sorted according to its destination. Subsequently, inter-
state trucks pick up the shipment as they pass through a given locality.

Functions of a Receiving Department

The functions of a receiving department include

1. Assisting in locating a trailer at the receiving dock door

. Assisting in the unloading of material

. Recording the receipt of the number of containers

Opening, separating, inspecting, and counting the material being received
. Preparing overage, shortage, or damage reports as needed

. Developing a receiving report

. Sending material to raw material stores or straight to production if needed

N O OUR oMo

Receiving Trailers

Trailers are backed up to the receiving dock doors, the tires are chocked, the trailer
doors are opened, a dock board or dock plate is positioned between the trailer and
the floor of the plant, and the driver gives the receiving clerk a manifest that tells
the receiving clerk what to unload.

Unloading

The material is removed from the trailer and placed on the dock in the holding
area. The receiving clerk signs the trucker’s manifest (acknowledging the receipt of
so many containers) and the trucker leaves. No count of material or quality check
needs to take place before the driver leaves, but visible carton damage should be
noted on the driver’s paperwork.

Recording Receipts

When material is unloaded, it is checked in on a log. This log is often called a Bales
log after the name of a sequencing number stamp called a Bates stamp. The Bates
stamp has the ability to stamp the same number three times before advancing to the
next number. This number is stamped on the Bates log, the packing slip, and the
receiving report. The Bates log is simply the sequential record of the truck’s receipt.
Starting with the Julian calendar date (a three-digit number indicating the day of
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the year), the next three digits are the order that trucks came in that day. For exam-
ple, July 3 is the 185th day of the year and this is the 21st truck arriving today. The
Bates log would show the following:

Bates Number Trucking Company No. of Containers
185021 Arkansas Best Freight 15
185022 Allied 4

Opening, Separating, Inspecting, and Counting

During the first hours of the day, there may not have been time to open a single
container to check in the merchandise officially, but before the day is complete,
everything received today must be opened, separated, inspected, and counted.
Opening each container to check the contents is a must. The first check is to
make sure that everything in the container is the same part number. If they are
not the same item, then each part must be separated and categorized by number
so that it can be stored separately. After separation, a quality check must be made
to see if this is what the company ordered. A visual, as well as a thorough exam-
ination of the materials may be required to ensure conformance to chemical,
mechanical, or other physical standards and specifications. In this case, the qual-
ity control department may have a large facility requirement for the receiving
area. The quantity must also be checked. If the vendor (supplier) said it shipped
10,000 and receiving did not count the parts, the company could pay for parts
that were never received.

Preparing Overage, Shortage, and Damage
Reports (OS&D)

If the count is either over or under, an OS&D report is prepared and sent to pur-
chasing for resolution. Damage suffered in shipment and quality problems are also
reported on this form. Each problem becomes a project for the purchasing depart-
ment which has to work it out with the supplier, but the “eyes and ears” of the
company are with the receiving department. It is said that receiving is the key to the
company’s bank because sloppy receiving can give away thousands of dollars.

Preparing Receiving Reports

The receiving report is the notice to the rest of the company that a product has
been received. Suppliers receive purchase orders for some of their products. The
suppliers in turn create a shipper, fill the order, and attach a copy of their ship-
ping order to the box. This is called a packing list. At almost the same time that
the product is shipped, an invoice (bill) is sent in the mail. Some companies use
the customer’s packing list for a receiving report, but it is better to have your
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own uniform report for checking in things; it also provides a record of the
receipt. After checking quality and quantity, the receiving department sends the
receiving report to accounting. The accounting department (accounts payable)
collects copies of the purchase order, receiving report, and invoice. Only after
all three documents are received is the bill paid—the company pays for only
what receiving said they received. Errors can be very costly. The receiving report
contains the following information: (1) the purchase order (P.O.) number, (2)
the vendor’s name and address, (3) the date, (4) the part number(s), (5) the
part name(s), (6) the quantity, (7) the Bates log number, and (8) the packing
list number.

Sending to Stores or Production

Once all receiving functions are complete, the product is set in an area between
receiving and stores awaiting disposition to production stores or to production
operations, depending on urgency. This is the holding area awaiting fork truck
drivers to move the material off the receiving dock.

A significant portion of the problems associated with these manual operations
of identification, counting, sorting, routing, and inventory management, and the
resulting human errors can be alleviated through the use of automatic identifi-
cation and data capture (AIDC) technologies. Customers and vendors can agree
upon a common AIDC technology such as PDF417, a two-dimensional bar code.
The bar code, which can be generated by the supplier and will accompany the
shipment, contains all the relevant information such as the part number, quantity,
price, destination, electronic data interchange (EDI), transactions, and any other
data that may be required by the customer. Upon receipt of the shipment, the data
contained in the bar code can be scanned and referenced to the host computers’
database of associated information about the shipment. The use of this one AIDC
technology (there are over 20 different AIDC technologies) can increase efficiency
and throughput in the receiving and other departments, as well as significantly
reduce or eliminate human keyboard errors.

Facilities Required for a Receiving Department

Dock doors, dock plates, aisles, outside parking lots, maneuvering space, roadways,
and offices are a few examples of facilities needed in receiving departments. The
number and size of these facilities depend on the product or products, their size,
and the quantities received.

Dock Doors

The number of dock doors needed depends on the arrival rate (trucks per hour)
at peak time, and the service rate (unloading time). For example, if 12 trucks arrive
during a peak hour, and it takes 15 minutes to unload an average truck, three dock
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doors would be needed. Fifteen minutes per truck would allow you to unload four
trucks per hour per door, so three doors would be needed.

Dock Plates, Dock Levelers, and Dock Boards

These are all tools used to bridge the gap between the floors of buildings and the
floors of trailers so that material can be moved on and off the trailer easily. There
is a big difference in the cost of these facilities. They will be discussed further in
Chapter 11 on material handling equipment.

Aisles

Aisles leading from the trailers into the plant must be sized for the material han-
dling equipment, the material being moved, and the frequency of trips. Generally,
aisles into trailers are 8 feet wide because that is the width of a trailer, but some-
times a trailer is unloaded from the side or with overhead bridge cranes. Plan for
such differences.

Outside Areas

The area around the outside of the loading dock should be well planned
(see Figure 8-1). Space considerations should take into account the following:

1. Trailer parking alone can take up 65 feet out from the plant wall.

2. Maneuvering space is the space between the road and parking area and is usu-
ally about 45 feet.

3. Roadways are 11 feet one way or 22 feet for two-way traffic.

|
|
|
OFFICE PARKING |
1 H Ty '
9' DOOR MANEUVERING '
| |
5 AISLE ROAD
H TH—= SPACE :
Iy ==1 :
|
!
|
RECEIVING AREAS |
|
INSIDE AND OUTSIDE |

Receiving area.
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Offices

Offices on the receiving dock are normally very small. Space for a desk, files for pur-
chase orders, Bates logs, receiving reports, and over, shortage, and damage reports
are all needed. Depending on the number of people assigned to the receiving area,
100 square feet per clerk is necessary.

Space Requirements for a Receiving
Department

The first method of determining receiving dock space calls for visualization of the
receiving job based on the number of finished products produced per day and the
weight of those units. For example, if you are making 2,000 toolboxes per day and
those toolboxes weigh 5 pounds each, 10,000 pounds of steel will be required every
day. So, on the average, 10,000 pounds will be received and shipped every day.
Some days it will be 5,000 pounds, other days 15,000 pounds, but on the average
10,000 pounds per day. The receiving dock will be sized to receive 10,000 pounds.
What does 10,000 pounds of steel look like? Consider that 40,000 pounds is a truck
load. You need only one-fourth of a truck load space. A semitrailer is 8 feet wide
by 40 feet long and steel would be stacked only a few feet high, so 10,000 pounds
would be one-fourth of 8 feet by 40 feet, or 80 square feet. Multiply this by 2 to
allow for aisles, office, and so on, and the dock is 160 square feet, about 12 feet by
13 feet, a very small area that could have only one door. The outside area for park-
ing is extra. Figure 8-2 and Figure 8-3 are examples of receiving department space
requirements.

The second method of receiving department space determination is the facility
approach. You will need the following data: (1) dock doors; (2) aisles; (3) unloading
hold area; (4) working area to open, separate, count, and check quality; (5) office
area; and (6) holding area for stores.

The holding area would still be 10,000 pounds’ worth and could be slightly
larger for a work area that would move with progress through the stack of hold-
ing area. The office area is 100 feet per person (in this case no more than one
person).

Functions of a Shipping Department
The functions of the shipping department include

1. Packaging finished goods for shipping
. Addressing cartons or containers

. Weighing each container

. Collecting orders for shipping (stage)
. Spotting trailers

. Loading trailers

. Creating bills of lading
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Packaging Finished Goods for Shipping

This process varies with the product and the kind of company. One company may
have thousands of products with one customer ordering a few hundred items.
These items are pulled together and packaged. The package may be a box or a
pallet or even a cargo container. Let us consider a hand tool company. They would
pack their orders in heavy-duty cardboard boxes. Packaging must include careful
placement of individual items so that they are not damaged in shipment. This may
require wrapping, stuffing, nesting, and even specially designed shock absorption
material. The weight of the container must be compatible with the customer’s abil-
ity to unload the shipment. Packaging workstation design must also consider the
principles of motion economy. Proper work height, good lighting, and all tools and
materials located conveniently are only a few of the principles of motion economy
that must be considered. See Figure 8—4 for a typical packaging station.
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Addressing Cartons or Containers

This is required if the order goes by common carrier (e.g., LTL). Just like a letter,
the order (boxes) goes into a system with many other orders, thus each box must
be addressed. When many boxes are going to the same customer, a stencil may be
used to mass produce the address. Some systems have computer-generated ship-
ping labels and others use a copy of the shipper as an address label. The important
point is that every container must be addressed. Efficiency (or cost reduction) will
determine which addressing system to use.

Weighing Each Container

This process is required for several reasons. First, the trucking company will charge
by the pound, so you need to know the weight to determine trucking costs. Second,
a quality control technique is used to compare the weight of each order to the indi-
vidual weight of each part shipped. If the container does not weigh enough, some-
thing must have been left out. If the container weighs too much, something extra
is probably placed in the box. When customers receive the shipment and claim a
shortage, you can check the weight to verify the shortage. If the weight checks out,
you ask the customers what they got instead because the weight was correct. Third,
trucks can haul only specific maximum weights. You must ensure that you do not
overload the trucks. Last, you can use the weight as an output figure for productiv-
ity calculations. In a warehouse, the pounds shipped can be divided by the hours
worked to create a performance indicator of pounds shipped per person-hour.
Pounds shipped per person-hour is a good indication of performance.

Weight scales can be built into the conveyor line as shown in Figure 8-4, or
the scale could be built into the floor so fork trucks can weigh whole pallets. (See
Figure 8-5 and Figure 8-6.)

Collecting Orders for Shipping

This is often called staging orders. The company may use four trucking companies to
move the freight: one for all freight going north, another for all freight going west,
a third company for freight going south, and the final company for products going
east. All day long as orders are filled and packed, the finished packaging is placed in
the proper staging area for that truck line.

Spotting Trailers

The trucking company sends a trailer in the afternoon to pick up the freight. This
is called spotting a trailer. Some big shippers may talk the trucking company into
leaving a trailer at the plant all day. Then you can stage the shipments on the trailer
and save plant space.

Loading Trailers

Loading the trailer can be done very quickly if pallets are used. Most trailers will
hold a maximum of 18 pallets, 36 if stacked two high.
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Figure 8-5 Weight scale (courtesy of Mettler-Toledo Inc).

Creating Bills of Lading

As the trailer is loaded, the bill of lading is created. The bill of lading lists every
order and the weight of that product. The bill of lading is the truck driver’s authori-
zation to remove the product from the plant, and it will eventually come back as a
bill for the trucking service.

Space Requirements for a Shipping Department

As was the case with the receiving department, the shipping department and sub-
sequently the customers can significantly enhance their operations and reduce
human error as the result of the application of automatic identification and data
capture (AIDC) technologies. Use of a bar code can simplify the item tracking proc-
ess and ensure that relevant and accurate information accompanies the shipment.
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Figure 8-6 Packaging for shipping (courtesy of Hytrol Conveyor Co.)

Necessary information can be entered via a keypad or scanned and a bar code can
be printed and attached to each package.

Space for shipping must include areas for packaging, staging, aisles, trailer
parking, roadways, and offices. Sometimes, lounges for truckers and restrooms are
included. As in the receiving department, the overall weight of the shipment will
help you to visualize the size of daily shipments. Two thousand toolboxes per day
times 5 pounds per toolbox equals 10,000 pounds per day. But there is a lot of air in
a toolbox, so how many cubic feet do 2,000 toolboxes take up?

8 X 8 X 18 inches
1,728 cubic inches per foot

= .66 cubic feet X 2,000 = 1,333 cubic feet per day

A trailer is 8 feet wide times 40 feet long times 7 feet high, or 2,240 cubic feet.

1,333 cubic feet required
2,240 cubic feet per trailer

= .6 trailer per day

One dock door is required. Space to store (stage) a day’s supply of shipments
(1,333 cubic feet) is required. A space of 8 feet times 40 feet times 60 percent equals
192 square feet for staging. (The total trailer capacity is 8 feet times 40 feet equals
320 square feet. Only 60 percent [.6] of the total capacity is utilized; therefore, you
multiply the total capacity by 60 percent in this case.)
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Figure 8-7 Square footage of shipping department.

Multiplying this time by 200 percent will put in the extra space needed for
aisles and offices, but not for packaging. Packaging is based on the workstation lay-
out (like production) but the toolbox example does not need much packing, just
addressing and weighing. The toolbox plant’s shipping department will be about
400 square feet inside the plant plus parking for one trailer. See the example in
Figure 8-7 for the plant’s shipping department.

W STORAGE

Storesis a term used to denote an area set aside to hold raw materials, parts, and sup-
plies. There are many different types:

¢ Raw material stores
Finished parts stores

Office supplies stores

* Maintenance supplies stores
¢ Janitorial supply stores

Each of these stores requires space and must be considered when calculating
total space requirements, but raw material stores and finished parts stores are the
biggest users of space. Your primary interest will be in raw material stores, but the
same procedure can be used in calculating space for other stores.

The space requirements for stores is dependent on the stated inventory policy
of the company. The policy could be as straightforward as providing space to store a
one-month supply of raw material, or a more creative policy might be to provide an
area to store a one-week supply of A items, 2 weeks of B items, and a one-month sup-
ply of C items. A items are those parts that account for 80 percent of the inventory
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value. Usually 20 percent of the part numbers makes up 80 percent of the dol-
lar value. In an automobile assembly plant, the engine and transmission are the
most expensive parts of the automobile. Assuming that each can cost $4,000 of the
$24,000 total cost (or 17 percent) and that there may be over 2,000 parts to any car:

Inventory Percentage Percentage Inventory
Classification of Parts of 8 Policy
A 20 80 One-week supply
B 20 15 Two-weeks supply
C 60 5 One-month supply

In the toolbox example, if you make 2,000 toolboxes per day at a material cost
of $5 each and inventory a 20-day supply, you would have $200,000 in inventory. A
carrying cost of 25 percent per year is normal, so the cost of carrying a one-month
supply of inventory is $50,000 per year. If you redesigned the system and instituted
an ABC inventory system, you would reduce costs to 25 percent carrying cost times
$65,000 equals $16,250.00 per year carrying cost.

A 80% for one week $40,000*
B 15% for two weeks 15,000
C 5% for one month 10,000
Total Inventory Value $65,000

“Eighty percent of $5 per unit times 2,000 boxes times 5 days
equals $40,000.

You have saved $33,750 in inventory carrying cost. The less inventory you carry,
the lower the costs if you do not run out of material. Large inventory allows produc-
tion management to be very comfortable—it does not need to worry about running
out of material as often, but at what cost? Carrying cost measures the cost of carry-
ing inventory. The 25 percent includes

1. The cost of maintaining the inventory of raw material (say, about 12 percent)
2. The space for storing, heating, cooling, and lighting the material (about

8 percent)
3. The cost of taxes, insurance, damage, obsolescence, and so on (about 5 percent)

These costs are real costs that add no value to the product.

The cost of running out of a single item of inventory used on the production
line could amount to shutting down the whole plant, so some inventory is needed.
How much inventory is a management decision. Looking at the A item again, 20 per-
cent of the part numbers accounts for 80 percent of the inventory cost. The philoso-
phy is that the less you have of this most expensive class, the better it is. But you will
need to reorder it four times as often as a C item. This also means four shipments,
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four receivings, four orders, and so on; therefore, ordering cost will increase, but
only on the most important 20 percent of the part numbers.

Just-in-Time Inventories

Just-in-time (JIT) is the inventory policy that has been made famous in Japan.
Primary manufacturers depend on their suppliers to deliver parts as often as every
4 hours, thereby eliminating the need for raw material inventory storage area.
JIT depends on unfailing vendor performance. Vendors at far distances from the
plant would have to warehouse their product in your area. This type of inventory
system takes total corporate commitment and very special relationships with ven-
dors. JIT will affect the plant layout in many ways. You will be able to

1. Adjust or eliminate receiving, receiving reports, and so on
2. Eliminate incoming quality control checks
3. Eliminate or greatly reduce stores area requirements

In this text, we will not consider JIT because designing a layout for a non-JIT
system is more difficult and, unfortunately, is more common.
The goals of any stores department should be

—

To maximize the use of the cubic space

To provide immediate access to everything (selectivity)

3. To provide for the safekeeping of the inventory including damage and
count control

o

Maximizing the Use of the Cubic Space

Maximizing the use of the cubic space requires the use of racks, shelves, and mez-
zanines, and minimizing aisle space and empty space. This brings up the number-
one design criterion for a storeroom: Leave room to store only half the required inventory.

To explain this design criterion, we need an inventory graph (see Figure 8-8).
Inventory graph terms include

1. Units on hand. The y axis (vertical axis); it measures how many units of this
part number remain in the inventory.

2. Days. The x axis (horizontal axis); it measures the day of the year this day
represents. In the life of a product, this axis could be long, but a year’s worth of
data would be very useful.

3. Order quantity. How many units you order at a time. If you order a week’s
worth of toolbox parts, you would order 10,000 sets of parts (2,000 per day). When
this material comes in, you add these 10,000 units to the inventory on hand. This
would create a vertical line 10,000 units high from the on-hand inventory of the day.

4. Normal usage. A trend line indicating balance on hand at the end of each day.
The toolbox plant would be using up the parts at the rate of 2,000 sets per day.

5. Minimum usage. The slowest rate at which you use up parts. Normally, this
would be only slightly less than normal usage; otherwise, you would not hit the
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Figure 8-8 Inventory curve—One curve per part number.

2,000 units per day goal. If you fall behind schedule, you would probably work
Saturday to catch up (and use up the inventory).

6. Maximum usage. The fastest rate you would use parts. Again, if this was
much faster than your plan, you would be building up inventory of finished goods
in the warehouse and an adjustment to the schedule would have to be made; oth-
erwise, you would run out of parts. You want to carry a little extra stock so that you
will not run out. (See safety stock, item 8.)

7. Normal distribution between minimum usage rate and maximum usage rate. The
normal usage rate is like any other normal distribution curve. This would indicate
that the usage rate is faster than normal about half the time and slower than nor-
mal about half the time, but not by very much. To keep from running out, con-
sider the maximum usage rate in determining the safety stock.

8. Safety stock. Necessitated due to variation in usage rate and the lead time, it
is the extra inventory you carry so that you will not run out of inventory, or run out
only once in 100 order periods (or 1 percent outages). The distribution curve will
tell you how big this safety stock must be in order to satisfy any level of service you
choose.

9. Reorder points. That inventory level (in units on hand) where you need to
reorder material to prevent a stock outage. While the order is being processed and
shipped into the plant, continue using inventory (depleting the stock). The reor-
der point is calculated by using the usage rate and the reorder time.

10. Reorder time. Also referred to as lead time, it is that time (in days) between
the ordering of new material and the receipt of that material in the stores. If it
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takes 10 days to create a requisition, to type a purchase order, and to mail the
order to the supplying company, that company will fill the order, ship it, you in
turn receive it and put it in your storeroom. Then you need 10 days of material
on hand at the time of reorder. In the toolbox example of 2,000 per day and a
safety stock of 1,000 units, the reorder point would be 21,000 units (2,000 times
10 days plus 1,000 units). When the inventory drops below 21,000 units, you
would reorder another quantity. The order quantity would be calculated by using
a formula to minimize total cost, but that is a subject for a production inventory
control class.

11. Stepped usage. More realistic. As production needs parts, it requests a day’s
supply at a time. The inventory level drops all at once by a day’s supply—not by one
unit at a time.

The inventory curve explains why and how you can provide room for only 50
percent of the required inventory. Look at the inventory curve (see Figure 8-8).
How much inventory do you have on the day a new order arrived? How much inven-
tory do you have on the day before the inventory came in? The answers are maxi-
mum or minimum. How much inventory do you have on the average? Answer, 50
percent. Now if you assign a spot in the storeroom for the maximum amount of
inventory, how full will the storeroom be? On the average, only 50 percent full or
one-half full. This is not good cube utilization. To get better use of the building
cube, allow room for only approximately 50 percent. So, you cannot assign a part
to any one location because there will not be enough room when the new supply
arrives. Items are, therefore, stored at random locations in the storeroom depend-
ing on the availability of space when a given inventory item arrives. Special item
locator files keep track of the location of each inventory in the storeroom. The
locator files may be either simple paper-tracking systems, or the data may be stored
in electronic media. The use of the bar code and other AIDC technologies can be
extended to track item location and inventory level in the storeroom and to allow
the system to issue automatically purchase orders based on the predetermined reor-
der points.

Providing Immediate Access to Everything
(Selectivity)

The second design criterion for stores layout deals with random locations. Put any-
thing anywhere, but keep track of where you put it. For clarity, pallets go in pallet
racks, not on shelves, and steel storage is in another area. But within the racks, you
can put anything anywhere.

A location system is needed to keep track of what you put where. A simple locator
system would letter each aisle. Number each pallet location such as those in Figure
Figure 8-9.

Rows A, B, C, D, E, and F are pallet racks (see Figure 8-10a and Figure 8-10b).
Rows G, H, I, and J are shelves (see Figure 8-11).
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Figure 8-9 Storeroom layout—Location system.

With four racks per row, two pallets per tier, and five tiers high, each row would
hold 40 pallets. Row C, pallet six, “b” level, would be six pallets down row C and the
second pallet up. Vertically, “a” would be the floor, “b” the second high, and “e”
the top tier. Tier “e” would always be the top, and “a” would always be the bottom.

Figure 8-11 is a six-tier shelf with each shelf measuring 3 feet wide, 1 foot deep,
and 1 foot high. Rows G, H, I, and ] are shelves. Row I is a row of shelves on the end
of racks.

Each location in the storeroom now has a location code. The storekeeper is
asked to put a pallet load of 1,500 part number 1750-1220 parts away. The driver
drives to the first open spot and deposits the pallet. Then the storekeepers make
out a location ticket such as that shown in Figure 8-12. Two copies are needed: one
copy is attached to the pallet and one copy is kept at the stores’ control desk in part
number order.

Production now needs some of part number 1750-1220. The request comes to
the inventory control desk. The storekeeper looks up part number 1750-1220 in the
card file, finds the pallet with the closest quantity to that requested or the oldest
ticket, and goes to that location to retrieve the goods. The ticket can be pulled and
sent to data processing to reduce the inventory. The inventory control department
had previously added this inventory from a receiving report.
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Figure 8-10b Storage rack (courtesy of White Storage & Retrieval System, Inc.).
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Figure 8-11 Industrial shelves.

Storage Facilities Requirements Spreadsheet

Every part must be measured for cubic size, multiplied by the number of parts to be
stored, and converted to cubic feet (see Figure 8-13). The procedure for calculating
storeroom size starts with an analysis of storage space needs as follows:

1. List all the raw materials and buyout parts. This will be column 1 (part
number) and column 2 (part name).

2. After each part, list the length, width, height, and cubic inches of each part
(columns 3, 4, 5, and 6).

3. Column 7 lists the quantity stated in the inventory policy divided by 2
(leaving room for only half the inventory).

4. Column 8 shows the cubic feet required. This is a result of multiplying
column 7 by column 6 and dividing by 1,728 (cubic inches in a cubic foot).

5. Columns 9, 10, and 11 list the number of storage units required for each
part. Column 9 would be shelf storage. Cubic footages under 10 cubic feet would be
placed on shelves. Shelves are 3 cubic feet each (1 X 1 X 3 feet). Column 10 would
be for pallets. Storage space requirements over 10 cubic feet, up to 192 cubic feet,
would be placed on pallets in the pallet racks (a palletis 4 X 4 X 4 feet high or 64
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PART #

QUANTITY

DATE

LOCATION

FILLED OUT

PART # 1750-1220

QUANTITY__ 1500

DATE 12/3/XX

LOCATION__BI1C

Figure 8-12 Location ticket.

1 2 3 4 5 6 7 8 9 10 11
Part Shel, Fallet Floor
Part No. Name L X W X H=in’ o2 s 3 ﬁ! 64 57617
1 Bracket 18 % % 10,000
2 Body 12 6 2 5,000
3 Washer % DA. % 20,000
4 Nut % DA. A 20,000
5 Bolt % DA 2 20,000
6 Lid 12 6 1 5,000
7 Hinge 6 1 1 10,000
8 Handle 7 % 3 10,000
9 Rivet % DA. % 100,000
10 Carton 24 16 Y 10,000
etc. 990
other
parts
1,000 Booklet 8% 11 .020 20,000
Total Storage Units 1,200 1,000 20

Figure 8-13 Storage facilities requirements spreadsheet.
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Figure 8-14a Floor storage—Three pallets high by three pallets deep
( cubic feet).

Figure 8-14b Floor storage (courtesy of White Storage & Retrieval System, Inc.).
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cubic feet per unit load). Some items could be placed on the floor and stacked three
pallets high and three pallets deep (see Figure 8-14a and Figure 8-14b).

The results of the storage facilities requirements spreadsheet is the number
of shelves, pallet racks, and bulk storage areas needed. In Figure 8-13, 1,200
shelves, 1,000 pallet spaces, and 20 bulk storage areas are necessary. The next
step is to determine how many shelves to buy and how many pallet racks to set up.
A shelving unit was pictured earlier in Figure 8-11. How many of these shelving
units are required? (The 1,200 shelves divided by 6 shelves per unit equals 200
shelving units.) The same thinking is used for pallet racks. Figure 8-10 showed
10 pallets per pallet rack. You need to store 1,000 pallets, so 100 pallet racks are
required. A storeroom layout is very close now. You know it is necessary to have
200 shelving units, 100 pallet racks, and 20 bulk storage units. How will you lay
this out?

Figure 8-15 (p. 234) shows how the storage space requirements for the toolbox
plant were developed. Figure 8-16 (p. 235) illustrates the resulting stores layout in
the toolbox plant.

Aisle Feet

The concept of aisle feet is very useful. Aisle feet will help determine the space
needed. Visualize one shelf (use Figure 8-11 if necessary). One shelving unit is 3
feet wide. You must place this open 3 feet on the aisle; therefore, one shelf has a
need for 3 aisle feet. You need 200 shelves with 3 aisle feet each, so 600 aisle feet
will be required. Another way of thinking about this is if you assemble 200 shelv-
ing units and place them side by side, they would stretch out to be 600 feet long. A
600-foot row is too long, but how about two 300-foot rows or ten 60-foot rows? There
is almost unlimited flexibility of layout. Aisles for serving shelves can be much
smaller than aisles serving pallet racks, so use a 4-foot-wide aisle (we will discuss
aisles further in a later chapter).

How many aisle feet of pallet racks do you need? (Compute 100 pallet racks
times 9 feet wide each equals 900 aisle feet.) Again, six 150-foot rows or fifteen
60-foot rows could be used. Floor storage units are 4 feet wide in the example.
Twenty floor storage units are required (4 times 20 feet equals 80 aisle feet).

Fork trucks are needed to service pallet racks and floor storage areas and
8-feet-wide aisles are required for the equipment. At this time, all the information
is available for you to lay out the storeroom. That information shows 600 aisle
feet of shelving, 900 aisle feet of racking, 80 aisle feet of floor storage, and 4-
and 8-foot aisles.

Step 1. Start with a wall, placing the floor storage against the wall (see
Figure 8-17).

Step 2. Place 900 aisle feet of pallet rack with 8-foot service aisles. (Remember,
racks are in multiples of 9 feet. Eighty-one feet have nine sections of 9-foot
lengths. One hundred rows are not possible because 100 is not divisible
by 9, 99, or 108 feet.)
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Figure 8-16 Toolbox stores layout.
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Figure 8-17 Storage space design.

Step 3. Place 600 aisle feet of shelving serviced by 4-foot aisles. Notice in
Figure 8-17 that 124 feet of shelving are used to create a wall between
production and stores. was designed to create a security system in
which all movement is through a controlled door. Also note that 9 feet of
shelving are used as end caps to the rows of pallrg\bi‘%cks. This is just good
use of the aisles. Using both sides of an aisle is much more efficient.
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Providing immediate access to everything is the second goal of a stores depart-
ment. At receiving, everything is separated and checked in. The stores must keep
items separated and provide a separate location for different parts. The purpose of
this goal is improved efficiency. When something is needed, the storekeeper should
not have to stop, sort, and then move the parts to production. This would take too
much time.

Providing Safekeeping

As seen earlier, inventory is valuable. Good storage will provide safekeeping of this
valuable asset. Having proper storage equipment like racks, shelves, and trucks will
protect the products. Good containers can prevent dust and grime. The other part
of safekeeping is preventing the unauthorized removal of inventory. Even the best-
intentioned supervisors can create inventory outages if they remove inventory with-
out adjusting the inventory records. A security checkpoint and restrictions to entry
are important parts of a storeroom design.

Flat steel stock normally comes into the plant on 4 X 120-inch pallets. Tubing
and bar stocks come in 12-foot lengths. Special racks and special floor storage areas
are needed for this material. Also, special material handling equipment will be
required. We will discuss material handling in Chapters 10 and 11.

B WAREHOUSING

Warehousing is the storage of finished products. As in the storeroom, the area
requirement will depend on management policy. Seasonality could require stock-
piling finished products for months in order to meet market demands. Sometimes
outside warehousing is leased to carry the overload. No one would expect manufac-
turing to produce all the charcoal grills one month before the spring selling season.
They have to be stored somewhere. Management must tell facilities planners how
many units or how many days’ supply to allow space for.

A warehouse can be a department or an entire building. Our primary dis-
cussion will be about the department, but every engineer and manager must
know the important differences between these two warehouses. The warehouse
building is where the company (which could have many manufacturing plants)
sends its finished product. The company may have many outside warehouses as
well. Many manufacturing plants sending their product to warehouses in order
to service the company’s customers is a function called distribution. The distri-
bution system of a company tries to minimize the cost of moving its product to
customers while maintaining superior customer service. A warehouse building
will have a receiving department, a stores department, a warehouse department,
a shipping department, and an office. The warehouse department in a warehouse
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building will have the same purpose as the warehouse department in a manu-
facturing plant.

The warehouse department (called just warehouse from now on) has the primary
purpose of safekeeping the company’s finished product. The stores department
keeps raw materials and supplies, whereas the warehouse keeps finished goods.
After assembly and packout, finished products are moved to the warehouse where
they are kept until ready to be shipped to the customers.

Warehouse Design Criteria

Warehousing is the storage, order filling, and preparation for shipping of products.
Order filling is the most labor-intensive portion of the job and affects layout the
most. Two design criteria are important to a warehouse layout:

1. Fixed locations
2. Small amount of everything

No layout will ever be a single product layout. For example, a swingset manu-
facturing company made two basic types of swingsets called “Big T” and “A Frame.”
Within each of these two groups, 50 different swingsets were sold.

The first warehouse design criterion (fixed locations) means every product
must be assigned a fixed location so that the warehouse person can find that prod-
uct quickly. Placing products in part number order is the simplest way, but not the
most efficient. To increase productivity, the most popular items should be in the
most convenient location.

The second design criterion is a direct result of the first criterion. By keeping
only a small amount of everything in the fixed location, the order picker can pass
all the products in fewer feet of travel. If you kept only one pallet of every tool in
the warehouse, 4 feet times 8,000 items would require a trip of 32,000 feet to pick
one order. That is 6 miles! Be smarter and place these tools on 3-foot-wide shelves
that stand 7 feet high. Now you would have to pass only 1,000 shelves, 3 feet wide,
or 3,000 feet. If you placed the shelves across the aisle from each other, only a
1,500-foot trip would be required.

To reduce further the travel distance required to pick an order, an
analysis of inventory can identify the most popular and profitable items and
place these items in more convenient locations. This analysis is called ABC
inventory analysis.

Figure 8-18 shows a simple warehouse. The top drawing shows a standard lay-
out where the average part is in the middle of the warehouse. This would require a
movement of 60 feet from the middle of shipping to the middle of the warehouse
in order to pick up a typical product to be shipped (120 feet round-trip). An ABC
analysis (the bottom layout in Figure 8-18) would place the most important inven-
tory (the A items) closest to shipping (20 feet away) and the least important parts
in the back of the warehouse (90 feet away). The average distance to pick a product
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The average trip in the ordinary warehouse would be from
the middle of the warehouse to the middle of shipping
(80 feet each way) 120 ft.

The average distance of an ABC layout is 28 feet one way
and 56 feet round trip
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Figure 8-18 ABC layout cost savings.

now becomes 28 or 56 feet round-trip—a 50 percent savings. This was calculated as
follows:

¢ Aitems account for 80 percent of the sales dollar and only 20 percent of the
part number.

* B items account for 15 percent of the sales dollar and 40 percent of the part
number.

¢ Citems account for only 5 percent of the sales dollar but 40 percent of the
part number.

Aitems = 20 feet @ 80% = 16.0 feet
Bitems = 50 feet @ 15% = 7.5 feet
Citems = 90 feet @ 5% 4.5 feet

Total distance for Average Part 28.0 feet (56 feet round-trip)
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CHAPTER 8

M FUNCTIONS OF A WAREHOUSE

The three basic functions of a warehouse are

1. To safekeep the finished product
2. To maintain some stock of every pro