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PREFACE

This revision replaces AMCP 706-134, published originally in 1961,
and all subsequent reprints. Changes introduced by this revision are:

a. A new Chapter 3 that is consistent with DODD 4100.35 and T™
38-703-2, Integrated Logistic Support (ILS) Procedural Guide

b. Addition of par. 27-5, Automotive Diagnostic Test Equipment
Criteria, that provides guidelines which will enhance internal combus-
tion engine powered materiel (ICEPM) maintainability by the use of
automatic test equipment (ATE).

The Engineering Design Handbook Series of the Army Materiel
Command is a coordinated series of handbooks containing basic infor-
mation and fundamental data useful in the design and development of
Army materiel and systems. The Handbooks are authoritative reference
books of practical information and quantitative facts helpful in the
design and development of Army materiel so that it will meet the
tactical and the technical needs of the Armed Forces.

The highly technical nature of modern Army materiel and the nature
of the service required of it, together with imposed or inherent limita-
tions in design choices, have greatly intensified the problem of mainte-
nance. Vital information has been collected from maintenance engineer-
ing experience and research. This information has yielded design prin-
ciples that should be carcfully considered in the design of all Army
materiel and systems to assure the maximum practicable simplicity,
reliability, maintainability and durability. This action must be pursued
with a sense of urgency if the Maintenance Problem is to be dealt
with effectively.

The objective of this handbook, Maintainability Guide for Design, is
to influence design so that equipment can be (1) serviced efficiently
and effectively if servicing is required, and repaired efficiently and
effectively if it should fail, or (2) operable for the period of intended
life without failing and without servicing, if possible. The designer
who considers the technology of maintainability as one of the prime
design considerations can play a vital part in the solution of the
Maintenance Problem, whereas the designer who fails to do this adds
to the intensity of the problem.

This handbook embraces information on the extent and nature of
the Maintenance Problem as it exists today and the principles and
techniques that, if included in future designs, will reduce this problem.
Part One describes the extent of the Maintenance Problem in terms of
the expenditure of money, men, and materiel. Part Two presents
maintainability objectives, principles, and procedures. Part Three de-
scribes the nature of the Maintenance Problem in terms of the condi-
tions under which weapon systems must be operated and maintained,
from the logistical, human, and the environmental points of view. Part
Four deals with design considerations that have gencral applicability to
all types of Army materiel. Design considerations applicable to specific
types of Army materiel are presented in Part Five. Specific references
are listed after chapters or sections. A glossary of maintainability
terms and a bibliography are included near the end of the handbook.
An appendix presents a tabulation of Applicable Military Specifica-
tions, Standards and Publications.
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The basic handbook draft was prepared by Information and Training
Services, F. W. Dodge Company, Division of McGraw-Hill, Inc. under
subcontract to the Engineering Handbook Office of Duke University,
prime contractor to the US Army Materiel Command, for the En-
gineering Design Handbook Series. Some of the material was prepared
originally for an earlier handbook, Muaintenance Guide for Ordnance
Design.

The Engineering Design Handbooks fall into two basic categories,
those approved for release and sale, and those classified for security
reasons. The Army Materiel Command policy is to release these En-
gineering Design Handbooks to other DOD activities and their contrac-
tors and other Government agencies in accordance with current Army
Regulation 70-31, dated 9 September 1966. It will be noted that the
majority of these Handbooks can be obtained from the National Tech-
nical Information Service (NTIS). Procedures for acquiring these Hand-
books follow:

a. Activities within AMC, DOD agencies, and Government agencies
other than DOD having need for the Handbooks should direct their
requests on an official form to:

Commanding Officer
Letterkenny Army Depot
ATTN: AMXLE-ATD

Chambersburg, Pennsylvania 17201
b. Contractors and universities must forward their requests to:

National Technical Information Service
Department of Commerce
Springfield, Virginia 22151
(Requests for classified documents must be sent, with appropriate
"Need to Know'" justification, to Letterkenny Army Depot.)
Comments and suggestions on this Handbook are welcome and
should be addressed to:

Commanding General

US Army Materiel Command
ATTN: AMCRD-TV
Washington, DC 20315
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PART ONE
INTRODUCTION TO THE PROBLEM

CHAPTER 1
THE MAINTENANCE PROBLEM

1-1 GENERAL

The importance of maintainability in equip-
ment design cannot be overemphasized. Tech-
nological advances in' the past 25 years have
had a dramatic and far-reaching impact on
military activities. During World War 11, ra-
dar, the proximity fuze, fire-control computers,
and high-speed tanks were important in our
victory. Since that war, technology has in-
creased the rapidity and range of our commu-
nications, and the precision and power of our
weapons. To realize these potentialities, how-
ever, designers must give greater emphasis than
ever before to those factors that will ensure
that our equipment is reliable and maintainable
in the field.

1-2 SIGNIFICANCE OF THE PROBLEM

Lack of satisfactory reliability and maintain-
ability in military equipment has three serious
effects. First, the success of vital military mis-
sions is jeopardized and the lives of military
and civilian populations are endangered ; for
example, excessive downtime of radar could
cripple our air defense system. Second, support
costs are heavy, imposing a strain on produc-
tion, supply, and storage. The estimate that the
cost of maintenance during the life cycle of a
modern weapon, or weapons system, is in the
order of 3 to 20 times the original cost of the
equipment indicates the magnitude of the up-
keep cost (Ref. 1).Third, many skilled main-
tenance men are needed, imposing a heavy
logistical burden on the armed services. The
shortage, the long training period, and rapid
turnover of such men make this a particularly
acute problem.

The maintenance problem is significant not
only because of the cost in lives and dollars,
but also because of the cost in decreased weap-
on-system effectiveness. A system that is down
for repair for an excessive amount of time is
only part of a system, and it must be supple-
mented by the expensive expedient of a complex
of extra units, support systems, and personnel.
The US Army cannot afford this cost and is
looking to maintainability as one of the means
for alleviating this problem.

1-3 REDUCTION OF THE PROBLEM

Designers of Army materiel must incorporate
qualities of maintainability based on scientifi-
cally developed criteria. Maintainability, as a
science, must provide four fundamental ingredi-
ents (Ref. 2):

(1) Means for scientifically identifying tech-
nical data that will permit the isolation of facts
that have a direct and paramount impact on im-
provement of the combat or operational effec-
tiveness of Army materiel.

(2) A scientific method to measure the quali-
ties of maintainability that are incorporated
into each newly developed item or system of
Army materiel.

(3) A scientific means for rating and evalu-
ating the indistinct concepts of maintainability.

(4) A scientific method of reviewing exist-
ing industrial and Army developments to cor-
rect deficiencies of commercial and Army items
and equipments.

The minimum requirements necessary to
achieve a science of maintainability are:

(1) Maintainability guidelines.

(2) Good maintainability principles.

1-1
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(3) Specifics, when historical background
warrants them.

(4) Simple maintainability measuring meth-
ods which will require the least amount and
complication of work for the design activities
and the contractual review actions.

(5) Controlling methods to insure maintain-
ability is built-in.

(6) Recording methods for future statistical
analyses to check effectiveness of the maintain-
ability actions.

(7) Good communication (feedback) be-
tween maintainability engineer and design en-
gineer.

Major contributions to reducing the main-
tenance problem should be made at the equip-
ment-design level rather than at the level of
maintenance-personnel  training. Designers
must think maintainability and incorporate
their ideas at the design’s inception. Teaching
technicians to deal with countless contingen-
cies, which could have been avoided by better
design, requires prolonged training. Also, ob-
solescence and changes in successive production
models of the same equipment may vitiate much
training before it is completed. Table 1-1shows
the importance of engineering design to the
maintenance of military electronic equipment.

Significant advances have been made in un-
derstanding the nature of the maintainability
problem and in developing analytical tools for
quantitative treatment. However, any investi-
gation of maintainability soon uncovers the
complexity of the total problem, and it is real-
ized that only continued research will provide
a complete solution to this problem. With the
recognition of the maintenance impact on pres-
ent systems and the advancing complexity of
new programs, it is imperative that exploration
of maintainability be continued (Ref. 4).

TABLE 1-1. RESPONSIBILITY FOR FAILURE
IN ELECTRONIC EQUIPMENT (Ref. 3)

Total
Failures
Cause of Failure (%)
Design 43
(1) Electrical considerations
(a) Circuit and component
deficiencies (11)
b) Inadequate component (10)
¢) Circuit misapplication (12)
(2) Mechanical considerations
(a) Design weaknesses,
unsuitable materials (%)
(b) Unsatisfactory parts (5)
Operation and maintenance 30

(1) Abnormal or accidental condition| (12)

(2) Manhandling (10)
(3) Faulty maintenance (8)
Manufacturing 20

(1) Faulty workmanship plus inade-
quate inspection and process

control (18)
(2) Defective raw materials (2)
Other 7
(1) Wom out or old age @)
(2) Cause not determined (3)

REFERENCES
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CHAPTER 2
THE PROBLEM OF RELIABILITY AND MAINTAINABILITY IN DESIGN

2-1 GENERAL

Maintainability is a basic though not inde-
pendent characteristic of materiel and equip-
ment. However, the need for maintainability of
materiel and equipment is affected by its reli-
ability characteristics. Materiel readiness and
requirements for supporting personnel are in-
fluenced by the emphasis given to materiel
maintainability characteristics during equip-
ment specification, design, and development,
when inherent maintainability, consciously or
unconsciously, is established. Improving main-
tainability after development is difficult and
costly.

Less than 15 years ago, reliability require-
ments of machines and electronic equipment
were seldom included in design specifications.
Today, this quantitative property of machines
and systems is increasingly included in military
specifications along with explicitly stated ac-
ceptance criteria, test conditions, and evalua-
tion data. Progress has also been made in reli-
ability improvement, particularly in component
parts where failure-rate reductions, in the early
hours of part life, have been reduced in many
cases by factors of 10 to 20. These reliability
gains, however, have not always kept pace with
the increase in system complexity. If current
trends continue, a substantial design break-
through will be required merely to keep pace
with the increasing system complexity. That the
trend in system complexity was, and is still, in-
creasing is evidenced by Figure 2-1. The result-
ing trend in reliability in terms of mean-time-
between-failures (MTBF) is shown in Figure
2-2.

No product can be assumed to be 100% reli-
able. If it has a reliability rating factor of 9570,
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figure 2-1. Trends in System Complexity
(Ground Electronic Equipment)

what becomes of the other 5% ? The field oper-
ational organization which receives an allot-
ment composed of this 5% group has a reliabil-
ity factor of 0% for their allotment. The reli-
ability factor is therefore of no value to the
soldier in the field. But he must have at all
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Figure 2-2. Trends in MTBF's (Ref, 1)

times 100% maintainability. His weapon is
“GO” or “NO-GO.” If he can maintain it, it is
“GO”; if he cannot maintain it, it is “NO-GO.”
Reliability studies and tests at the design ac-
tivity merely help the soldier to reduce his “NO-
GO” periods. There is no trade-off for maintain-
ability—either you have it, or you do not. Reli-
ability ratings mean nothing to the soldier who
is equipped with a commodity which will not
work, but maintainability means everything.
It is his only road to a serviceable product.

2-2 DESIGNING FOR MAINTAINABILITY

Although design for ease of maintenance has
always been a part of effective engineering de-
sign, the military must pay increased attention
to the new art of design for maintainability. It
has been only in the last few years that sys-
tematic and formal attention has been given to
this area of technology.

Design for maintainability offers the follow-
ing advantages :

(1) Within broad limits, maintainability can
partially compensate for hard-to-achieve reli-

2-2

ability to obtain the required system avail-
ability.

(2) Increases in maintainability can be
achieved at little or no added development cost.

(3) Maintainability built into the system
during development can reduce operating costs.

(4) Initial results from increased maintain-
ability can be expected to be large becausec of
the relatively recent emphasis.

Today, maintainability concepts are being
defined so they can be included in design specifi-
cations. Progress is being made in reducing
these concepts to quantitative terms amenable
to measurement, evaluation, and communica-
tion. There is also the general need to correlate
the concepts of reliability and maintainability
with each other and with their influence on such
factors as system operational readiness, avail-
ability, and overall system effectiveness.

In the paragraphs that follow, a broad con-
cept of maintainability will be adopted and
terms defined. The first of these definitions are
the following :

Maintainability (M). A built in characteristic
of design and installation which imparts to the
system or end item an inherent ability to be main-
tained, so as to lower maintenance manhours, skill
levels, tools and equipment, maintenance costs,
and achicve greater mission availability. It is com-
posed of many factors, some of which are: in-
herent simplicity, ease of maintenance, environ-
mental compatibility, safety characteristics, sclf-
correcting characteristics, redundancy, standard-
ization, skill level requirements, downtime
minimizing, life cycle costing, logistic support-
ability, and mobility characteristics.

Maintainability engineering — the application
of techniques, engineering skills, and effort, or-
ganized to ensure that the design and develop-
ment of weapons, systems, and equipment
provide adequatcly for their effective and
ecconomical maintenance.

Reliability (R). A characteristic of design
which results in durability of the system, or end
item, to perform its intended function for a speci-
fied interval and condition. It is accomplished by
sclection of the optimum engineering principle,
adequate component sizing, material selection,
controlling processes and procedures, and test-
ing,

gSystem effectiveness—a measure of the de-
gree to which the equipment approaches its



inherent capability and achieves case of main-

tenance and operation. The relationships, as-

suming independence of factors, arc as follows :
System Effectiveness =

Performance X Reliability X Availability

(HowWell?) (HowLong?) (How Often?)

If any of the factors on the right side of the
equation falls significantly below unity, the ef-
fectiveness of the system is seriously impaired.
Where one factor falls to zero, system effective-
ness becomes zero.

2-3 SYSTEM EFFECTIVENESS

System effectiveness may be defined as a
measure of customer satisfaction ;i.e., the prob-
ability that the system will satisfy mission per-
formance requirements when working within
specified design limits, or how well it does its
job when working properly. System effective-
ness implies net worth or value of a product to
its user (Ref. 2). The principal ingredients of
system cffectiveness are shown in Figure 2-3.
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The effectiveness of many of today’s weapon
systems is seriously jeopardized by two extreme
imbalances :

(1) Increased complexity, new performance
requirements, and extreme environments have
resulted in higher failure rates, greater require-
ments for maintenance, and lower availability
of the present systems. Product capability often
has been compromised by strong emphasis on
performance characteristics without the neces-
sary balance of effort toward quantitative treat-
ment and control of the qualities of depend-
ability.

(2) The costs of support for present military
systems involve from 3 to 20 times the original
procurement costs. Much of this high cost is due
to lack of recognition and control of reliability,
maintainability, and support factors during the
successive stages of development, production,
and service use. The principal system opera-
tional characteristics must be balanced against
the eclements of total cost. Up to the present
time very little organized effort has been ap-

figure 2-3. Ingredients of System Effectiveness

_
‘ SYSTEM CONFIGURATION
RELIABILITY ] MAINTAINABILITY .I EVALUATION I
MODES OF
e o LIMITATION
ENVIRONMENTAL INHERENT MAINTAINABILITY —
SUSCEPTIBILITY RELIABILITY & DEPENDABILITY
SAFETY CHARACTERISTICS
DEGRADAT ION INHERENT SIMPLICITY
SELF CORRECTING
PART COMPONENT CHARACTERISTICS
FAILURE RATE REDUNDANCY MISSION cosT
CHARACTERISTIC EASY OF MAINTENANCE
ENV/RONMENTAL COMPATIBILITY HUMAN WEIGHT
OPERATING TIME STANDARDIZATION FACTORS
LIFE CYCLE COSTING SPACE
DESIGN EVALUATION DOWNTIME MINIMIZING ACTUAL
MODULARIZAT ION CONSIDER- DELIVERY
PROPER DERATING SKILL LEVEL IDENT IFICATION ATIONS SCHEDULE
LOGISTIC SUPPORTABILITY SPECIAL STATE OF
CONSIDER- THE ART
ATIONS
|

2-3



AMCP 706-134

piled to quantitative recognition and trecatment
of maintainability factors during the develop-
ment and design phases. As a result, the cost of
support, the requirements for maintenance
time, and the unavailability of equipment are
exceedingly high. The system maintainability
characteristic has not been balanced against
the other ingredients of equipment effctiveness
and performance.

2-4 SYSTEM EFFECTIVENESS MEASURES
VALUE OF DESIGN

The parallel between reliability and main-
tainability is useful; by using the two factors,
the effectiveness of a system can be determined.

A possible model for system effectiveness,
shown in Figure 2-4, illustrates the relation-
ships among various system properties which
together determine the effectiveness of a sys-
tem. The model illustrates that system effective-
ness depends directly on availability, which in
turn is a function of reliability and maintain-

ability. Availability, which is the probability
that a system will be operating at any point in
time, can be defined as

_ MTBF
= MTBF T MTTR

s

where

MTBF = mean-time-between-failure
MTTR = mcan-time-to-repair

The importance of this concept is that it 1S a
measure of the system’s ability to do its in-
tended job. Basically, the user is not concerned
with reliability, maintainability, or other de-
sign factors. His concern is the probability that
the system will operate effectively when it is
called upon to perform. In this sense it does not
matter whether the system 1s 90% effective be-
cause of high reliability, high maintainability,
or some combination of these and other factors
(Ref. 3).

Although reliability and maintainability may
not be interchangeable in actual design work,
they can be considered equivalent when it comes

SYSTEM EEFECTIVENESSJ

[ NOTE:

SEE GLOSSARY FOR

I l
OPERATIONAL DESIGN
r—- RELIABILITY l READINESS ADEQUACY
I
I
| STORAGE TIME FREE TIME AVAILABILITY
I OPERATING TIME DOWNT IME
= {RELIABILITY) MAINTAINABILITY
|
| | T
|
ACTIVE REPAIR TIME ‘
- M ISTRATIVE TIME
‘____ ( REPAIRABILITY) LOGISTIC TIME ADMIN
|
I
|
-

|
|
z
>
2
>

zw
[
_|
-<

SERVICEABILITY

DEFINITIONS OF
CONCEPTS.

Figure 2-4. Maintainability and Reliability as Elements of Availability
Are Crucial to System Effectiveness(Ref. 31

2-4



OPERATIONAL AVAILABILITY

Figure 2-5. Trade-off Effects for €qual Percentages
of Availability (Ref. 3)

to availability. This is true since an increase in
maintainability or reliability or both will in-
crease the availability of the system. Thus,
from a decision-making point of view, availabil-
ity can be expressed as a function of maintain-
ability and reliability as

As = f(Rx; Ms)
where

A; = system availability
R, = system reliability
M, = system maintainability

Expressed geometrically, a hypothetical
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‘0.90
k
0.70
060
0.50
040

MAINTAINABILITY

RELIABILITY

Figure 2-6. Curves of Figure 2-5 Translated into a
Single Plane to Yield Plots of Availability (Ref. 3)

availability surface, illustrating competitive
substitution of maintainability and reliability,
would resemble that shown in Figure 2-5. This
diagram actually illustrates the boundary limits
of the system availability equation taken be-
tween zero and infinity.

Contour lines of the availability surface rep-
resent the same degree of availability. These
iso-availability lines can be represented as
shown in Figure 2-6. This actually is a physical
representation of the trade-off problem.

Note that, for a given contour line of avail-
ability, the trade-off requires even greater
sacrifices in one category to compensate for suc-
cessively smaller gains in the other. See also
Chapter 5, Paragraph 5-6.1 for an example in
the use of availability for trade-offs in a weapon
system.
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PART TWO
GENERAL OBJECTIVES, PROCEDURES, AND TECHNIQUES

CHAPTER 3

MAINTAINABILITY AND RELIABILITY CONCEPTS,
OBJECTIVES, AND RESPONSIBILITIES

3-1 GENERAL OBJECTIVE

The primary objective of maintainability and
reliability is to assure that the equipment provided
to the Army will be ready for use when needed;
capable of successfully performing its assigned
functions/missions, and fulfilling all of the re-
quired maintenance characteristics throughout its
life cycle.

The US Army need for more maintainable and
reliable equipment cannot be overstressed. The
three basic needs of the soldier’s equipment are
performance, reliability, and maintainability.
Maintainability M is the design characteristic
which speeds return of the equipment to a mission
capable state with the minimum requirements for
time, resources, manpower, and technical skill;
reliability R is the design characteristic which re-
duces or ecliminates failure. Both are mandatory
requirements. These are best accomplished by de-
signing in maintainability and reliability at the ear-
liest time of the acquisition process. It is DOD
policy that the principles included in this docu-
ment be included in every US Army commodity
contract where there is a maintenance significance.

In order to meet maintainability goals, the prin-
ciples of maintainability in Table 3-1 should be
constantly applied as appropriate.

3-1.1 MAINTAINABILITY DESIGN GOALS AND
CRITERIA

The principles indicated below represent exam-
ples of goals, and criteria for M. They are listed to
show what is meant by M. They are by no means
all the principles of M. M is a design action which
“provides for equipment design so as to give equip
ment an inherent ability to be maintained’: M
should not be confused with Maintenance. All
Maintenance Engineering Analysis actions are vital-
ly affected by M inputs to design. The specifica-

tion writer must use ingenuity to add, subtract,
and refine the principles of M as they apply to the
specific commodity. In addition, all applicable
contracts will cite TM 38-703-2 for further guid-
ance. For simple off-the-shelf commodities, only
the qualitative requirements may be necessary for
incorporation in contract specifications. For more
exotic commodities, and especially where large
quantities of the commodity are expected to be
added to the inventory, highly detailed M require-
ments must be specified. (Reducing a single main-
tenance time, by M design, by 5 minutes X
100,000 items represents a large annual savings of
maintenance manhours.) Do not ignore any item
in this list without careful consideration; even elec-
tronic gear has bearings, gears, and seals; automo-
tive equipment has radios; guns have computers;
and all mobile commodities may suddenly be
called upon to work at minus 65°F. It is impor-
tant to grasp the concept of how to apply these
principles in converting them to M specification
requirements. Take the first one as an example:
“Reduce or eliminate the need for maintenance”.
This should immediately suggest such M design
characteristics as:

(1) Will plastic gears, which never need main-
tenance, be suitable?

(2) Will cost constraints permit use of life
scaled bearings?

(3) Can we use resistors, condensers, trans-
formers, etc., which are adequate in size and sealed
so as to preclude failure and thus maintenance?

(4) Should transistors vs electronic tubes be
used and be satisfactory?

Wherever possible, each design criterion should be
converted and quantified. Consider the item, “In-
sure that instrument panels, particularly for air-
craft and wvehicles, are hinged and/or readily
removable as a unit for rapid servicing, testing, and
calibration. Quick disconnects shall be provided™.
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TABLE 3-1. GENERAL PRINCIPLES OF MAINTAINABILITY

The areas below are the minimum points of maintainability to be considered when

developing a system, commodity, or component:

3-11
3-1.2
3-1.3
3-1.4
3-1.5
3.1.6
3.1.7
3-1.8

3-1.9

3-1.10

3-1.11
3-1.12
3-1.13

3-1.14

3-1.15

3-1.16

3.1.17

3-1.18

3-1.19

3-1.20

3-1.21

Reduce or eliminate the need for maintenance.

Reduce the amount, frequency, and complexity of required maintenance tasks.

Provide for reduction of life cycle maintenance costs.

Reduce the required levels of maintenance skills and the training requirements for them.
Establish maximum frequency and extent of preventive maintenance to be performed.
Improve information for educational programs for maintenance.

Reduce the volume and reading complexity of maintenance publications.

Provide components which can be adjusted for wear and provide this adjustment so as to
preclude tear down to attain to it, where practical.

Provide the characteristics in the commodity and its components which will result in the
minimum downtime.

Insure that simple, adequate, and satisfactory maintenance technical data are available
with the equipment when delivered.

Provide for time studies on removal and installation of major items of equipment.
Provide for repair times of components. Reduce the meantime to repair.

Provide optimum accessibility to all equipment and components requiring frequent main-
tenance, inspection, removal, or replacement. Avoid hiding this equipment.

Provide for rapid and positive identification of equipment malfunction or marginal per-
formance. This should include, for example, logical trouble-shooting charts in fault-tree
diagram form which list potential failures and method to correct them. Associate times to
perform the correction as appropriate.

Insure the human factor aspects are satisfactory and that location and operability of
controls and manual force limitations, etc., are adequate and accessible for hand, leg,
foot, and body. Provide the human engineering aspects for access to maintenance points
such as electrical, pneumatic, hydraulic, lubrication, and fuel servicing.

Provide optimum capability to verify performance, anticipate and locate malfunctions,
and perform calibration.

Provide for adequate, clear, and rapid identification of parts and components which may
be replaced or repaired.

Reduce the quantities and types of tools, tool sets, and equipment necessary to maintain
the whole commodity. Eliminate, wherever possible, the need for special tools.

Plan design of commodity to utilize ficld organizational maintenance equipment and
facilities which are normally available.

Reduce to a minimum the number and types of repair parts and components needed to
support maintenance.

Insure utilization of military standard parts, components, types, and materials to the
fullest possible extent, and identify all MIL-STD parts, components, and material with
MIL-STD nomenclature.
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TABLE 3-1. GENERAL PRINCIPLES OF MAINTAINABILITY (cont)

3-1.22
3-1.23
3-1.24

3-1.25

3.1-26
3-1.27
3-1.28

3-1.29

3-1.30

3-1.31

3-1.32

3-1.33

3-1.34

3-1.35

3-1.36

3-1.37

3-1.38

3-1.39
3-1.40
3-1.41

3-1.42

Ultilize less critical materials, and less costly, rare, or difficult processes.
Provide for maximum interchangeability.

Provide maximum safety features for both equipment and personnel in the performance
of maintenance.

Provide sufficient and adequate towing, hoisting, lifting, and jacking facilities for mobility
and handling requirements.

Provide for maximum storage life with minimum storage maintenance rehabilitation.
Reduce amount of supply support required.

Insure engines/installations are rapidly replaceable as a unit with the minimum time and
personnel.

Insure the commodity will not be dangerous to itself or to personnel maintaining it.

Insure necessary environmental compatibility for the commodity—e.g., corrosion,

fungus, water, salt, spray, heat, cold, altitude, attitude, blown sand, snow and snow loads,
wind, etc.—on the whole and on components of the weapon, commodity, or system.

Insure that there are no serious undesirable operating or maintenance characteristics
affecting the maintenance personnel, or other personnel or equipment in the expected
vicinity—i.e., RADHAZ, noise, ctc.

Provide bearings and seals, sizes and types, which will require the minimum of replace-
ment and servicing on a life cycle basis. Select adjustable ones to take care of wear.

Provide gears of adequate size and type to satisfy all overload requirements and be
suitably derated on a life cycle basis.

Provide for the case of inspection, replacement, and rapid adjustment in servicing of
brakes and clutches, without the need of tear down.

Insure that all mechanical, electronic, electrical, hydraulic, and structual components are
sufficiently derated to combat unexpected overload(s) which will result in an inoperable
or degraded component and thus require maintenance.

Insure that advanced accessibility practices have been incorporated. These include rapid
access to systems, components, and parts by use of rapid operating fasteners, covers,
doors, etc., and a minimum of bolts, fasteners, etc.

Insure components requiring frequent maintenance are located to preclude the need to
remove other components to gain access to the specific component.

Provide line-of-sight to components, wherever possible, for routine inspection, to elim-
inate the need to remove other equipment(s).

Insure that adjustment controls are rapidly accessible.
Provide adjustment control locking devices.

Provide sufficient and adequate test points and test features, and provide case of accessi-
bility thereto. Test points should be capable of accepting automatic test equipment when
practical.

Insure that all test equipment and calibration equipment required for the commodity are
available.
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TABLE 3-1. GENERAL PRINCIPLESOF MAINTAINABILITY (cont)

3-1.43

3-1.44

3-145

3-1.46

3-1.47

3-1.48

3-1.49
3-1.50

3-1.51
3-1.52
3-1.53
3-1-54

3-1.55

3-1.56
3-1.57

3-1.58

3-1.59

3-1.60
3-1.61

3-1.62
3-1.63

Provide simplified go-no-go (self-diagnostic) automatic, built-in fault isolation capabilities
and calibration equipment as feasible, practical, or cost effective.

Insure sufficient storage for spare modules (components/assemblies) and that modules are
stored in the commodity. This applies to fuzes and other attrition items.

Insure that batteries are located for rapid servicing and replacement, and are vented as
required.

Insure that weapons, systems, commodities, and special parts are repairable, except
throwaway components and throwaway modules.

Insure that adequate and sufficient guards are installed over dangerous moving mech-
anisms.

Insure that adequate protection from dangerous electrical shock is provided for main-
tenance personnel.

Insure that no toxic fumes are emitted which will affect maintenance personnel.

Insure that all items are incorporated which will render the item explosion proof,
when required.

Insure that fiie extinguishing equipment is installed and adequate.

Insure protection of personnel from nuclear radiation hazards.

Insure that the required warning devices are incorporated in the commodity.

Provide for easy, simple, and rapid refueling, relubrication, and filling of all reservoirs and
containers.

Provide for rapid inspection apertures on gear boxes, housings and similar assemblies
which will permit inspection, adjustment, or when practical, repair or replacement of vital
items inside of these housings, without the need for major disassembly. These apertures
may be plugs, bailed hinged covers, windows or doors, requiring no tools to open or close,
where possible or practical.

Provide quick disconnect devices for rapid removal and assembly of components.

Insure that a minimum of fasteners are utilized and, where feasible, rapid operating
fasteners, perferably operable without use of tools.

Insure that all lubrication plugs and fittings are adequate and readily accessible on the
completed commodity.

Insure that sufficient and readily accessible drains are properly located in compartments,
tanks, reservoirs, and sumps.

Provide for rapid cleanability (post operation and inspection).

Insure that, to the maximum possible extent, maintenance on the commodity can be
accomplished by personnel in arctic gloves and clothing, in the open.

Insure that winterization requirements are incorporated.

Insure that the provisions for kits are in the commodity and are suitable and adequate.
This includes hard points, electrical, hydraulic, mechanical connections or outlets, etc.
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TABLE 3-1. GENERAL PRINCIPLESOF MAINTAINABILITY (cont)

3-1.64  Insure that all labels are stenciled, or attached to the commodity or component, and that
they will read clearly after extensive use and abuse. This is particularly important as to
part numbers; component ratings; and types of fuels, lubricants, liquids, and gases uti-
lized.

3-1.65  Insurc that lubrication charts, maintenance manuals, and operational manuals are either
attached to the commodity or readily available.

3-1.66  Insurc there are sufficient and adequate protection covers and attachments, securing
devices, shipping and packaging tie-downs, seals, etc.

3-1.67  Insure that the design of the commodity is inherently self-packaging, whenever possible
or practical. Self-packaging climinates shipping crates, containers, etc., and permits ready
reshipment without the need to replace the package.

3-1.68 Insurc that instrument panels—particularly for aircraft and vehicles—are hinged and/or
readily removable as a unit for rapid servicing, testing, and calibration. Quick disconnects
shall be provided.

3-1.69  Insurc that all electronic gear is readily removable with quick operating fasteners and
disconnects for rapid replacement, servicing, testing, and calibration. Each unit will be
removable without disturbing any other component of the commodity.

3-1.70  Insure that component modularization design is used, as appropriate. Design modules to
be repairable. (A module can be a throwaway item in which case it should not be made
repairable .)

3-1.71  Insure unitization design is utilized. (Unitization is the design feat of combining com-
ponents of a system or function of a system into a removable assembly.)

3-1.72  Insure miniaturization in design is utilized, where suitable. (This feature reduces shipping,
packaging, and transportation costs, and improves the commodity and maintenance hand-
ling.)

3-1.73  Insure commodity is designed for the minimum weight, taking into account reliability,
durability, and maintenance freedom; example: do not design an item so light it is
constantly breaking or malfunctioning.

3-1.74  Consider advantages of modular replacement vs part repair vs throwaway design.
3-1.75  Provide for ballistic verification (telemetry) (ordnance).

3-1.76  Provide ecasy and sure recognition of the malfunction to allow for rapid identification of
the replacement action/repair required, and thus reduce the complexity of the main-
tenance task.

3-1.77  Review areas of possible improvement since they affect the probability that the diagnosis
of the malfunction and completion of the repair required may be corrected successfully
within a specified time with available personnel resources.

3-1.78  Establish minimum and maximum Meantime Between Failure (MTBF), Meantime To
Repair (MTTR), and downtime for the equipment/item and include in the Maintenance
Engineering Analysis Data. If a like/similar item was previously fielded, review and
analyze the failure rates associated therewith and, considering new technologies, attempt
to improve maintenance in this area.
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This should be converted to: “The pilot’s L. H.
instrument panel will be capable of rapid removal
and assembly. Removal time 4 min with 1 man,
replace ready for service 6 min with 1 man”. A
copy of this list should be supplied with each con-
tract for reference use by the contractor.

3-1.2 RELIABILITY DESIGN GOALS AND
CRITERIA

The principles indicated in Table 3-2 represent
examples of goals, and criteria for R. These princi-
ples are by no means all the principles of R. The
specification writer must use ingenuity to add,
subtract, and refine principles of R as they apply
to the specific commodity. For simple off-the-
shelf commodities only the qualitative require-
ments may be necessary for incorporation in con-
tract specifications. For more exotic commodities,
and especially where large quantitics of the com-
modity are expected to be added to inventory,
highly detailed R requirements must be specified.
Do not ignore any item in this list without careful
consideration ; even electronic gear has bearings,
gears, and seals; automotive equipment has radios;
guns have computers; and all mobile commodities
may suddenly be called upon to work at minus
659F. It is important to grasp the concept of how
to apply these principles in converting them to R
specification requirement. Whenever possible, cach
item should be converted to specific requirements
and quantified. A copy of this list should be sup
plied with each contract for reference use by the
contractor. In designing for R ,the principles ex-
pressed Table 3-2 should be followed to the great-
est extent possible, and expanded as appropriate.
When the contractor finds it is necessary to deviate
from these principles, he should notify the procur-
ing activity. These principles will be used as a
guide for determining the contractor’s compliance
with R parameters and goals. “This list does not
exhaust the principles a contractor can use to
achieve R and shall be supplemented by the con-
tracting agency and/or contractor, as necessary.

3-2 CONCEPT
To achieve the maintainability and reli-

ability goals, the principal factors affecting
them must be identified, measured, specified,
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controlled, and improved as follows.

(1) Identification. The principal factors that
limit equipment availability and/or contribute
toward the high costs of support must be
identified (qualitative).

(2) Measurement. The principal factors must
be expressed in quantitative (measurable)
terms.

(3) Specification. M & R requirements must
be placed in procurement specifications by
contract work statements (TM 38-703-2) along
with suitable methods for demonstrating and
evaluating conformance with actual equipment/
item requirements.

(4) Control. Control must be established
and extended from product conception
through development, production, and ficld
use. Reasonably accurate prediction is neces-
sary.

(5) Improvement. The end objective must
be improvement.

3-3 RESPONSIBILITIES—MAINTE-
NANCE/DESIGN ENGINEERING
PERSONNEL

3-3.1 MAINTENANCE ENGINEERING
PERSONNEL

Maintenance engineering personnel must be
concerned, as equipment is being developed, with
the establishing of a series of qualitative and
quantitative requirements for the desired
maintainability characteristics to insure that ap
propriate qualitative and quantitative maintain-
ability requirements are available for incorporation
in requests for proposals and to assure that the
desired availability will be designed therein. These
maintainability and reliability requirements must
be defined in specific, meaningful, and measurable
terms, i.e.,

(1) A qualitative maintainability requirement is
a nonquantitative statement of a needed feature or
characteristic; e.g., provide drain plugs, stencil
letters at filler necks, utilize quick opening fasten-
ers, etc.

(2) A quantitative maintainability is a definite
statement of resources and/or time for the per-
formance of a given type of support task in the
end product; e.g., repair time, downtime, turn-
around time, number of personnel.
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TABLE 3-2. GENERAL PRINCIPLES OF RELIABILITY

3-241
3-2.2
3-2.3
3-24

3-2.5

3-2.6

3-2.7

3-2.8

3-2.9
3-2.10

3-2.11
3-2.12

3-2.13
3-2.14
3-2.15
3-2.16

3-2.17
3-2.18

3-2.19
3-2.20

3-2.21

3-2.22

3-2.23

The arcas below are the minimum points of reliability to be considered when
developing a system, commodity or component:

Design to preclude or minimize failure.
Design for simplicity.
Provide for redundancy when needed to achieve R goals.

Provide for periodic test, test equipment and/or checkout of components suscep-
tible to failures (include in Technical Manuals and clearly state).

Use generous derating to provide safety factor; e.g., bearings, electronic com-
ponents, motors, hydraulic components, structures, etc.

Provide bearings and secals of advanced design, and material which will be satisfac-
tory for the life of the commodity and maximum anticipated overloads. Cost of
bearings and seals shall be extensively weighed against life cycle maintenance re-
placement costs, loss of equipment, etc.

Provide for periodic lubrication, even in “scaled” components (i.e., ball bearings
with seals capable of hypodermic needle lubrication).

Use bearings which do not require lubrication for many years of life and service
(i.e., built-in dry lubricating characteristics).

Provide for simple periodic adjustment of components subject to wear.

Provide for self-adjustment of components subject to wear (examples: tapered
roller bearings; end scals vs radial seals).

Increase commonality of components (standardization, etc.).

Identify failure modes, design to prevent initial failures, and provide adequate
warnings.

Provide adequate safety factors between strength and peak stress values.
Use engineering designs with proven R.
Use components with proven R.

Use fewer parts to perform multiple functions, to assist in reducing errors or
assembly, simpler check out tests, etc.

Consider human factors engineering (“Murphy Proof™).

Use modular (component assembly) design to simplify field replacement of sus-
pected faulty equipment.

Reduce stress on components to extend life (electrical, mechanical, and hydraulic).

Reduce peaks and variations in stress (i.e., provide against damage from spike
voltages, high frequency vibration, etc.).

Provide for temperature stabilization by using heaters and/or air conditioners,
when required for worldwide use.

Control humidity levels by sealing out water under all conditions of use and
storage.

Provide for shock and vibration isolation or capability to withstand such condi-
tions.
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TABLE 3-2. GENERAL PRINCIPLES OF RELIABILITY (cont)

3-2.24

3-2.25

3-2.26

3-2.27
3-2.28

3-2.29

3-2.30
3-2.31
3-2.32
3-2.33

3-2.34

3-2.35

3-2.36

3-2.37

3-2.38

3-2.39

3-2.40

3-2.41

Reduce exposure to corrosive atmospheres, heat, and cold or increase capability to
withstand such conditions.

Use corrosion resistant materials and/or protective coatings, plating, and metalliz-
ing. Avoid placing bare dissimilar metals in contact with each other.

Use self-scaling devices where fluids are involved, i.e., disconnect fittings which
scal when parted.

Provide safing devices to prevent inadvertent disassembly or decalibration.

Provide guards, covers, seals, etc. to prevent unauthorized personnel from altering
calibration or damaging components.

Provide case of inspection for field maintenance personnel so as to ascertain im-
pending failures.

Design to preclude or minimize failure or degradation in storage.
Provide warning devices which will warn of incipient failures.
Provide suitable diagnostic equipment to inspect for impending failures.

Use hermetically sealed modules (components/assemblies), where feasible, to pre-
clude failure of these modules in service and storage and to prevent tampering.
(This feature also assists the user in improving reliability by permitting exchange
of questionable components.)

Use electrical contacts of adequate size and advanced material which preclude
failure. Such contacts are disconnect plugs, relay contacts, ignition points, genera-
tor and motor brushes, etc. Techniques include use of advanced alloys, silver
plating, noncorrosive metals, mercury switches, positive connections, brazed joints,
etc.

Utilize wire insulation in coils (motors, generators, transformers, and power distri-
bution systems, ctc.) which can withstand high burning temperatures. (R is con-
siderably increased by utilizing superior material.)

Utilize potting of component coils (and balung where appropriate) to prevent
wires from chafing by vibration and shorting out coils.

Utilize adequate and proper filters on all systems carrying fluid. Utilize ficld
cleanable types to minimize logistic support problems and thus running the risk of
using clogged or dirty filters.

Utilize lubricants which have the widest safe temperature range. Avoid use of
lubricants which harden with age.

Utilize electrical power wire insulation which will not crack or deteriorate with
age, and is tough enough to withstand abnormal abuse both from the motion of
the commodity or maintenance personnel’s tools and strains.

Design to prevent misassembly of components, or omission of parts. Typical de-
sign errors arc placing identical disconnect plugs side by side, components which
have more than one method or assembly, blind assembly of parts not permitting
rapid inspection of fasteners, etc.

Provide for nondestructive testing application wherever practical or possible.
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TABLE 3-2. GENERAL PRINCIPLES OF RELIABILITY (cont)

3-2.42  Provide for automated assembly and inspection when necessary to assure reli-
ability.

3-2.43  Provide for functional testing of the largest production quantity of the commodity
permitted by the cost constraints of the program, to insure maximum reliability of the
lot. (This applies to commodities which do not destroy themselves.)

3-2.44  Provide for sufficient safety features to meet safety regulations (e.g., dual safety
of fuzes).

3-245  Provide designs which fail safe (e.g, controls or components which fail to
“normal” or a safe operational level).

3-2.46 Provide for compatibility of explosives.
3-2.47  Provide sensing of proper launch signature (ordnance).

3-2.48 Review and analyze experience with similar/like equipment/items previously in
existence concerning MTBF, MTTR, Mecantime Between Maintenance Actions (pre-
ventive and corrective), Percent of Mission Accomplishment, High Mortality Repair
Parts/Components/Assemblies to determine ways and means of affecting improve-
ments for the equipment now being considered.

3-2.49  Identify standard parts, tools, and test equipment of proven reliability which
would be compatible for use with the equipment/item under consideration.

3-2.50 Conduct prediction analyses concerning performance requirements to measure
success or failure and possible trade-off areas as the equipment/item is developed
and tested.
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3-3.2 DESIGN ENGINEERING PERSONNEL

Design engineering personnel should be con-
cerned with the following, considering equip
ment developed:

(1) Improving reliability to reduce the need
for maintenance. Reliability must be designed
into items to insure the desired performance
for their entire intended life cycles.

(2) Reducing the frequency of preventive
(cyclic) maintenance. Reliability improvements
will often save time and manpower by reduc-
ing the frequency of the preventive-mainte-
nance cycle. This also means more operational
time for the component and/or item con-
cerned.

(3) Improving maintainability to reduce
downtime. Test and repair procedures should
be simplified to reduce the time required to
locate and correct faults by providing ecase of
access, and simplification of adjustments and
repair.

(4) Reducing the logistical burden. This im-
plies reducing the logistical tonnage required
to support equipment in the field, particularly
in forward combat areas. Included is the full
use of standard parts, components, tools, and
test equipment. Also included is the inter-
changeability of parts, components, and as-
semblies.

{5) Reducing the requirements for highly
trained specialists. This can be done by simpli-
fying the operation and maintenance of equip
ment, and utilizing the maintenance support
positive (MS+) concept of modular design for
maintenance in operational arcas.

3-4 THE MAINTENANCE PROCESS

Maintenance is defined as those actions neces-
sary for retaining materiel in, or restoring it to, a
serviceable condition. Maintenance includes
determination of condition, servicing, repair, mod-
ification, modernization, overhaul, and inspection.
Three broad factors which can be used to measure
maintainability are design, personnel, and support.
Each can be considered as follows:

(1) Design. This encompasses all the design fea-
tures of the equipment. It covers the physical as-
pects of the equipment itself; .g., requirements
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for test equipment and tools, spare parts, training,
and the personnel skill levels required to perform
maintenance as dictated by design, packaging, test
points, accessibility, and other factors internal to
the equipment.

(2) Personnel. This includes the skill level of the
maintenance men, their attitudes, experience, and
technical proficiency, and other human factors
which are usually associated with equipment main-
tenance.

(3) Support. This arca covers logistics and the
maintenance organization involved in maintaining®
a system. A short breakdown of support would
include: the tools, test equipment, and spare parts
on hand at a particular location; the availability of
manuals and technical data associated with the
equipment; the particular supply problems which
exist at a site; and, finally, the general main-
tenance organization.

3-5 MAINTENANCE CLASSIFICATION

To specify maintainability, it is necessary to
determine and define the various types of mainte-
nance activities. Knowledge of the elements consti-
tuting a maintenance task will contribute to the
ability to relate the affecting factors to mainte-
nance time. The paragraphs which follow describe
some of these activities.

Maintenance actions are precipitated by several
causes and can occur in different locations. Total
maintenance is composed of preventive, corrective,
and servicing maintenance. These are defined as
follows:

(1) Preventive Maintenance. The care and serv-
icing by personnel for the purpose of maintaining
equipment and facilities in satisfactory condition
by providing for systematic inspection, detection,
and correction of incipient failures, either before
they occur, or before they develop into major de-
fects. Adjustments, lubrication, and routine
check-out are included in preventive maintenance.

(2) Corrective Maintenance. That maintenance
performed on a nonscheduled basis to restore
equipment to satisfactory condition by providing
correction of a malfunction which has caused de-
gradation of the item below the specified perform-
ance.

The two basic maintenance actions, preventive
and corrective, can occur while the equipment is in



or out of service. Thus, it is necessary to recognize
not only the type of action, but also the opera-
tional status of the: equipment. Such considera-
tions are important for the development of figures
of merit for equipment maintainability.

(3) Service Maintenance. That maintenance of
fueling, filling attrition containers (i.e., oxygen
bottles, hydraulic reservoirs, loading ammunition,
etc.).

3.5.1 TASK ELEMENTS

Figure 3-1 is a maintenance flow diagram illlus-
trating the five major sequential steps performed
during maintenance. These steps are:

(1) Recognition that a malfunction exists.

(2) Localization of the defect within the system
to a particular equipment.

(3) Diagnosis within the equipment of a specific
defective part or component.

(4) Repair or replacement of the faulty item.

(5) Check—out and return of the system to
service.

AMCP 706-134

Complementary to these steps are actions asso-
ciated with assembly, disassembly, cleaning, lubri-
cation, supply, and administrative activity.

Figure 3-1 also illustrates two supplementary
paths: one during which obvious malfunctions can
be isolated immediately, the other for instances
requiring the technician to retrace his steps and
perform additional analysis.

3-5.2 MAINTENANCE TASK CLASSIFICATION

Table 3-3 shows a matrix of maintenance tasks
for which eight distinct combinations or classifica-
tions have been derived. Task classification 1 is a
corrective maintenance action performed at opera-
tional level and requiring the system to be down.
The removal of a defective system component and
its replacement with an operating component is an
example of this class. The subsequent repair of the
defective component at a location removed from
the operating equipment is an example of class 7.

The matrix makes it possible to order the spec-
trum of maintenance activities so that specifica-
tions and indices relating to the operating and

OBVIOUS MALFUNCTION

i

I

EQUIPMENT ' < 2 4 5
OPERATION § | pe i on RN DIAGNOSIS REPAIR CHECKOUT _T
[} | |
1
f . A |
MALFUNCTIONS NOT ISOLATED I
| I
- -

figure 3-1. Maintenance Flow Diagram
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maintenance environment may be derived. It is
readily apparent that only those maintenance ac-
tions requiring the system to be removed from
service affect availability, whercas all maintenance
actions affect maintainability as previously
described.

TABLE 3-3. CLASSI'FICATIONMATRIX OF

MAINTENANCE TASKS
Task Classification
(Read Down)
1/12131415|6(718
Organiza-
tional A Il
Area of Level
Performance
Higher oo e le
Echelon
Correc-
Type tive * ‘ * *
of
Action Preven- . . o .
tive
System ole oo
Equipment Down
Operational
Status System o le o le
Operating

3-5.3 DOWNTIME CLASSI FICATION

Figure 3-2 illustrates the relation of the various
maintenance activities at the operation level to
system downtime. Beginning with the cause of
maintenance, either preventive or corrective main-
tenance is considered. Next, the process notes
whether or not an equipment failure is present,
and if so, if it is to be considered critical. This
information permits the determination of the
operational status of the equipment. The final
classification made is to assign the resultant main-
tenance time to one of three categories—no down-
time, deferrable downtime, or downtime. From
the equipment operational standpoint, mainte-
nance which requires downtime is most important;
however, from a resource expenditure point of
view, all maintenance requirements are of concern.
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3-5.4 TOTAL DOWNTIME PER TASK

The relationships of downtime to other
operational considerations are defined and
illustrated in Figure 3-3.

Downtime is further described by the type of
task, i.e., corrective or preventive. As indicated in
the figure, corrective and preventive active times
are considered appropriate for specification pur-
poses since they are readily demonstrated by lab-
oratory testing. Total downtime, which includes
the nonactive factor, certainly would be of con-
cern in operational use. Total downtime per task,
therefore, is the total downtime expended in the
accomplishment of cach maintenance task.

3-6 MAINTAINABILITY DECISION
STRUCTURE

Figure 34 shows the interactions between
equipment attributes and maintenance actions.
The structure can be used for presenting decision
choices available to the system designer by provid-
ing system and support considerations pertinent to
cach maintenance action.

3-7 SPECI FICATIONS FOR
MAINTAINABILITY

Maintainability must be defined in specific,
meaningful, and wherever possible in measurable
terms. Whenever possible, specifications should
quantitatively indicate desired maintainability as
definitely as desired operational performance, e.g.,
probability of meantime to repair (MTTR) of 30
min with 3 men. There has been alack of balance
in the design and development of new equipment
between influence for improved operational per-
formance and influence for improved maintain-
ability. The inability to measure maintainability
has been, in part, responsible for this lack of bal-
ance.

In the past, maintenance practices depended
upon the design engineer to consider case of main-
tenance along with numerous other performance
objectives. Performance was measurable; mainte-
nance was not. Since the emphasis was on per-
formance, improved performance and gencrally in-
creased complexity resulted—but not reduced
maintenance.



Inherent maintainability is created by equip-
ment design which, in turn, is created in accord-
ance with specified requirements. The inclusion of
quantitative maintenance requirements as part of
the procurement package will form an important
foundation on which all subsequent maintain-
ability, maintenance engineering, support philoso-
phies, and logistics must be built.

Current military documents pertaining to the
specification of maintainability are listed in Table
3-4. Additional pertinent Military Specifications
and Standards relating to the design and mainte-
nance of Army equipment are listed in the Ap-
pendix.
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3-8 MAINTAINABILITY ACTIONS

Maintainability is that part of the maintenance
problem which must be designed into an equip-
ment or system and, therefore, is under the con-
trol of the designer. Although complex mainte-
nance organizations and supply systems, as well as
manpower shortages, contribute significantly to
the problem, too frequently, poor equipment de-
sign from a maintenance standpoint contributes
heavily and compounds the overall maintenance
problem. This puts the burden of solving a large
part of the maintenance problem on the design
engineer. With this in mind, the tenet for design

I MAINTENANCE PERFORMED DIRECTLY ON EQUIPMENT |}

)
1 L
| c ROUTINE CHECKSATION
CAUSE OF CLEANING AND LUBRIC PART FAILURE
SCHEDULED REPLACEMENTS
MAINTENANCE GEFORE FALUBE ) OR DEGRADATION
ALIGNMENT (FOR PEAK PERFORMANCE)
TYPE OF PREVENTIVE CORRFCTIVF
MAINTENANCE | MAINTENANCE MAINTENANCE
i
| ; S \
TYPE OF EQUIPMENT .
FAILURE NO FAILURE NON-CRITICAL CRITICAL
Lt A
OPERATIONAL NON - NON+ ) NON-
STATUS OPERATIONALY | soepationar| | OPERATIONAL ‘OPERATIONAL' OPERATIONAL
DOWNTIME NO SYSTEM DEFERRABLE
CATEGORY DOWN T IME l DOWNTIME DOWNTIME

Figure 3-2. Downtime Classification
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| CALENDAR TiME ]
A

Calendar Time. The period of investigation,
during which the equipment was scheduled to
be in operation for a specified period, and non-
operational (or off) during the remaining
period.

Total Downtime. That portion of calendar time
during which a system is not in condition to
perform its intended function : includes active

supply downtime due to unavailability of needed

* Refer to glossary.

maintenance time (preventive and corrective) ;

f T |
[ pEMAND usacE TIME]) [ pown TimMe (__nacive tme_]
1 1
! v ml I
REACTION mssion | [PREVENTIVE
TIME TIME DOWNTIME a2
) L

| T
READY OPERATING
TIME TIME

| 1
NON-ACTIVE ACTIVE
MAINTENANCE MAINTENANCE
DOWNTIME DOWNT IME
.
| ]
ACTIVE PORTION OF ACTIVE PORTION OF
CORRECTIVE PREVENTIVE
DOWNTIME DOWNTIME
I
FAULT ITEM TEM ADJUST. FINAL
IPREPARATlONI { I E| 1 I
TIME LA M Eﬁtlﬁ%@l% ;ﬁ&g

P I L]

DEFINITION OF CONCEPTS*

items ; and waiting and administrative time.

Active Maintenance Downtime. That time dur-
ing which preventive and corrective mainte-
nance work is being done on the system.

Nonactive Maintenance Time. That part of cal-
endar time spent on administrative activities,
excessive supply time (such as off-base procure-
ment), and other general arcas which preclude
operation but cannot be considered productive
towards maintenance task accomplishment.
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Figure 3-4, Maintainability Decision Structure (Ref. 4)

(Located in back of manual.)
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TABLE 3-4. MAINTAINABILITY SPECIFICATIONS

Military Specification

Title

Description

Missile Command

MIS-10017,
6 Sep 63

RCR-870,
20 Jan 64

Human Factors Engineering
in Development of Missile
Systems

Maintainability Program Re-
quirements for Missile Weap-
ons Systems and Associated
Equipment

Defines general requirements
to be followed by develop-
ment contractor in applying
principles of human factors
engineering. Provides for con-
sideration of man-machine re-
lation in design of equipment
and systems.

Establishes a specification for
use with Army Missile Com-
mand research and develop-
ment efforts to provide opti-
mum requirements and pro-
cedures for equipment main-
tainability programs.

Electronics Command

MIL-M-55214 (EL),
8 Feb 63

Maintainability Require-
ments, General: for Electron-
ic Equipment

Establishes general maintain-
ability design requirements
and provides procedures for
use in evaluating maintain-
ability of electronic equip
ment design in terms of quan-
titative maintainability
scores. Utilizes weighting fac-
tors for various attributes.

BuShips

NAVSHIPS 94323,
April 1962

Maintainability Design Crite-
ria Handbook for Designers
of Shipboard Electronic
Equipment

Provides general discussion of
maintainability concept, ship
board environment, and
maintainability design crite-
ria. Includes much human
factors engineering data.

DOD-BuWEPS

MIL-HDBK-217,
8 Aug 62

Reliability Stress and Failure
Rate Data for Electronic
Equipment

Provides a standard reference
for failure rate data for cer-
tain electronic components
and provides derating curves
for loading and temperature
variances.
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TABLE 3-4. MAINTAINABILITY SPECIFICATIONS (cont)

DOD

MIL-STD-721B,
22 Apr 64

Maintainability Terms and
Definitions

Provides accepted Depart-
ment of Defense definitions
of terms used in maintainabil-
ity engineering. Also provides
breakout of time-related units
in order that a standard un-
derstanding of these may be
possible.

 MIL-STD<470

Military Standard, Maintain-
ability Program Requirements
(forsystems equipment)

Principal DOD policy docu-
ment on Maintainability

MIL-STD-471

Maintainability Demonstra-
tion

DOD Standard Demonstra-
tion Procedures

MIL-STD-472

Maintainability Prediction

DOD Standard Prediction
Techniques

MIL-STD-473

Maintainability Verification/
Demonstration/Evaluation
for Aeronautical Systems

Includes the whole program
for all commodities (not just
aircraft). Will supersede MIL-

STD471.

engineers might be: “If we can’t design equipment
to last forever, let us at least design it SO we can
keep it going as long as possible, and so we can fix
it in a hurry when we need to, with the men avail-
able and the tools available.”

The designer should first consult the mainte-
nance support plan, described in Chapter 4, and
then augment this information by contacting,
primarily, the knowledgeable military personnel
concerning the capabilities and limitations of
operating and maintenance personnel where the
equipment will be used, how it will be used, and
how it will be supported. In selecting parts for the
design, the designer should first consider the use of
proven parts with the idea of keeping the use of
new and novel components to a minimum. He
should be willing to accept what others have done
unless appreciable improvements can be demon-
strated that do not compromise reliability and ease
of repair. However, new design philosophies must
not be penalized by being restricted to existing
hardware. The final development models should be
made simple and reliable, and include those ease-

3-18

of-maintenance features consistent with the overall
design.

The designer should also avoid creating unnec-
essary maintenance problems by building in main-
tenance “booby traps”. These traps invite errors
which are more the responsibility of the designer
than they are of the maintenance technician. The
case with which a maintenance task can be per-
formed is directly related to the way in which a
system has been put together (sec Table 3-5 as an
example of a quantitative approach).

Every designer should attempt to view the
maintainability requirements from the standpoint
of the maintenance technician. Better still, he
should literally put himself in the shoes of the
maintenance man by actually performing mainte-
nance and assembly on the hardware he has de-
signed. Designers should remember that their
product suffers proportionately to the amount of
time it is out of commission, as probably does the
maintenance man who has to repair it.

The designer should also bear in mind for
future maintenance problems the familiar
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TABLE 3-5. MIL-M-55214 (EL), MAINTAINABILITY INDEX FOR TYPICAL
MAINTENANCE DESIGN FEATURE

_ _ Consequence Arcas—Weighting Factors
Maintenance Design Feature Mainte- | Logistics .
nance | Require = | Equipment | Personnel
Internal Accesses Downtime Time ments Damage Injury
. Place access openings to permit di-
rect access for performing job
procedure. 2 3
. Provide sufficient access room for all
tasks requiring use of one hand. 3 3
. Provide sufficient access room for
tasks requiring insertion of one hand
or both, with tools, cables, etc. 3 3
. If technician must sec what he is do-
ing, provide sufficient access size to
permit sight while hands (and arms)
arc inserted. 3 3 4 4
. Make any irregular extensions easy to
remove before unit is handled. 1 2
. Provide integral rests or supports for
units to prevent damage to delicate
parts when unit is on bench. 3 3 4
. It an adjustment control under an ac-
cess would be difficult or dangerous
to locate, provide a tool guide attached
to the access. 1 2
. Cover edges of accesses with internal
fillets or rubber, fiber, or plastic_
protection if they might otherwise in-
Jure hands or arms. 3 3
Maintainability Evaluation Procedure:
1. For each of the five columns, score the weighting factors for all design features cither YES
or NO.
2. Score YES for those features adopted and present in every possible application of the
equipment.
3. Score NO for those features absent from the design. including those not employed to maxi-
mum extent possible.
4. Total each o the five columns and perform the following computation for each column:
Maintainability (M) = Y x 100
Y+N
where .
Y = Total of YES weighted factors.
N = Total of NO weighted factors.
5. In order for equipment to be considered as acceptable, it must meet the minimum accept-
able score for cach consequence arca (as set forth in Maintainability Requirement).
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“Murphy’s Law”—If it is possible to do it wrong,
someone will surely do it! Unfortunately, the re-
sults of doing it wrong too often end in tragic loss
of equipment and destruction of equipment. (See
Chapter 31 for vivid examples of what can happen
when “somebody did it wrong”.) The designer

could be the real culprit if he deliberately ignores
his responsibility of designing his equipment to be
casily and effectively maintained. Therefore, in de-
signing equipment, the philosophy of “go right or
no go”, and “work right or no work™ should be
used wherever possible.

REFERENCES

1. AR 750-5, Organization, Policies and Responsi-
bilities for Maintenance Operation.

2. Maintainability Engineering Guide, Report No.
RC-S-64-1, US Army Missile Command, Red-
stone Arsenal, Alabama, 1964.

3. Maintainability Engineering, Vol. 2, RADC-
TDR-63-85, Rome Air Development Center,
Air Force Systems Command, Griffiss AFB,
New York, 1963 (AD404 989).

4. L. V. Rigby, et al. Guide to Integrated System
Design for Maintainability, ASD-TR-61-424,
Air Force Systems Command, Wright-Patterson
AFB, Chio, 1961, (AD-271 477).

3-20

5. F. L. Ankenbrandt, Ed., Electronic Maintain-
ability, Vol. 3, W. B. Latta, “The Army Out-
look on Maintainability”, pp. 1-14, Engineering
Publishers, Elizabeth, N. J., 1960.

6. Maintainability Specification for Model
F111A/B Weapon System, FIM-12-140B,
General Dynamics Corporation, Fort Worth,
Texas, 1963.

7. Engineers Design Guide, US Army Signal Re-
search and Development Laboratory, Fort Mon-
mouth, N. J., 1962.

8. TM 38-703 Series, Integrated Logistics Support
(ILS).



AMCP 706-134

CHAPTER 4
COORDINATING DESIGN—PROGRAM PLAN FOR MAINTAINABILITY

4-1 GENERAL

It is the policy of the Department of the
Army that maintainability of materiel and
equipment will be achieved by :

(1) Designing maintainability into materiel
rather than it being attained through subse-
quent modifications as a result of tests, ficld
complaints, or product improvements.

(2) Effective planning,
managerial direction.

(3) Adequate research, engineering, design,
development, and evaluation.

(4) Efficient administration of logistical and
operational procedures designed to preserve in-
herent maintainability.

(5) Establishing data sources of critical in-
formation on maintainability for design and
planning activities.

To assume that this policy is achieved by the
design activity, the starting point in the main-
tainability program is the development of a
carefully thought out maintenance support
plan. This plan, in general terms, should indi-
cate who will accomplish what echelon of main-
tenance, expected time required to accomplish
the maintenance, type of test equipment to be
provided, maintenance units in existence or to
be organized to service or support the new
equipment, and milestones to demonstrate and
evaluate the validity of the plan. It is the
management tool designed to identify action
clements of maintenance support which require
timely execution and completion by the agencies
responsible for each element of maintenance
support.

The maintenance support plan must be imple-
mented and updated to run concurrent with

programing, and

equipment design, development, production, and
concept of field operation. Such a program is
mandatory to meet the requirements of military
specifications calling for maximum equipment
availability and reduced maintenance costs.

AR 750-6 (Ref. 2) provides the policies and
assigns the responsibilities for integrated main-
tenance support planning, for the preparation
of maintenance support plans and logistical sup-
port plans, and for the coordination and dis-
tribution of these plans by the preparing agency.
As defined by this regulation, the clements of
maintenance support are :

(1) Trained military and civilian mainte-
nance personnel.

(2) Requirements for new or changed mili-
tary and civilian skills.

(3) Military and civilian instructor and op-
erator personnel.

(4) Repair parts.

(5) Special and common tools and test equip-
ment.

(6) Supportand ground handling equipment.

(7) Technical manuals.

(8) Technical assistance.

(9) Maintenance load.

(10) Modification work orders.

(11) Calibration.

Maintenance support plans should be pre-
pared for each supportable end item or weapon
system of new materiel which will be issued to
troops and which is not covered by an adequate,
previously published maintenance support plan
or Department of the Army equipment manuals.
Guidance for implementing AR 750-6 is given
in AMCR 750-15 (Ref. 3), which prescribes the
policy, responsibilitiecs, and procedures for
maintenance support planning during the de-
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velopment,
materiel.

testing, and procurement of

4-2 TYPICAL MAINTAINABILITY
ENGINEERING PROGRAMS

In order to implement the maintainability
program, the maintenance support plan must
be designed to meet the following objectives :

(1) Be sufficiently flexible to permit revision
and updating at any point in the program.

(2) Show the various tasks and milestones,
and approximate times required to accomplish
cach.

(3) Show cach key event, and the coordinated
sequence of occurrence, and the interrelation-
ship of events.

(4) Provide valuable impetus for determin-
ing project costs and the most economical allo-
cation of personnel.

The paragraphs which follow describe the
organization, program tasks, key events, and
major milestones which must be considered in
the implementation of a typical maintainability
and maintenance support plan (Refs. 4 and 5).
The scheduling of the key events of such a pro-
gram are presented in Figure 4-1. A brief sum-
mation of the implementation of another main-
tainability and maintenance support plan is
shown in Table 4-1, included at the end of the
chapter.

4-2.1 ORGANIZATIONAL NEEDS

The maintainability management control
function must provide for integration of efforts
and operations up through high organizational
levels. Personnel trained in maintainability
technology should be employed in each phase
of the program from preliminary planning
through final field evaluation. Organizational
needs require :

(1) Coordination. Individual tasks necessary
to accomplish program objectives coordinated
by project teams operating on many levels
within the project. Personnel with training and
experience commensurate with the scope of the
tasks are a prerequisite for cach team.
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(2) Program indoctrination. Orientation and
indoctrination of all persons, government and
contractor, responsible for conducting the main-
tainability program. Particular emphasis should
be directed toward familiarizing cach member
with all important aspects of the system design,
operation, and maintenance philosophies to be
utilized.

4-2.2 PERSONNEL REQUIREMENTS

Personnel should include, but not be limited
to, maintenance engineers, military specialists,
circuit design analysts, statisticians, data an-
alysts, human factors engineers, and mathema-
ticians. The number of specialists in cach cate-
gory will vary with the size of program. A
limited maintainability program generally re-
quires fewer specialists, but this reduction in
turn demands more diversified capabilities for
cach participant.

4-2.3 PROGRAM TASKS

The major tasks considered here should be
provided for in a comprehensive maintainabil-
ity program (scope of tasks to be consistent
with magnitude of particular development pro-
gram).

4-2.31 QMR/SDR Planning Phase

Maintainability inputs are to be included in
Qualitative Materiel Requirements (QMR) and
Small Development Requirements (SDR).
These requirements must be realistic with re-
spect to other pertinent requirements of design,
reliability, operation, and logistics so that a
proper balance can be achieved between system
effectiveness and total cost.

4-2.3.2 Project Definition Phase

Proposals for new systems should include
quantitative maintainability objectives as an
inherent portion of the performance objectives.
A maintainability program and appropriate
documentation, including the maintainability
objectives, and a plan for achievement, accom-
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figure 4-1. Key Events and Task Scheduling of a Typical Maintainability Program (Ref. 6)
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plishment, and evaluation should be included
(see Chapter 5).

4-2.3.3 Development Program Phase

The Development Program Phase should in-
clude or provide for the following essential
clements in accordance with AR700-51, 10-001
(Army Authorized Data List) :

(1) Program plan. Contains maintainability
objectives, plans, goals, and milestones for ac-
complishment and evaluation which can be dem-
onstrated on a time basis. This plan can also
serve as a guide for all design, production, and
product assurance engineers (see Chapter 5).

(2) Mathematical model. Provides goals for
maintainability, availability, etc., to serve as
a standard for demonstrating the design
achieved. This model can also be used in de-
termining the maintainability status and effec-
tiveness of the system during all stages of
design, development, and testing.

(3) Specification review. Emphasizes the
importance of maintainability as part of the
overall contract. Upon award of the contract
a complete and thorough study of maintain-
ability and other related product assurance
specifications should be made.

(4) Prediction and analysis. Provides preli-
minary maintainability predictions based on
data supplied through integrated test program.

(5) Training program. Maintainability-ori-
ents all engineering personnel participating in
equipment or system development.

(6) Human factors engineering. Reviews
equipment design concepts for logic, display
control configurations, and operations with em-
phasis on system maintainability.

(7) Change control. Procedure assures that
design changes required for and affecting main-
tainability are carefully reviewed.

(8) Scheduled design reviews. Insures and
demonstrates that maximum maintainability
has been achieved throughout development
cycle (see Chapter 5).

(9) Methods for considering design trade-
offs. Considers in carly development phase, the
designs which, while conforming to maintain-
ability specifications, do not always meet other
specified requirements ;i.e., operational require-
ments, reliability, economic limitations, and per-
formance requirements (see Chapter 5).
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(10) Vendors indoctrination program. Pro-
vides subcontractors with maintainability
guidelines and specifications.

(11) Demonstration and task. Conducted in
accordance with MIL-STD-471 to obtain main-
tainability data that cannot be evaluated by
analytical methods, or as required to verify
that maintainability requirements have been
met.

(12) Scheduled evaluation and improvement.
Evaluates data feedback from demonstrations,
tests, and field arcas for supporting design
improvement recommendation and for verifica-
tion of maintainability predictions.

4-2.3.4 Production Phase

During this phase, the maintainability re-
quirements and objectives must be consistent
with those established during design and devel-
opment, i.e., with the maintenance support plan.
Close surveillance must be provided to assure
that quality assurance requirements and main-
tainability specifications are met. Considered in
this phase are :

(1) Quality Control. Maintains high quality
in workmanship and manufacturing standards
with respect to maintainability. Poor quality
control practices must be isolated and corrective
action initiated to preclude maintainability
problems in the field.

(2) Modification and change control. Estab-
lishes coordination procedures between design
and manufacturing activities to insurc that
changes or modifications to equipment design
are agreed upon before they are initiated. In
all cases the designer must concur with the
changes.

4-2.3.5 Operational Phase

The final validation of maintainability pre-
dictions is accomplished during this period.
This phase includes :

(1) Initial development stage. Based upon
evaluation of data accumulated relative to de-
sign tests, engineering costs, user tests, system
demonstrations, transportation, storage assem-
bly, emplacement and check-out. Analyze data
and make recommendations for product im-
provement for future equipment.
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IMPLEMENTATION OF A MAINTAINABILITY AND

Task or Function

Responsible Activity

Task or Function

Responsible Activity

Analyzation by logistics engineering of the
type, purpose, function, and utilization of
the equipment; qualitative and quantitative
maintainability requirements; customer
maintenance concepts; organization; and

policies.
tainability program:

Establish the following main-

Define system require-
ments

System concept

Analyze maintainability
and logistic requirements

Preliminary mainte-
nance concept and main-
tainability guidelines

Preliminary maintain-
ability procedures,
functions, and goals

Preliminary mainte -
nance support proce-
dures and functions

Preliminary maintain-
ability and logistics
costs

Design reviews

Trade-offs

Revised maintainability
data and goals

Revised maintenance
support data

Maintainability and
logistics plan

Equipment design

System engineering

System engineering

Logistics engineering

Logistics engineering

Logistics engineering

Logistics engineering

Logistics engineering

System engineering
System engineering

Logistics engineering

Logistics engineering

Logistics engineering

Engineering

Personnel skills and
training program

Support equipment re-
quirements (updating)

Shares and documenta-
tion program

Publications program
and implementation

Government furnished
equipment (GFE)design

Vendor and/or subcon-
tractor equipment design

Field support and field
engineering plans

Maintainability test plan

Modification and status

Logistics engineering
and training
Logistics engineering
Supply support
Publications
Logistics engineering
Customer

Logistics engineering

Logistics engineering

Configuration control

Phase III—Production and Test

Maintainability equipment reviews conduc-
ted by logistics engineering. System,
subsystem, and supporting equipment tests
include review, cvaluation, and validation

of the following:

Equipment design

Maintainability and
Logistics plan

Maintainability func-
tions (updating)

Engineering

Maintainability and
logistics

Logistics engineering

Prototype production

Maintainability testing
and publications verifi-
cation program

Maintainability design
verification

Design changes and
recommendations

Engineering change
board

Revision of maintain-
ability data

Revision of support
equipment

Finalization of proto-
type spares require-
ments

Manufacturing
Maintainability and
publications
Maintainability
Maintainability
System engineering
Maintainability

Logistics engineering

Supply support
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TABLE 4-1. IMPLEMENTATION OF A MAINTAINABILITY AND
MAINTENANCE SUPPORT PROGRAM (Ref. 6) (cont)

Task or Function Responsible Activity

Task or Function

Responsible Activity

Maintainability and maintenance reviews
conducted, and a logistic support pro-
gram implemented during the testing and
user phase for the following tasks:

System test plan

Logistic test plan

Reliability test and
evaluation

Logistic support
division

Supportof systemtesting

Verification of main-
tainability goals

Verification of logistic
support function

Test report and
recommendations

System test summary

Engineering
Maintainability
Logistic support
division
Maintainability

Reliability test and
evaluation

(2) Field operating stage. Analyze active
maintenance data from all equipment sites
and use to validate predicted maintainability

figures.

Unsatisfactory Equipment Reports

(UER), Equipment

Improvement

Reports

(EIR), and the Army failure reporting system
(TAERS) will be utilized. (see Chapter 7, Para-

graph 7-2.3).
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CHAPTER 5
MAINTAINABILITY REVIEWS AND TRADE-OFF TECHNIQUES

SECTION 1
IN-PROCESS REVIEWS

5-1 GENERAL

AR 705-5 (Ref. 1) specifies that maintain-
ability activities relating to or part of a devel-
opment program will be examined during
in-process reviews (IPR’s). The IPR is a review
of a materiel development project conducted at
critical points of the development cycle. Its pur-
pose is to evaluate the status of the project,
accomplish effective coordination, and facilitate
proper and timely decisions bearing on the
future course of the project to assure the mate-
riel’s ultimate acceptability for use by the
Army.

In-process reviews offer various departments
or agencies involved in a project the opportunity
to analyze the subsystem from their respective
points of view or discipline. It is at these
meetings that trade-offs can be evaluated and
problem arcas investigated. The objectives,
responsibilities, and procedures governing the
conduct of in-process reviews on all develop-
ment projects for which the U S Army
Materiel Command (AMC) has been assigned
responsibility are established in AMCR 70-5
(Ref. 2).

5-2 OBJECTIVES OF IN-PROCESS
REVIEWS

The objectives of IPR’s are:

(1) To evaluate whether the development
obj ectives—t he military characteristics and/or
operational requirements specified in the Quali-
tative Materiel Requirement (QMR) or the
Small Development Requirement (SDR)—can
be and are being met. (The QMR is the basic
specification for the product.)

(2) To insure the materiel’s ultimate overall
acceptability for use by the Army.

(3) To provide the development agency with
a coordinated developer/user/Department of
the Army staff decision on the course of the
development action to be followed. This applies
particularly to those arecas involving trade-offs
between the various military characteristics
specified in the QMR or SDR.

(4) To increase efficiency in the use of
materiel.

(5) To reduce development time and costs.

(6) To simplify operational and mainten-
ance requirements.

In-process reviews are conducted by the per-
tinent command under AMC involved in the
process of procurement of matericl. They are
normally held at the following points in the
development cycle :

(1) Technical characteristics review. Held
upon receipt by the developing agency of the
QMR or SDR, and prior to finalizing the tech-
nical characteristics. Insures that the developer
understands the requirement and has properly
stated it in terms of technical characteristics.

(2) Engineering concept review. Held upon
completion of the engineering concept. Insures
that the contractor or in-house facility is not
commencing a program that is beyond the state-
of-the-art, or contains too many high risk
arcas. Insures also that all feasible engineering
approaches are being utilized.

(3) Design characteristics review. Held up-
on completion of determinations of design char-
acteristics, and prior to release of the design
for development. Appropriate consideration
must be given to updating the QMR, if neces-
sary, to avoid development of hardware that
does not fullv satisfy the stated requirements.

5-1
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(4) Prototype systems review. Held after
delivery of prototype development hardware.

(5) Service test review. Held prior to com-
mencement of service test, or combined service
test/engineering test. Insures that all aspects
of the test program, both completed and to be
conducted, thoroughly measure the ability of
the materiel to meet the QMR.

5-3 TYPES OF IN-PROCESS REVIEWS

In-process reviews are classified into the
following two types :

(1) Formal IPR. Required at the discretion
of the Department of the Army upon approval
of QMR. Conducted by conference between rep-
resentatives of the following agencies :

(a) AMC

(b) U S Army Combat Developments
Command (CDC)

(¢) Office of the Chief of Research and
Development, Department of the Army

(d) Office of the Deputy Chief of Staff for
Logistics, Department of the Army

(e) Assistant Chief of Staff for Force De-
velopment, Department of the Army

(f) United States Continental Army Com-
mand (for training aspects only)

(g) The using agency (as defined in AR
705-5)

(h) The supporting agency

(1) When deemed appropriate, the con-
tractor, and other commands and
agencies having a direct interest in
the matters to be considered.

(2) Informal IPR. Conducted on all projects
for which formal reviews are not specified.
Normally conducted by correspondence, or by
conference if necessary. Participants include
the same agencies required in formal reviews.

65-4 IN-PROCESS REVIEW CHECKLIST

Two types of analysis techniques are needed
to perform in-process reviews: quantitative
and qualitative. Quantitative techniques make
use of prediction data to determine arcas and
features requiring improvement. Qualitative
techniques make use of the reviewers’ knowledge
and experience augmented by reference mate-
rial.

65-2

To assist maintainability design reviewers,
a checklist for maintainability features should
be prepared. This checklist should encompass
the major factors important to maintainablity,
as well as individual features deemed important
to the class of equipment under review. This
checklist could also be used to assist personnel
unacquainted with maintainability to perform
the design review when experienced personnel
are not available.

Tables 5-1 through 5-5 present checklists
for five categories of design review points,
which could be casily adapted to specific
projects or programs (Ref. 3). The categories
represent discrete portions of a normal devel-
opment program where definite decisions must
be made before progressing to the next stage.

TABLE 5-1. SYSTEM PLANNING REVIEW

CHECKLST

1. System concept

2. Maintenance concept Interfaces

3. Design concept

4, Vendor/subcontractor design review
programs

5. Fundingfor design reviews

6. In-house design review schedule

7. Design review criteria and parameters
applicable to ensuing reviews

8. Facility concepts—tools, test equipment,
personnel, etc.

9. Identification of risks entailed in decision
paths

TABLE 5-2. MECHANICAL/FUNCTIONAL REVIEW
CHECKLIST

Informal Review
1. Use of Standard Circuits

(whereapplicable)
a. Does this also standardize test equip-
ment?

b. Does it reduce or climinate critical ad-
justments ?

c. Are circuit types kept to a minimum?

d. Have techniques for troubleshooting
started to take shape?

e. Do standards exist for calibrating test
equipment?

f. Should unusual test equipment be con-
sidered.?

2. Circuit Simplicity

a. Can auxiliary networks be removed

without deteriorating function?
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TABLE 5-2. MECHANICAL/FUNCTIONAL REVIEW CHECKLIST (cont)

b. Is built-in test equipment the best
answer?

c. Can adjustable circuits be further re-
duced?

d. With the existing inputs and outputs,
can any component be simplified or
complexity reduced ?

¢. Is complicated singularity or simpli-
fied redundancy better in any section ?

Adjustment Requirements

a. Are adjustments held to a minimum?

b. Will component selections be made
that will hold their settings?

¢. What test equipment and techniques
will be required for adjustments?

d. Will adjustments be in mandatory se-
quence, or are they independent?

e. What tools will be required for adjust-
ment?

f. Is there interaction during adjust-
ment?

g. Can adjustments compensate for tol-
erance change?

h. Will periodic adjustment or alignment
be needed?

1. Arc adjustments and test points com-
patible?,

j.  Will factory settings require readjust-
ment on installation or during replace-
ment?

k. Will adjustment movement direction
correspond to indicator movement?
Zero center?

1. Will attachment of test equipment un-
balance any circuits?

Test Points

a. Can test connections be maintained
during adjustment?

b. Are there sufficient test points?

c. Are they identified as to function or
use?

d. Are they compatible with planned test
equipment?

e. Are they positioned relative to one an-
other to minimize the electrical shock
hazard ?

f. Are they designed so that no damage
to system can occur by introduction of
unwarranted signal?

Built-In Test Equipment

a. Is all of the built-in equipment re-
quired during the mission ?

Formal Review—Subjects for Consideration

1.
2.

—

Formal Review —Checklist
1.

2.

RSV O NS U E W

b. Can auxiliary equipment do as well
without reducing effectiveness?

c. Does the test equipment dynamically
test parameters in question? Is it ef-
fective in predicting failures or is it to
be used only after failure indication?

d. After any failure indication can mis-
sion be completed on reduced basis?
Has this been adequately documented ?

¢. Arec identifications and markings ade-
quate?

Maintenance Plan

a. Does the existing maintenance plan in-
clude coverage for all problems en-
countered including test and calibra-
tion equipment?

Relationship to Other Disciplines

a. Have all other affected disciplines
been kept current? Have they received
adequate data for impact cvaluation ?

b. Should extra meetings be held to clar-
ify problems?

c. Will all disciplines agree on solutions?
Have minority opinions been docu-
mented/distributed adequately?

d. Have trade-offs been justified/vali-
dated?

e. Will testing reduce the life of item
being tested ? (None, some, appreci-
ably, significantly ?)

Maintenance plan

Standard circuits and clectromechanical
clements

Modular vs. nonmodular decisions
Adjustments required — criticality

Test points—adequacy, location

Built-in test equipment

Simplicity of design

Relationship with other disciplines
Support requirements

Advance planning for spares and manuals
Product safety

Has an assembly specification been pre-
pared ?

Have characteristics of the critical parts
been specified ?
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TABLE 5-2. MECHANICAL/FUNCTIONAL REVIEW

CHECKLIST (cont)

TABLE 5-3. EXPERIMENTAL/BREADBOARD
REVIEW CHECKLIST (cont)

3.

&

RN

21.

4.

10.
11.

12.

13.
14.

15.

16.
17.

18.

19.

20.

What are the assembly requirements and
tolerances?

If no specification is prepared for critical
components, how is acceptability to be de-
termined?

How is the completed assembly to be
tested ?

What is labor and material cost per unit?
What are the mounting arrangements?
How are connections made to the assem-
bly ?

What is the effect of frequency interfer-
ence?

What arc the effective signal level limits?
Over what bandwidth must the assembly
operate?

How and where will component parts be
obtained?

How will it be assembled in the plant?
What environmental tests will the assem-
bly be capable to meet?

What effect will assembly failure have on
system operation?

How many are required per system?
What is assembly estimated life or mean-
time-between-failures?

What trade-offs can be made to improve
life?

What interface problems are anticipated?
How are they to be handled?

What electrical tests are required to prove
specification compliance?

What arc the safety hazards involved
with equipment design?

TABLE 5-3. EXPERIMENTAL/BREADBOARD

REVIEW CHECKUST

Informal Review

1.

Are maintenance and test equipment re-
quirements compatible with the mainte-
nance plan?

Is design such that circuit damage will not
result from careless adjustment proce-
dures?

Have factory and maintenance test equip-
ment been minimized and coordinated
with other units?

Are special techniques required in repair,

2.

replacement, or alignment of units?

Are testing, alignment, and repair proce-
dures such as to require minimum knowl-
edge by repair personnel?

What special tools and test equipment are
required ?

Can every fault of any type which can
occur be detected by use of proposed test
equipment and procedures ?

Have items subject to early wear-out becn
identified ?

Have voltage dividers been provided for
test points for circuits carrying more than
300 volts?

Will circuits toleratc use of a jumper
cable?

. Have all precautions been taken to pro-

tect personnel from mechanical, electrical,
chemical, radiation, ctc., hazards associ-
ated with the equipment?

Are special calibration features required ?

‘ormal Review— Subjects for Consideration

1.

LO.
11.

Criticality of design as it affects mainte-
nance—special parts selection, proce-
dures, or spares?

Calibration requirements — are field Cali-
brations reduced to minimum?

Test point application— enough of right
type confirmed by tests?

Testing techniques and adequacy —any
unusual methods or skills required ?
Packaging concepts—what is to be the
repairable unit? Is it accessible?
Reliability vs spares —reliance on reliable
parts or on replacement? Trade-offs on
spares vs space, weight, and cost. In-com-
mission rate vs reliability figure of merit.
Support requirements —special  equip-
ment required for maintenance? Kind o
skills and number of personnel? Special-
ized training required ? Manuals ?
Logistic interfaces—specially selected
components required to make it work?
Ease of maintenance in the planned en-
vironment.

Cost of maintenance and possible savings
Personnel hazards involved during manu.
facture, operation, and maintenance.
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TABLE 5-4. PROTOTYPE RELEASE REVIEW CHECKLIST

Informal Review

1.

2.

10.

11.

12.

13.
14.

15.

16.

17.

Is this the best volume utilization, allow-
ing for maintenance ?

Will this type of construction allow plug-
in replacement to shorten downtime, or is
removal and replacement time longer than
repair-in-place time?

Will this type construction survive the
lifetime environment — shipping, temper-
ature, humidity, shock and vibration?
Will there be hot spots?

Will special tools or fixtures be needed for
adjustment, test, or repair?

Can repairable subassemblies be tested
and repaired at the bench without special
tools or protection ?

What are the techniques and location for
repair— on site, in depot, in factory?

Will cooling be adequate during mainte-
nance?

Have guide pins been provided to facili-
tate installation of plug-in units?

Are plug-in units keyed to prevent inser-
tion errors?

Has protection been provided for cabling
around corners or near sharp edges?
Are grommets provided wherever neces-
sary?

Will design minimize chance of soldering
iron burns?

Can units be dynamically tested in place?

Is there clear access to all removable
items ?

Are all test points readily accessible as
installed ?

Are all adjustment points accessible as
installed ?

Is there adequate provision for protection

18.

19.

20.

21.

22.

23.

24.

Formal Review

1. Specification compliance :

of test and maintenance personnel against
injury?

Is each assembly self-supporting in the
desired positions for testing and main-
tenance?

Can assemblies or units be laid on a bench
in any position without damaging compo-
nents?

Are displays located for easy observation
during testing?

Do functionally related controls and dis-
plays maintain functional or physical
compatibility, i.e., direction of motion and
physical proximity ?

Do design, arrangement, and installation
allow adequate working space?

Do chassis and panel fasteners require spe-
cial tools? Are there too many, thus ham-
pering access?

Are units light enough for case of re-
moval? Have adequate handling devices
been provided ?

Maintainability goal vs. attained main-
tainability.

Producibility vs maintainability :

Will any maintainability features be com-
promised by necessary production tech-
niques?

Failure records vs maintainability :
Have failures and corrective actions re-
vealed any loopholes in maintainability?
Engineering changes vs maintainability :
Will any changes made or completed com-
promise maintainability ?

Are there any last minute changes that
can be made to improve maintainability?

5-5
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TABLE 5-5 SUPPORT FACILITIES REVIEW CHECKLIST

1
2
3
4.
s.
6
7
8
9

RN

Objectives

. Tools and shop facilities

Test equipment

Personnel requirements

Skill and training requirements
Documentation requirements

. Installation requirements

Loading (peak usage demands)
Spares requirements and distribution

. Transportation requirements

Criteria

1.
2.

Adequacy of planning or coverage

Criticality of objective to mission accom-
plishment

Timeliness of planning, development, and
delivery

Availability of existing materiel
Standardization

Trade-offs

cost

interface compatibility

Failure effects

Checklist
1.

Are maintenance and test equipment re-
quirements compatible with the concept
established for the system ?

Does any unit require special handling?
Has the handling facility been provided?
What adjustments are required after in-
stallation of unit and of the system?

Is periodic alignment, adjustment, or
servicing required ? How often?

. Are the procedures for testing, alignment,

or repair written to require minimum

10.

11.
12.
13.

14.

15.

16.

17.

18.

19.

20.

knowledge on the part of maintenance
personnel? Are they too specific?

. Have all special tools and test equipment

requirements been identified ? Has action
to procure special tools and test equip-
ment been started?

Have all shop facilities requirements been
identified and provided for (all types of
power, heating and resealing, and evacu-
ating, etc.)?

Have shipping methods, containers, and
lead time been planned? Are containers
designed to permit testing of contents
without removal from package?

Are the planned manuals and charts the
best that can be provided?

Has an adequate data collection system
been established ?

How are spares to be sclected?

Where will spares be maintained?

What effect will lead time have on spares
provision or replacement ?

What are the spares packaging and stor-
age requirements? Are there any excep-
tions?

Is the spares policy compatible with the
design (prime) packaging concept?

Do any spares require servicing, testing,
or adjustment?

Do any spares have limited shelf life?
Replacement schedule established ?

Are there special parts spares that should
be procured in lifetime quantities to avoid
reprocurement problems?

What calibration facilities will be re-
quired ?

Are the spare parts, manuals, and main-

tenance plan for test equipment estab-
lished ?

5-6
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SECTION I
TRADE-OFF TECHNIQUES

5-5 GENERAL

Designers of military equipment, or the
maintainability engineer or group, are seriously
in need of simple and practical procedures by
which trade-off of significant factors can be
accomplished. The necessity for this capability
is accentuated as the numerous military specifi-
cations calling for trade-offs are implemented.

The term “trade-off,” as it applies to main-
tainability, can be defined as the process by
which a designer can evaluate one or more pro-
posed maintainability design considerations in
terms of possible effects in other areas, and
to make an intelligent decision based upon these
cvaluations. Essentially, the designer is weigh-
ing, or trading-off, the advantages to be gained
from each maintainability design change
against possible disadvantages in deciding
whether or not the change should be incorpo-
rated into the equipment. Some examples in
the case of trade-offs are presented in the para-
graphs which follow (Refs. 4 and 5).

5-6 MAJOR SYSTEM TRADE-OFFS

To meet overall system requirements within
a budgeted cost and fixed frame time, trade-offs
arc often necessary among the major system
parameters. Trade-offs within the major
parameters are also necessary to attain the
specified levels for each parameter. In the case
of maintainability, a trade-off may be effected
with reliability to achieve the desired avail-
ability. At the same time, however, mission
requirements may dictate a minimum main-
tainability requirement, below which a trade-
off may not be made. In this situation, trade-
offs among the parameters of maintainability
(design, personnel, and support), or among the
components of the system, may be necessary to
achieve the required maintainability level. The
following paragraphs give techniques for per-
forming these trade-offs with the system, be-
tween components (subsystems) of the system,
and between maintainability tests.

§5-6.1 SYSTEM AVAILABILITY TRADE-OFF

The all important goal in equipment design
is equipment availability. The availability of a
weapon system is determined principally by
its maintainability — the ease with which it can
be kept ready to respond to the tactical need
when needed. The requirement for maintain-
ability must be periodically recassessed as de-
sign progresses, on the basis of a practical
analysis of the inherent “repairability” char-
acteristic of the design. Availability is depend-
ent upon the probability of system repair and
return to operational status, and is dependent
on reliability and maintainability through the
following relationship :

_ MTBF
‘= MTBF TMTTR

A

where

A; = inherent availability ; the proba-
bility that a system or equipment,
when used under stated conditions,
without consideration for any
scheduled or preventive mainte-
nance and in an ideal support en-
vironment, will operate satisfac-
torily at any given time. Excludes
ready time, supply downtime, wait-
ing or administrative downtime,
and preventive maintenance down-
time.

MTBF = mean-time-between-failures.

MTTR = mean-time-to-repair ; the average
time required to detect and isolate
a malfunction, effect repair, and
restore the system to a satisfactory
level of performance.

Since availability reflects two fundamental
measures of system dependability, namely,
MTRF and MTTR, its use in analytically evalu-
ating a system appears advantageous.

5-7
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5-6.1.1 Nonredundant System

Figure 5-1 illustrates the use of availability
for trade-offs for a weapon system. The system
is depicted as containing five subsystems for
which the reliability and maintainability have
been predicted. Table 5-6 summarizes the
MTBF, MTTR, and inherent availability for
cach subsystem of the nonredundant system
(Figure 5-1 (A)). The system availability, 4,,
is calculated by forming the product of the indi-
vidual availabilities, assuming independence of
A; as follows :

been improved to the state-of-the-art or the
budgetary limitations and still does not mest
the specified level, a trade-off may be made with
reliability to attain the desired availability.
Examination of Table 5-6 shows that subsystem
3 has the lowest availability; thus by providing
an alternate redundant subsystem, total system
availability is improved. The availability for

TABLE 5-6. WEAPON SYSTEM AVAILABILITY
WITHOUT REDUNDANCY

Subsystem | MTBF MTTR Ay
A, =A, XA, XA, XA, XA
1 XA XA XA X s 1 100 2 0,98039
Using thls.formula, the availability for weapon 9 200 1 0.99502
system A 1is:
A, = (0.98039) X (0.99502) % (0.83333) 3 25 S 0,83333
X (0.90909) x (0.99502) — 0.73534 4 50 5 0.90909
5 400 2 0,99502
5-6.1.2 Redundant System
. . . . | Resultant A, = 0.73534
If the maintainability of an equipment has
5
MTBF =100 MTBF =200 MTBF=25 MTBF =50 MTBF =400
MTTR =2 MTTR=1 MTTR=5 MTTR=5 MTTR=2
(A) WITHOUT REDUNDANCY
| mTBF=25
MTTR =5
| 2 4 5
MTBF =100 MTBF =200 MTBF =50 MTBF =400
MTTR=2 MTTR=1 1 MTTR=5 MTTR=2

(B) WITH REDUNDANCY

Figure 5-1. Using Availabilitv for Trade-offs in a Weapon System



redundant subsystem 3 (Figure 5-1(B)) is cal-
culated as follows :

A, =1—(1—A4,)*
where
A, = subsystem redundant availability

Substituting the value for A, gives
A, = 1— (1—0.83333)2 = 0.97222

Substituting the value for As in the system
availability equation gives :

A, = (0.98039) X (0.99502) X (0.97222)
X (0.90909) X (0.99502) = 0.85790

The introduction of redundancy for subsystem 3
has resulted in an increase in total system avail-
ability.

5-6.1.3 Basic System Plus Support Equipment

An alternate method increasing availability
is to increasc the maintainability of the system
through a trade-off between the design and
support paramcters. This can be accomplished
by placing much of the burden on the support
parameter. As an example, assume that a so-
phisticated maintenance check-out equipment is
developed for,the weapon system (Figure 5-1),
which reduced the maintainability requirements
for the weapon system by one-half. The avail-
ability achieved by this alternate method is

given in Table 5-7 and is calculated as follows :

A, = (0.99009) X (0.99751) X (0.90909)
X (0.95238) X (0.99751) = 0.85296

TABLE 5-7. WEAPON SYSTEM AVAILABILITY
TRADE-OFF WITH SUPPORT EQUIPMENT AND

REDUNDANCY
Subsystem | MTBF MTTR Ay
1 100 1.0 0.99009
2 200 0.5 0.99751
3 25 2.5 0.90909
4 50 25 0,95238
5 400 1.0 0.99751
Resultant 4, = 0.85296
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TABLE 5-8. SUMMARY OF WEAPON SYSTEM

PARAMETERS
Development o
Configuration cost Availability
I Basic System | $500,000.00 0.73534
II Redundant
System $550,000.00 0.85790
oI Basic System
Plus Support
Equipment $560,000.00 0.85296

Again a substantial gain has been achieved but
at a greater system cost. An additional degra-
dation factor may be the potential unavailabil-
ity of the support equipment. This factor may
be analytically treated to incorporate the de-
gradation into the weapon system availability.

5-6.1.4 Selection of Best Method

To select the best method for improving
availability, the relative cost for each approach
must be estimated for the example given. Table
5-8 gives the development costs for cach con-
figuration (assuming equal performance capa-
bilities). From this data, configuration II is
shown to have the highest availability with the
least increase in development cost,

5-6.2 COMPONENT AVAILABILITY TRADE-OFF

The technique described for trading off main-
tainability against reliability at the system level
is also applicable at the subsystem, equipment,
and component levels. Basically, at the compo-
nent level, the costs of increasing reliability and
maintainability through redesign are calculated
for various levels of each attribute. The avail-
ability for cach combination of reliability and
maintainability levels is calculated along with
the associated development cost. These data are
then tabulated, as in Table 5-8, and the method
for improvement is sclected on the basis of
mission requirements and budgetary limits.

5-9
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5-7 MAINTENANCE TESTING TRADE-OFFS

The checkout of a complex equipment and sys-
tem can be accomplished either individually or
by a combination of the following testing con-
cepts (Ref. 6):

(1) System tests. Exemplified by a control
system, transmitter system, or navigational
system ; an integrated grouping of associated
elements which accomplish an operational task.
This requires the system to be subjected to
stimuli necessary to simulate operational con-
ditions and the response evaluated for abnor-
malities.

(2) Component tests. Typified by amplifier
units, power supplies, memory storage devices,
or displays; an integrated group of associated
elements which perform a defined function and
arc packaged in a transportable or removable
unit. The test is performed to demonstrate
whether a component or individual elements
within a component are operating within toler-
ances.

(3) Static tests. Performed through use of
non-varying stimuli, such as signals with con-
stant or zero current. The item under test is
not subjected to the variety and magnitude of
stresses encountered while in operation.

(4) Dynamic fests. Tests which simulate or
reproduce functional modes, and in so doing
exercise individual elements of unit under test.

(5) Open-loop tests. Measures direct re-
sponse of an item to changes in the several
parameters (including external requirements
and characteristics of other items) affecting it
without regard to remainder of the system.
However, no adjustments are made to stimuli
because of that response.

(6) Closed-loop tests. Represents response
of an item to changes in the several parameters
affecting it, and where feedback through other
systems is taken into account.

(7) Marginal testing. Provides information
relative to the ability of components to operate
under full range of design parameters. Upon
application of stimuli (varying bias voltages,
frequency, mechanical speeds, or temperature
under controlled conditions) during field main-
tenance, individual piece-parts or components
can be made to function close to the design toler-
ance limits. The test can be used to detect com-
ponent degradation or to establish a confidence
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level of performance.

The decision to use one or another type or
combination of testing techniques entails con-
sideration of factors such as: the stability of
the circuit, type of system, cost, personnel train-
ing and skill, time permitted for testing, test
information required, maintenance level at
which tests will be performed, readout instru-
mentation required, sequencing of tests, envi-
ronment and installation, and whether testing
of a particular kind reduces life of item.

5-7.1 CATEGORIES OF TEST EQUIPMENT

The four types of test equipments defined
below are representative of equipment currently
in use.

(1) Special purpose (SP). Test equipment
designed for a unique use pertaining to a par-
ticular system.

(2) General purpose (GP). Test equipment
usable in different systems ; generally available
as an “off the shelf” item in government or
commercial inventories.

(3) Built-in test equipment (BITE). Equip-
ment which is an integral part of prime equip-
ment or system; cannot be readily detached or

separated from basic equipment. Normally
typified by “press-to-test” procedures.
(4) Automatic  test equipment (ATE).

Equipment considered to be separate from sys-
tem to be tested. Capable of automatically test-
ing and evaluating many test parameters by
providing required input stimuli.

§-7.2 SELECTION OF TYPES OF TEST EQUIPMENT

A decision regarding the proper type of test
equipment to be used must be made in the early
stages of prime equipment design—as early as
the drafting of the maintenance support plan
will allow—and should be firm by the system
and sub-system development stage. The factors
imvolved in this decision include : the mission
and operational characteristics of the equip-
ment, the anticipated reliability, the mainte-
nance structure, equipments and personnel
available to the user, the operational environ-
ment, logistical support requirements, develop-
ment time, and cost. Table 5-9 compares special
purpose, general purpose and built-in test
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TABLE 5-9. FACTORS IN TEST EQUIPMENT SELECTION

| Rating
Special General
Factor Element Built-in Purpose Purpose
Maintenance Personnel acceptance Hish Medium Low
Technician High -
Personnel safety High- Medjum-
Medium Low
Complexity of test equip- Low Medium High
ment operation
Time to complete tests Least Medium Most
Personnel training time Least Medium Most
Tendency to over-depend High High Low
on test equipment
Phy sical Limits on size of test Minimum limits— Maximum
Factors equipment depends on prime limits—
equipment and appli- limited by
cation portability
Limits on weight of test Minimum limits— Maximum
equipment depends on prime limits —
equipment applica- limited by
tion portability
Complexity of "wiringin" High High Low
test equipment
Need for additional test None None Many
points in prime equipment
Wasted space in work areas Least Some Most
Storage problems None None Many
Need for traffic considera- Low Medium High
tions
Maintainability Probability of test equip- Low Low High
and Reliability ment damage
Probability of damage to Low Low High
prime equipment caused
by testing
Effect on prime equipment Some Slight None
operation when repairing
test equipment failures
Logistics Cost to incorporate test High Medium- None
equipment High
Test equipment procure- High Medium Low
ment time
Design engineering effort High- High- Low
Medium Medium
Compliance of test equip- Must May May
ment to same specifications
as prime equipment
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TABLE 5-9. FACTORS IN TEST EQUIPMENT SELECTION (cont)
Rating
o Special General
Factor Element Built-in Purpose Purpose
Application Advantage o long duration High High- Low
and high frequency usage Medium
in given location
Versatility of application Low Low High
Opportunity for incorrect Low Low High
usage
System adaptability to new Low Medium High
test equipment

equipments in regard to these factors.

The design engineer must determine the
most important factors for a given equipment
and make his decision accordingly. The para-
graphs which follow present design criteria to
aid the engineer in making this decision. Rec-
ommendations for the design of specific types
of test equipment are given in Chapter 23,
Section IV.

6-7.3 TRADE-OFF OF AUTOMATIC VS MANUAL
TEST EQUIPMENT

In general, the type of prime equipment and
the operational requirements determine the
type of test equipment required. The following
factors should be considered in determining the
trade-off between automatic and manual test
equipment (Ref. 8).

(1) Development time

(2) Cost
~ (3) Operational plan of deployment of end
1item.

(4) Amount of testing to be done (mainte-
nance load)

(5) Readiness requirements of prime equip-
ment

(6) Maintenance echelon involved (organi-
zational, direct support, general support, depot)

(7) Simplicity or complexity of the auto-
matic test equipment itself.

Automatic test equipment (ATE) should be
considered only when one or more of the fol-
lowing conditions are present :
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(1) Turn around time or downtime must be
held to an absolute minimum.

(2) Many repetitive measurements must be
made.

(3) Readiness requirements dictate its use.

(4) Maintenance loads warrant its use.

Automatic test equipment is costly and cre-
ates a considerable maintenance problem of its
own. Every effort should therefore be made to
specify standard portable test equipment unless
the support agency, the echelon of maintenance,
or the specific nature of the equipment dictates
its use.

5-7.4 MAJOR TRADE-OFF AREAS

Three major trade-off arcas for automatic
vs manual test equipment are:

(1) Level of test. The trade-offs required to
define the depth of penetration of each test
function in the equipment.

(2) Degree of test equipment automaticity.
The trade-offs required to define the details
necessary for implementing ATE usually in-
volve answers to the following questions :

(a) How should the test equipment be pro-
grammed ? (Punched tape, manual set-
up of parameter values by operator,
magnetic drum)

(b) How should test results be displayed?
(Go/no-go lights, meters, color-coded
read-out, etc.)



(¢) Should testing be stopped when an
out-of-tolerance condition is detected
or should testing branch automatical-
ly into an isolation routine?

(3) Extent of built-in test equipment. The
trade-offs necessary to optimize BITE in terms
of its design configuration and eventual quan-
tity.

For cach of these three trade-off arcas the
following questions usually must be answered :

(1) Does a problem exist?

(2) Can we define the problem?

(3) What are the possible solutions?

(4) Which of these solutions is considered
best ?

(5) Are any special data required? If so,
what is the nature of these data?

(6) What course of action is recommended?
Table 5-10 indicates some of the answers to
these problems.

§-7.5 TRADE-OFF OF BUILT-IN VS PORTABLE
TEST EQUIPMENT

Making the trade-off of built-in versus port-
able test equipment is a difficult decision. Built-
in test equipment has a high cost in terms of
weight and volume, and possible degradation
of reliability of prime equipment. Some of the
factors to be considered in making this trade-of€'
are listed below. The advantages and disadvan-
tages of BITE are summarized in Table 5-11.

(1) cost

(2) Weight

(3) Space

(4) Degradation of reliability of prime
equipment

(5) Functional check versus malfunction
isolation

(6) Level of test

(7) Number of measurements required.

5-7.6 TEST EQUIPMENT SELECTION GUIDE
CHECKLIST

Table 5-12 presents an example of how some
of the important trade-off features can be con-
sidered in the selection of test equipment.
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5-8 NATIONAL SECURITY INDUSTRIAL
ASSOCIATION (NSIA) TRADE-OFF
TECHNIQUE

The Maintenance Reliability and Maintain-
ability Panel of the Maintenance Advisory
Committee (NSIA) has developed trade-off
techniques to improve the maintainability of
equipment and systems by making it possible
to determine conveniently, and with reasonable
accuracy, which of several maintainability de-
sign considerations or changes to pilot test
models are most worthy of being incorporated
into the end item. This technique makes it pos-
sible for those involved in the development
process to base decisions upon the comparison
of numerical values calculated for each pro-
posed change, and which reflect the relative
merits or demerits of each case. The technique
is such that each particular design feature
change is considered individually and evaluated
(or traded-off) in terms of its effect upon any
and all end-item functional parameters.

It should be noted that the NSIA technique
is just one method for quantitatively evaluating
possible trade-offs. The method has a certain
clement of arbitrariness inherent in it, a char-
acteristic of all operations research techniques.

§-8.1 METHOD OF EVALUATION

When a design alternative exists, each of the
various parameters involved, i.e., performance,
reliability, safety, human factors, environmen-
tal influence, etc., is assigned a numerical value
ranging between —100 and 4100 (sce Figure
5-2). The +100 end of the scale indicates that
a design is considered necessary. A —100rating
indicates that the design approach is unaccept-
able. The value of zero is applied when it is
considered that the advantages resulting from
the change balance out the disadvantages. All
other values fall somewhere between these
extremes.

Each rating is then multiplied by an integer
weighting factor of between 1 through 4, de-
pending on the relative importance or effect
that the proposed change will have on the end
item function in that specific parameter. The
algebraic sum of the weighted numerical fac-
tors are obtained; divided by the sum of the
weighting factors ; and finally compared to ar-
rive at a decision.

5-13
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TABLE 5-10. TEST EQUIPMENT TRADE-OFFS (Ref. 8)

Question

Level of Test

Degree of Test Equip-
ment Automaticity

Extent of Built-In
Test Equipment

1. Do any problems exist?

2. Whatare the problems?

. What possible solutions
are available?

. Which solution is consi-

dered to be best?

. What special data or in-
formation are required?

. What course of action is
recommended?

Yes

Lack of a timely defi-
nition of the Mainte-
nance Plan

Early definition and
customer approval of
the Maintenance Plan

Early and frequent
contacts between the
customer's maintain-
ability engineers and
the vendor

Applicability and per-
formance of milita-
rized test equipment

Improved communica-
tion between customer
and vendor

Early decisions on
preferred approaches

Yes

Lack of adequate trade-

off studies between such
factors as necessity vs

cost, costvs time, and
automaticity vs reliabi-
lity improvement

Early definition of the
test equipment approach
including any trade-off
studies

Fine detail on the Main-
tainability Concept

Vendor should develop
the trade-off capability

Fine detail on the Main-
tainability Concept

Vendor should develop
the trade-off capability

Yes

Lack of a timely defi-
nition of the Mainte-
nance Plan

Lack of information
concerning extent of
built-in test equip-
ment in the Mainte-
nance Plan

Lack of adequate
trade-off studies be-
tween such factors as
necessary vs cost,
cost vs time, and rel-
ative reliabilities of
built-in and external
test equipment config-
urations

Early development and
customer approval of
the Maintenance Plan

Contractor or vendor
should develop test
equipment approach
including trade-off
studies

Early and frequent
contacts with the con-
tractor and vendor

Fine detail on the Main-
tainability Concept

(Same as in columns 2
and 3)
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TABLE 5-11. ADVANTAGES AND DISADVANTAGES OF BUILT-IN TEST EQUIPMENT

Advantages

Disadvantages

Minimizes requirements for external
support equipment.

Minimizes downtime required to
troubleshoot equipment. Also decreases
service-induced failures and possible
injury to repairman by allowing fault
isolation to be performed without needless
probing into interior of equipment.

Identifies performance degradation by oper-
ating personnel in sufficient time to avoid
serious breakdowns.

Increases system confidence through avail-
ability of monitoring facilities.

Assures that modifications of prime equip-
ment are made concurrently with integral
test facilities.

Resulting hardware is heavier, larger, and
requires more power. Requires compro-
mise onparts of designer as to minimum
number and types of tests that could be per-
formed on tactical equipments without ex-
ceeding weight and size limitations.

Increases complexity of prime equipment,
thus increasing development effort, cost,
and time. Increases also maintenance to be
performed on prime equipment and system.

Difficult to calibrate test facilities due to
inability to separate these facilities from
prime equipment.

Requires additional self-checking features to
insure that degradation of test facilities does
not go unnoticed.

Requires extreme caution in selection of tests
to be performed. Change in procedures of
later date requires equipment redesign.
Inflexibility in this area is limiting factor.

TABLE 5-12. TEST EQUIPMENT SELECTION GUIDE CHECKLIST (Ref. 6)

Type of Test Equipment
Automatic Manual
Trade-Off Item
Special General Special General
Purpose Purpose Built-in Purpose Purpose units

Clock time per 7 10 5 135 140 min,
test. Note (1)
Man-time per test | Note (2) Note (2) Note (3) | Note (4) Note (5)
by AFSC (quality)

3 skill level 20 25 12 160 175 min .

5 skill level 18 22 12 150 160 min .

7 skill level 15 18 12 140 145 min.
Facilities
required

Shelter Rain cover Rain cover None Rain cover Rain cover

Power 220v, 400 cps | 220v, 400 cps| None 110v, 400 cps | 110v, 400 cps

Transportation Tow truck Tow truck None Pickup truck | Pickup truck
Resources
required

Test 1 Air pressure | Air pressure | None Air pressure | Air pressure

Test 2 None None None None None

Test 3 Liquid helium | Liquid helium| None Liquid helium | Liquid helium
Delivery schedule 12 12 8 6 3 months |
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TABLE 5-12. TEST EQUIPMENT SELECTION GUIDE CHECKLIST (Ref. 6) (cont)

Type of Test Equipment

Test accuracy
requirements

Equipment accu-
racy capability

Environmental
compatibility

Versatility (per-
centage of other
test equipment
can do)

Equipment weight
Equipment cubage
Cost of operation

and support per
cycle (or life)

:o. 01
0. 01

*0. 001
*0. 01

Automatic Manual
Trade-Off Item — =
Special General Special General '
Purpose Purpose Built-in Purpose Purpose Units

Procurement cost | $5,000,000 $3,000 $6,000 | $900,000 $100,000
Estimated test 0.1 0.1 0.09 0.005 0.005 hr
equipment down-
time per cycle
Man-time to repair
test equipment per
cycle by AFSC

3 skill level 10 10 12 15 0.04 hr

5 skill level 6 6 8 1.0 0.02 hr

7 skill level 3 3 4 0.5 0.01 hr
Facilities re- Shop an« Shop and Field, Shop Shop
quired to repair depot depot shop,
test equipment and

depot

Resources re-
quired to repair
test equipment by
line entry and
dollar conversion

20% spares § 500,000 $300,000 6250,000 $100,000 $50,000

60% spares 750,000 500,000 425,000 120,000 65,000

80% spares 1,000,000 750,000 700,000 150,000 75,000
lc\:/(I)(r)rtl)Il)lzllgbility (All Systems Compal ble With Mobility Requirements)

*0.001 *0,01 *0. 001 *0.001 volts
*0.01 *0.01 *0. 01 *0. 01 cps
+0.01 *0, 001 +0.001 fo. 01 volts
£0.1 *0.01 0. 01 0.1 cps

(All Systems Compatible Wi Environmental Conditions)

60%

3,000
360

$5,000

100% 80% 80% 100%
4,000 1,000 700 800 b
400 100 30 40 cuft
$5,000 $4,000 $10,000 $10,000

Notes:

(1) Four tests per cycle
(2) Five men required
(3) Three men required

(4) Eight men required
(5) Ten men required
Special test equipment maintenance time included.
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Figure 5-2. Scale of Numerical Values for Various
Degrees of Desirability of a Design Feature for Use
in Defermining Proper Trade -off

5-8.2 APPLICATION OF NSIA TRADE-OFF
TECHNIQUE

At the U. S. Army Engincer Rescarch and
Development Laboratories (ERDL), Fort Bel-
voir, Va., this trade-off technique has been used
in a maintainability study for an item of Army
equipment, a diesel-driven tractor (Ref. 9).
The study was conducted to ascertain the degree
of desirability of proposed design changes to
improve the maintainability of the item. Evalu-
ation was made by means of a complete tear-
down of the equipment through organizational
level of maintenance under simulated field con-
ditions.
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5-8.2.1 Design Problem

The specific problem was to redesign the con-
necting elements of the front, center, and rear
sections of the tractor so that three organiza-
tional maintenance personnel could, in one
hour, install or remove the center section from
the front and rear sections, and uncouple or
couple-up the front and rear sections. In addi-
tion, the operation had to be performed with
the tools and support equipment available at
the organizational level. Table 5-13 illustrates
the application of the trade-off technique to the
problem, and the concluding results. A graphic
summary of the evaluation is presented in Fig-
ure 5-3.

5-8.2.2 Precautions for Use of NSIA Technique

To reduce or minimize any bias that may be
introduced through subjective evaluation, the
following precautions should be considered
when making a maintainability evaluation :

(1) Evaluations should only be made by in-
dividuals qualified to do so, i.e., experts.

(2) Evaluations of a single area of consider-
ation should be made, whenever possible, by
more than one expert on an independent basis,
and the algebraic average of all evaluations
used. If evaluations cannot be made independ-
ently, they should be made on a group basis.
The larger the number of qualified evaluators
that comprise the group, the more accurate and
unbiased the final evaluation should be.

(3) Any bias that might be introduced by
the opinion of an individual, or a group, is
modified in its effect upon the final value be-
cause it is only one of several other factors.
It is necessary, therefore, that @/l possible arcas
of influence be listed as parameters for con-
sideration and evaluation and that each para-
meter be evaluated with respect to all possible
arcas of influence to maximize this effect.
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Figure 5-3. Tractor Center-Section Removal Trade-off Evaluation,
Graphic Summary



TABLE 5-13. TRACTOR CENTER-SECTION REMOVAL TRADE-OFF EVALUATION
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Relative Basic Reading Adjusted Value
Para- Weight-
meters Consideration ing Present | Proposed | Present | Proposed
Mainte- Present = 8 hours -70 -280
nance Time | Proposed - 1 hour 4 +170 +280
Mainte- Present - 1 mechanic and 2 helpers 0 0
nance Proposed - 1 mechanic and 2 helpers 3 0 0
Personnel
Mainte- Present - Special tools and crane ~-40 -120
nance Proposed = Crane, no special tools 3 +60 +180
Facilites
Logistic Present = Special bolts, gaskets -10 -20
Support Proposed - Standard parts 2 -10 -20
Weight & No net effect 1 0 0 0 0
Perfor- No net effect 0 0 0 0 0
mance
Fabrication| Proposed will Cost some more 1 +10 -20 +10 -20
cost
Production | No net effect 0 0 0 0 0
Schedule
Reliability -30 +20 -60 +40
Safety -30 +20 -60 +40
Environ- 0 0 0 0
mental
Influence
Human Proposed design will provide sim- 4 -40 +60 -160 +240
Factors pler and faster installation
Operation | No net effect 0 0 I 0 I 0 0
Totals 22 | | -690 +740
Calculations: Average net value— present design: -690 = 22 = -31
Average net value—proposed design: +740 = 22 = +34
Conclusion:  The desirability of the proposed change, after consider-
ing effect on all parameters, is indicated by the magni-
tude of the total spread between the average net values
-31 and +34for a total value of 65 (see associated graphic
summary chart, Figure 53).
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CHAPTER 6
MAINTENANCE MANUALS

6-1 GENERAL

Maintenance manuals provide instructions on
the maintenance of materiel and are the com-
munication link between the design engineer
and the maintenance technician. They are as im-
portant to the technician in the maintenance
support of the materiel asthe engineering draw-
ings are in its manufacture. The use of the
principles of maintainability in the development
of hardware generally leads to substantial re-
duction in the cost and bulk of maintenance
manuals. Some difficulties encountered by main-
tenance technicians which are not directly re-
lated to maintainability engineering, and which
the design engineer should be aware of, are:

a. Failure to use maintenance manuals. Main-
tenance technicians who have received technical
training, although schooled in the general prin-
ciples of maintenance, may not be familiar with
the manuals issued with new equipment.

b. Availability of maintenance wmanuals.
Maintenance technicians are not normally
trained in the administrative procedures for ob-
taining maintenance publications. Therefore,
the technician, in many cases, does not know
how to obtain the manuals he needs to maintain
and repair the equipment for which he is re-
sponsible.

c. Identification. Technicians are trained as
maintenance specialists ;they are not specialists
in the procedures required to identify and requi-
sition specific manuals prepared to support
specific equipment.

d. Utility. Newly trained maintenance tech-
nicians may find the transition from training
texts to manuals actually used for the mainte-
nance of equipment in the field difficult. There-
fore, some time is lost by technicians acquaint-
ing themselves with new formats and methods

of dealing with maintenance information. It
should also be realized that there is a high rate
of turn-over of unit maintenance personnel, be-
cause of reassignments and short enlistment
periods.

e. Comprehension and retention of data. The
design, operational, and maintenance complex-
ity of Army materiel is ever increasing due to
technological advances. Maintenance techni-
cians are, therefore, faced with an increased
volume of operational and maintenance infor-
mation required to be used in their daily main-
tenance operations. They must refer to these
data and understand them. Extreme care should
be taken to assure that the technician is not ex-
pected to read and comprehend at a level higher
than should be expected of his MOS, grade, and
maintenance level. Instructions should be writ-
ten to avoid requiring the technician to make
mathematical calculations, including simple ad-
ditions or subtractions ; consolidate or integrate
information from different sources; collect,
process, or report any unusual or complex data;
post data from one form to another; or keep
permanent records.

6-2 TECHNICAL DATA REQUIREMENTS
FOR MANUALS

The following items relate to the condition
and adequacy of technical data required in
maintenance manuals for the performance of
maintenance :

a. Availability. The availability of technical
data determines whether maintenance manuals
are adequate for the performance of mainte-
nance requirements on equipment. Technical
writers and illustrators preparing maintenance
manuals must be provided with a designated
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source and free access or availability for these
data. When modifications are performed on
equipment, revised data should be supplied with
the modification to update the existing manuals.

b. Clarity. Technical data provided to techni-
cal writers and illustrators preparing mainte-
nance manual manuscripts must be readily un-
derstood, clear, and concise. There must be close
rapport between design and maintenance engi-
neers to foster correct technical coverage. Fail-
ure of the writer or illustrator to understand
the data may result in inadequate, confusing, or
lengthy narrative in the maintenance manual.

c. Accuracy. Technical data provided to tech-
nical writers and illustrators of maintenance
manuals must be factual. Failure to provide
factual data may result in writers and illus-
trators including data in maintenance manuals
which will endanger personnel and equipment.

d. Completeness. The scope of technical data
provided to technical writers and illustrators of
maintenance manuals must cover all operational
and maintenance functions to be performed at
each maintenance level. Technical data beyond
the scope required should not be provided. The
inclusion of unessential data in maintenance
manuals increases the content and confuses the
manual user.

6-2.1 REQUIREMENTS FOR THE PREPARATIONAND
DISTRIBUTION OF MAINTENANCE MANUALS

Department of Defense, Department of the
Army, and U S Army Materiel Command regu-
latory documents provide policies governing
requirements for the preparation of Army main-
tenance manuals. These regulatory require-
ments are constantly changing as new tech-
niques are developed and adopted for the pres-
entation of technical data. Technical writers and
illustrators of Army activities and contractors
preparing maintenance manual manuscripts
have available those necessary regulatory docu-
ments for guidance and compliance. Printing of
maintenance manual manuscripts for distribu-
tion as official Army documents is governed by
Public Law which requires the printing to be
done by the Government Printing Office, or
under a Government Printing Office contract.
Distribution and supply of Army maintenance
manuals are responsibilities of The Adjutant
General.
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6-2.2 RECOMMENDATIONS FOR THE PREPARA-
TION OF MANUALS

The following suggestions are presented to
improve the general content of technical
manuals :

(1) Writing of the manual should start early
in the equipment design cycle. It should be a
joint effort of the technical writer, illustrator,
design engineer, test engineer, and maintenance
engineer.

(2) All instruction manuals for maintenance
and operation of equipment must be carefully
reviewed and edited by persons familiar with
the design of the equipment for which the
manual is written. These individuals should also
be familiar with the training and technical
capabilities of the repairmen who will perform
the servicing.

(3) Instructions must be prepared specifical-
ly for each category of maintenance. One set
should spell out procedures for operator or crew
maintenance, another for organizational, an-
other for direct support, etc., rather than all
instructions being combined into a single set.

(4) Instructions should contain only infor-
mation relevant to the job.

(5) Code symbols used on the equipment
should also be consistent with those used in the
job instructions.

(6) Manuals are most effective in indicating
actions to be taken in a series where each action
is a discrete response to some discrete stimulus.
Checking procedures and the correcting of uni-
tary maladjustments are examples of such
behaviors.

(7) Whenever new models of equipment are
introduced into the Army supply system, main-
tenance manuals must be available. Instructions
on old models of equipment being phased out of
the supply system should not be rescinded until
all old models are withdrawn from use.

(8) Instructions should be kept current with
the equipment modifications. This is especially
important when power voltages or signal char-
acteristics change from one model to the next.

(9) Keep language simple. Avoid terms un-
familiar to personnel who will use the manuals.

(10) All test points should be clearly indi-
cated and explained in maintenance guides.



These are best shown by having written text
explanations of figures shown on diagrams,
drawings, or photographs. The text should in-
clude data on tolerable outputs.

(11) Stock numbers needed for ordering re-
placement components should be presented with
all parts lists. Care should be taken to show
some sort of illustration for each part, such as
exploded views, so that the matching of actual
components with stock numbers can readily be
accomplished.

(12) Checklists should be included since they
arc useful in presenting instructions to experi-
enced technicians.

(13) Information included in tables for main-
tenance should be directly usable by the tech-
nician without his having to make any data
transformations. Engincering test data may be
valueless unless translated into indications the
technician can observe on the equipment. Each
table should specify when and how it is to be
used.

6-3 OPERATOR AND MAINTENANCE
INSTRUCTIONS

Operator and maintenance instructions are
descriptions of procedures in a form suitable
for a maintenance person. Operator and main-
tenance instructions are based on the allocation
of specific operator and maintenance functions
to categories of maintenance in the Maintenance
Allocation Chart (MAC). Operator and main-
tenance instruction procedures reflect the main-
tainability features that are built into the
equipment for efficient and effective operation
and performance of maintenance. Although the
design engineer probably will not be responsible
for the development of operator and mainte-
nance instruction procedures, he may have an
important role in defining the need for operator
and maintenance functions to be performed, as
set forth in the MAC, and insuring technical
accuracy of operator and maintenance instruc-
tion procedures.

6-3.1 IDENTIFICATION OF REQUIRED OPERATOR
AND MAINTENANCE PROCEDURES

Every maintenance operation should be speci-
fied by procedures. Failure to specify required
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procedures will reduce maintenance effective-
ness by causing excessive trial-and-error per-
formance on the part of the technician. For
example, failure to specify troubleshooting pro-
cedures may result in excessive maintenance
and downtime; it may also degrade reliability
through excessive operation and handling of
the equipment for maintenance.

In most development programs, there are es-
tablished requirements for task analysis infor-
mation. This information is normally used to
determine human engineering design and train-
ing requirements. At the point in the develop-
ment program where equipment design is con-
firmed, these task descriptions can be used to
provide information for procedure development.
The following factors may be used as a guide
to assist in the comprehensive identification of
procedures :

(1) Area. Defined by the location at which
maintenance is performed bench checkout area,
combined systems test area, etc.

(2) Segments. Defined by the type of main-
tenance performed and the ground support
cycle: acceptance check, recycle, preventive
maintenance, etc.

(3) Functions. Includes inspecting, check-
ing, troubleshooting, adjusting, replacing, re-
pairing, servicing.

(4) Equipment Breakdown. Identifies the
basic units on which maintenance must be
performed.

6-3.2 DESIGN OF PROCEDURES-G ENERAL

The following recommendations should be
considered when designing procedures :

(1) Coordinate procedures with equipment
layout to require minimum communication be-
tween technicians at different locations and
minimum retracing of steps.

(2) Keep procedures as brief as possible,
particularly for operational areas.

(3) Design procedures to eliminate or facili-
tate decision making by the technician. Make
the series of steps as invariant as possible
without degrading the efficiency of maintenance
operations.

(4) Specify for each procedure the condition
of the equipment, such as proper control set-
tings, prior to beginning the procedure. Specify
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how to set up equipment for the procedure and
how to shut down the equipment after the
procedure.

(5) Provide procedures which do not require
working near dangerous voltages or unpro-
tected delicate components. If this is not possi-
ble, incorporate protective and precautionary
steps in the procedure, making sure that these
are apparent when the operator or maintenance
technician begins the procedure.

(6) Provide servicing procedures which, in-
sofar as possible, can be performed through ac-
cesses rather than requiring dismantling of
equipment, and which utilize standard servicing
equipment rather than special ones.

(7) Develop procedures for periodic exer-
cise of idle equipment to lubricate internal parts
and otherwise prevent deterioration. Consider
environmental factors in determining frequency
of such preventive maintenance.

(8) Identify time required for each task and
ensure that this is compatible with operational
requirements.

(9) Do not be unnecessarily specific in stat-
ing how, and with what tools, a particular task
is to be accomplished unless it is absolutely
necessary. For example, do not say “use a 1-in.
box wrench” or “hold nut between thumb and
forefinger of right hand.”

6-3.2.1 Procedures for Team Tasks

The following principles should be considered
when providing maintenance instruction proce-
dures for team tasks :

(1) Standardize individual tasks in order
that a given team member can specialize on a
particular function.

(2) Provide the supervisor with an overview
of the task so he is aware of each individual’s
responsibilities.

(3) Do not require the supervisor to act as a
working member of the team when these func-
tions may be performed by a less highly trained
individual.

(4) Standardize procedures from site to site.

(5) Assign the most critical tasks to the
most experienced and competent team members.

(6) If possible, separate task functions so
that the accomplishment of tasks assigned to a
given team member is not dependent on the
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completion of tasks assigned to another tcam
member. If coordinated tasks are required, pro-
vide procedures which integrate all task func-
tions.

6-3.2.2 Procedures for Checking and Trouble-
shooting

The effectiveness of checking and trouble-
shooting procedures depends to a considerable
extent upon the design of equipment to permit
access to information concerning equipment
status. Specific coordination between procedures
design and the design of equipment must be ac-
complished during development to optimize
total maintenance design. The following recom-
mendations should be considered by the de-
signer :

(1) Develop comprehensive and detailed
troubleshooting procedures. The technician
needs more than design drawings for effective
troubleshooting ; he needs explicit instructions
on how to locate malfunctions. Procedures are
required which allow the technician to precisely
locate the trouble.

(2) Develop troubleshooting procedures that
locate all possible malfunctions. Do not make
procedures dependent upon especially skilled
personnel for the location of infrequent trou-
bles. Design troubleshooting procedures so they
can be performed without error by personnel
having :

(a) Average intelligence.

(b) Little or no directly relevant edu-
cation.

(¢) Brief technical training.

(d) Little or no job experience (see also
Chapter 8).

(3) Use probability data for developing
sequence of troubleshooting procedures when it
is available from empirical data or when it can
be estimated validly on the basis of engineering
experience.

(4) Troubleshooting procedures should be as
self-evident as possible from the design of the
troubleshooting equipment. Where this is not
possible because of overriding standardization
considerations, design troubleshooting proce-
dures to use an optimum strategy of systematic
checks, adjustments and replacements.



(5) Relate troubleshooting procedures to
verification or confidence checks. Troubleshoot-
ing normally begins with aroutine check, either
to determine whether or not the equipment is
operational or to verify that reported malfunc-
tion symptoms actually exist. Routine checks
typically provide much information that is use-
ful in diagnosing possible sources of trouble.

(6) Use the information obtained from rou-
tine checks to narrow the possible sources of
trouble. Do not repeat routine checks in trouble-
shooting checks.

(7) Use patterns of symptoms as well as indi-
vidual indications from routine checks to deter-
mine appropriate troubleshooting procedures.
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(8) Provide for a flexible order of trouble-
shooting checks if this will increase the effi-
ciency of troubleshooting. The optimum trouble-
shooting strategy typically will be one which is
guided at cach step by new information ob-
tained. Inflexible troubleshooting usually will
be inefficient.

(9) Specify an order of troubleshooting
checks which maximizes the amount of informa-
tion obtained per unit of time. In general, the
check which will yield the most information at
any given time is the one having closest to a
50% probability of yielding an out-of-tolerance
indication.
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PART THREE
FACTORS AFFECTING MAINTAINABILITY

CHAPTER 7
LOGISTICAL SUPPORT

7-1 GENERAL

Rapid technological advance has resulted in
tremendous demands for logistical support for
our complex equipment. These new equipments,
although greater in fire power, further com-
pounded the problem because of the need for
a flexible, modern-type Army, an Army that
must be able to disperse and hide, and converge
and fight—an Army that must be able to shoot,
scoot and communicate.

Immediately after the United States entered
World War 11, the great variety and complexity
of equipment was such that requirements for
repair parts exceeded supply capabilities. Al-
though both Army and contractor-operated
schools were established, maintenance men
could not be trained fast enough for the task
of ultimately maintaining the new equipment
pouring from the factories. Under the pressure
of designing and producing new equipment,
performance was the principal criterion ; main-
tenance was secondary.

Even though much of the equipment used in
Korea was made for World War II and not in
good condition, and the action was limited in
scope, logistics problems were identified early ;
many errors were avoided and important main-
tenance concepts evolved.

7-2 LOGISTICAL OBJECTIVES

Modern army logistics is the process of pro-
viding the equipment, supplics, and services,
and assuring the continuity of this support, to
enable troops to fight under any conditions or
in any type of warfare. Modern Army logistics
has three key functions — modernization, mobil-
ity, and management. This chapter discusses
cach of these functions.

7-2.1 MODERNIZATION

This is the process of determining the kinds
of items needed to carry out missions to pro-
vide the best available designs and materials
to equip troops with new and improved items
after they have been accepted for production.
In this process of developing and improving
new items, improved performance and improved
maintenance must go hand in hand. This in-
volves increasing the reliability and maintain-
ability of individual components and of overall
systems (Refs. 1and 2).

7-2.2 MOBILITY

This is a more clusive element of modern
army logistics than modernization because it
cannot be easily measured. It involves the re-
sponsiveness of support to the combat situation,
including the logistic capability to support tac-
tical actions on the atomic weapon battlefield.
It is not only the ability to move from one place
to another, but also the ability to fight without
requiring an uninterrupted flow of heavy logis-
tical tonnage. One measure of mobility is the
length of time a unit can move and fight with-
out resupply.

To provide effective mobility, supply auster-
ity is necessary. Some other requisites will be
discussed at more length in the paragraphs that
follow (Refs. 3, 4, and 5).

7-2.2.1 What Is Mobility?

Mobility is not merely wheels, tracks, wings,
and other means of locomotion, but a quality
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that can be built into items or incorporated into
organizations. Mobility is the ability to move
or be moved from one location to another and
to be logistically supported in response to stra-
tegic or tactical requirements. Mobility is par-
ticularly important because of the great dis-
tances that may be traveled to engage enemy
forces, the great mechanized forces of the pos-
sible enemy, the necessity to maintain forces
capable of engaging that enemy effectively in
both nuclear and nonnuclear warfare, and our
concept of operations when nuclear weapons
might be used. It has three broad aspects—
strategical, tactical, and logistical.

7-2.2.2 Absolute Mobility

Modern armies must achieve absolute mobil-
ity, and this includes all three aspects of the
problem. Strategical mobility means equipment
can be readily transported by bulk carriers of
the airways, railways, and scaways. To rate
high in strategical mobility, the equipment
should be compact, lightweight, and designed
to facilitate loading and unloading, including
the ability to withstand the shock that may re-
sult from air drop.

Tactical mobility means the equipment can
move or be moved over all kinds of terrain,
including floating on inland waters. This char-
acteristic depends on special military design
features such as the capability of survival in
the heat, cold, mud, and dust where the Army
does its fighting. An important aspect of tac-
tical mobility is the capability of ground
vehicles to use a minimum of fuel and many
kinds of fuel.

The most important aspect of absolute mobil-
ity is logistical mobility. Logistical mobility is
another way of saying reliability and main-
tainability. A vehicle, for example, might be
compact and light, it might have an economical,
multifuel engine and be capable of crossing the
most difficulf terrain ; but, if it lags behind
because of operating failures and cannot be
quickly repaired, it has no mobility.

7-2.2.2.1 Mobility and Transportability. The
maintainability engineer should take into ac-
count during the design period that all U S
Army weapons, commodities, or systems (not
including permanent construction facilities)
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may have to be moved or transported at some
time. This movement or transportation may be
from one building to an adjacent building, or
around the world.

The maintainability engineer should consult
with mobility engineers who are equipped to
assist in problems of transport, selection, and
adaptation of vehicles and shelters ; equipment
layout and installations ; mounting techniques ;
shock and vibration reduction ; lighting; fire
extinguishing ; power entrance connections ; as
well as heating, air conditioning, and ventila-
tion systems for mobile equipments.

Mobile systems generally must be capable of
transport over land, sea, and air. The degree
of transportability depends on the end use of
the equipment. Equipments used within the
continental United States have wide latitude
for rail and sea transport. Equipments designed
for global applications have more stringent
weight and size restrictions. For example, in
various sections of Europe, railroad tunnels
and bridges are built for narrow gage roads.
This imposes width and height restrictions
greater than those for equipment designed to
be used only in the United States.

7-2.2.2.2 Air Transportability. Unless other-
wise specified, all weapons commodities or sys-
tems should be designed in accordance with
MIL-A-8421. In designing for air movement,
the transportable item should meet at least the
following requirements :

(1) be of minimum practical weight— item
plus container ;

(2) be of minimum practical size—item plus
container ;

(3) be capable of being transported by avail-
able cargo aircraft; (See Table 7-1 for dimen-
sional and ramp-loading criteria for some Army
and Air Force aircraft).

(4) be capable of withstanding altitude up
to 50,000 ft in unpressurized aircraft;

(5) be capable of withstanding temperature
ranges between +165°F. and —67°F.



7-2.2.2.3 Rail Transportability. Equipment to
be shipped by rail should not exceed the fol-
lowing :

(1) 124-inch width or 72-inch height in
the shipping configuration ;

(2) 80,000 Ib for transport on a standard
40-ft flatcar ;

(3) the standard railroad clearances as de-
fined in the Berne International Outline. (Sce
Reference 8 for detailed information in this
area.)

7-2.2.2.4 Road Transportability. Equipment
normally to be shipped by road should conform
to the following :

(1) be designed to meet the mobility require-
ments set forth in MIL-M-8090 (ASG) ;

(2) not exceed 78,000 Ib gross weight, in-
cluding the supporting vehicle ;
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(3) not exceed axle loads of 18,000 Ib, and
be limited to 16,0001b if the axles are less than
7.5 ft apart.

7-2.2.2.5 Inclination, Shock, and Vibration. All
equipment should be capable of withstanding
the general inclination and shock requirements
specified in MIL-S-901, and the general Type I
vibration requirements specified in MIL-STD-
167. In addition, equipment should be packaged
to withstand the shock and vibration criteria
set forth in Table 7-2.

7-2.3 MANAGEMENT

The task of maintenance management for the
Army, with its critical relationship to opera-
tional readiness, is one of dealing with technical

TABLE 7-1. DIMENSIONAL CRITERIA FOR SOME ARMY AND AIR FORCE AIRCRAFT (Refs. 6 and 7}

Cargo Compartment ] Cargo
Type (Usable Space) Loading Aperture Ramp Data Hook
. . . . Ground | Floor | Capacity
Length | Width | Height Width Height | Length Angle | Angle (ib)
C-119G m@d 36'11" 9'2!! 7|8n 9!211 7[8“ 16'0" 14" 14!! (1)
Wing
C-123B " 289" 92" 82" 9'2" gran gra 15" 15° 1)
C-124A " ror 1113 11'8" (5) 118" 2814" 17" 11.5" | (1)
C-130A ] 410" 1oto" 910" 10to" 9'Q" 10'5" 12.5" | 125" | (1)
C-132A " 81'10" 11t10" 112" (4) 12'0" 15'g" on(2) [ 9" (1)
U-1A " 12t8" 4'4" 4 3'10-1/2" | 3'9" 10'e" 15" 15" (1)
YAC— 1 " 281t 6' 1_1/2n 62" 6 1_1/2n 6 2" (1) (1) (1) (1)
H-21 Heli- 19'9" 41" 52" 3'9" 4'11" (1) (1) (1) 5, 000
copter
H-34 " 13'4" 411" 510" 4'5-1/2" | 40" (1) (1) (1) 5, 000
H_37 " 30!4!! 713!! 6'6" (13_1/2||(3 5'2” 1016n 13" 13" 10’ 000
HU-1A " 31g.1/2"| 8" 4'8" 3'9-1/2" | 40" 2, 500
Notes:
(1) Not applicable. (3) Straight in loading.
(2) Ramp toe incline 15°. (4) Tapers from 9'4'" at top to 12'1'" at bottom.
(5) Tapers from 8'11" at top to 11'4" at bottom.
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TABLE 7-2, GENERAL TRANSPORTATION SHOCK AND VIBRATION CRITERIA

Source of Shock Acceleration (g's) Duration (ms) Frequency (cps) Double Amplitude
Truck 8 5to 40 2 to 27 +1.3 g's
Rail 30 (bumping shock) 4 to 80 27 to 62 0.036 in.
Aircraft 5.5 (vertical) 10 to 30 52 to 500 x5 g's

1.5 (lateral) 10 to 30

0.8 (longitudinal) 10 to 30
Handling 30 15 ’
Drop (packaged 24 in. drop on concrete
units only)

complexity, broadened by infinite variety, fur-
ther multiplied by a fantastic range of environ-
mental and mission requircments. The main-
tenance manager is faced by a highly dispersed
Army —posed at combat ready-complicated by
the vast distance and channels of communica-
tion through which a feedback of vital use-
experience and performance data must be re-
trieved, evaluated, and acted upon. Some of the
goals of this vast effort are to:

(1) Assure that the Army's priority combat
equipment is recady.

(2) Give combat support that will result in
maximum combat effectiveness.

(3) Organize effort in support of combat
force needs.

(4) Assure economy of effort.

7-2.31 The Army Maintenance Management
System

The Army Maintenance Management System
(TAMMS) has been engineered to promote
maximum materiel readiness by increasing
equipment reliability and maintainability and
improving logistical support. The system (Fig-
ure 7-1) is designed to answer the following
questions (Ref. 9):

(1) What is the unit materiel readiness?

(2) Is the army maintenance system effec-
tive?

(3) What are the maintenance resource re-
quirements ?
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(4) Does equipment meet the reliability cri-
teria?

(5) Does equipment meet the maintainability
criteria ?

(6) What is the equipment density by unit,
type, model, serics, and class?

(7) What is equipment service life?

(8) Are modification work orders applied?
Is there a plan for efficient application of work
orders?

TAMMS policies and procedures are con-
tained in the following Department of the Army
publications :

AR 750-5, Maintenance of Supplies and
Equipment: Prescribes the policies for mainte-
nance operators.

T™ 38-750, The Army Equipment Record
Procedures (TAERS): The basic manual in
the TAMMS system, this TM provides equip-
ment record procedures to be used for control
of operation and maintenance of all Army
equipment.

TM 38-750-1, Maintenance Management—
Field Command Procedures - Details the Field
Command Procedures for processing the main-
tenance data recorded by TAERS into usable
maintenance information at the organizational,
support, and installation levels.

T™M 38-750-2, Maintenance Muanagement—
National Agency Procedures: Describes the
National Agency Procedures for processing the
data generated by TAERS into usable infor-
mation, for maintainability engineering supply
management, research and development pro-
curement, production, and quality assurance.



TM 38-750-3, Maintenance Management—
Depot Procedures: Describes the procedures
for management of the Army Major Overhaul
and Maintenance of Materiel Program.

FM 38-5, Logistics, Maintenance Manage-
ment: A treatise on maintenance management
which provides guidance in the use of TAERS
for programming, scheduling, budgeting, pro-
duction control, and repair parts supply.

The following paragraphs briefly describe
the Army’s plan of action for implementing
the maintenance goals of the TAMMS system.

7-2.3.2 Operation ARM (Army Ready Materiel)

Operation ARM is the Army’s plan of action
to assure the maintenance supported availabil-
ity of materiel that is combat ready and capable
of successful missions. To implement the plan,
an Integrated Equipment Record Management
System has been set up to provide commanders
and maintenance managers at all levels with
meaningful information, i.e., input information
from operational units which when evaluated
and analyzed will serve as the basis for mainte-

nance decisions and action (Refs. 10 and 11).

Figure 7-2 shows some of the typical input
data sought and output actions resulting from
this system. These system data can also be
utilized to weight those maintenace-significant
factors deemed essential to mission accomplish-
ment:

(1) Does it provide firepower?

(2) Does it influence communications ?

(3) Does it affect mobility?

(4) Does its status readily change with the
presence or absence of maintenance?

(5) Is its battleficld dependability relatively
assured by simple care or is it readily replace-
able?

Some of the significant design and manage-
ment actions affected by, or resulting from the
use and availability of the data collected by this
world wide system are listed in Table 7-3. Avail-
ability of full and complete data from all com-
mands, worldwide, is expected ultimately to
provide a potential for immediate detection of
maintenance trends, problem arcas, or problem
items. Such an analysis was recently made of
information derived from TAERS for the
period 1Feb 63 through 15 June 63. Figure 7-3
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shows some of the significant data compiled
during this period, which is representative of
the infinite variety of statistics and projections
available. Other examples of the application of
the data in measuring availability and main-
tainability are illustrated in Figure 7-4. A
projection of vehicular component reliability
is shown in Table 7-4.

7-3 LOGISTICAL FUNCTIONS AND
MAINTENANCE SUPPORT PLANNING

At the present time, weapon systems and re-
lated equipment are generally mass produced
and distributed worldwide for use in varying
environments. The degree to which the weapon
system succeeds or fails depends on the measure
of care exercised in discharging the following
eight logistical functions :

(1) Research and development.

(2) Standards and specifications.

(3) Purchase and inspection.

(4) Identification and cataloging.

(5) Requirements and funding.

A
\ y;&!’;ﬁ;

XL

Figure 7-1. TAMMS —The Army Maintenance
Manageme nf System
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(6) Supply and stock control.

(7) Storage and issue.

(8) Repair and servicing.

Proper sequential accomplishment of these
functions will result in weapon systems that are
reliable and maintainable, and are backed up
by a fully implemented logistical support sys-
tem. The second, third, and fourth logistical
functions constitute the technical description of
the weapon system. Standards and specifica-
tions describe and qualify the parts, assemblies,
components, and the system; they make up the
technical language for use among the contract-
ing officer, the contractor, and the Army Mate-
riel Command (AMC) inspectors. Purchase and
inspection combine the standards and specifi-
cations with drawings to constitute the basis

for the contracting officer to solicit proposals
from contractors and for the AMC acceptance-
inspection system. Identification and cataloging
assign to each repair part, assembly, and com-
ponent a Federal Stock Number, if it does not
already exist in the Federal Supply System, to
avoid duplication and to exercise control in the
remainder of the logistical functions.

The fifth, sixth, and seventh logistical func-
tions are important parts of the entire logistical
support system. Quantitative requirements,
combined with adequate funds, indicate that
marginal and unusable portions of a system can
be salvaged and replaced in accordance with
a planned replacement program, and that ade-
quate stocks of repair parts can be procured
and distributed. Under these circumstances,

INPUT/DATA

QUTPUT/DATA

DOLLAR COST

\

— FUNDING /PLANNING
5]

P

MAJOR ITEMS

MANHOURS — TOE/OPERATIONS
_‘-"_-‘__“_""——-_._‘
PARTS USE —  PROVISIONING/ FUNDING
FAILURES ——= QOPERATING PREDICTIONS/
DESIGN
|
(TEM LIFE REQUIREMENTS/OPERATIONS

e

DEADLINE

SUPPORT/REPLACEMENT/
L OPERATING POTENTIAL

o

DESIGN

r——

READY STATUS

L

4+ F B EH & € > &f

—=" QUALITY/DESIGN/
MODIFICATION

figure 7-2. Integrated System Input Data and Output Actions



maintenance proceeds in accordance with plans,
but, when system replacement cannot be pro-
grammed or when repair parts and components
are not available, maintenance becomes a make-
shift operation that is executed without con-
sideration for economy of effort or ultimate
cost.

Although supply and maintenance are often
considered together, they are complementary
and must be responsive to each other. A short-
age of supply increases the burden on mainte-
nance. Increased maintainability in equipment,
on the other hand, reduces the demand on sup-
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ply. Storage and issue has become an increasing
maintenance problem because of the necessity
for maintaining equipment in a constant ready-
for-issue condition.

Optimum maintenance support planning can
only be achieved through utilization of sys-
tematic and scientific procedures which consider
compatibility of maintainability design concepts
and policies contingent on decisions arrived at
by analysis of maintenance support formulas.
The following paragraphs present in detail the
application of quantitative techniques in the
development of maintenance support plans.

TABLE 7-3. SIGNIFICANT DESIGN AND MANAGEMENT ACTIONS AFFECTED BY, OR
RESULTING FROM, USE AND AVAILABILITY OF WORLDWIDE SYSTEM DATA

1. Measuring equipment and weapon relia-
bility rates and validating predicted engi-
neering reliability criteria.

2. Measuring equipment and weapon main-
tainability rates and validating predicted
engineering maintainability criteria.

3. Validating technical training criteria and
determining requirements for, and the
adequacy of, on-the-job training.

4. Validating maintenance manpower re-
quirements and the necessary skill level
mix of the maintenance work force.

5. Validating prescribed maintenance re-
quirements at all levels (organizational,
direct support, general support, and
depot).

6. Measuring scheduled and unscheduled
maintenance requirements for each type,
model, or class category of equipment or
weapon in the Army.

7. Providing bases for factual determination
of materials actually consumed in the
maintenance process at all levels and for
predicting future material requirements.

8. Providing quantitative data for determin-
ing maintenance resource requirements
essential to sustaining weapons and equip-
ment at varying degrees or rates of opera-
tional readiness.

9. Providing data essential to the develop-
ment of factors for planning and pro-
graming future maintenance work loads
by converting operating programs and
force structure levels into maintenance
requircments.

10. Providing the basis for detecting the re-
quirements for the validation of equip-
ment and weapons modification program.

11. Providing for a continuing assessment of
equipment and weapons maintenance de-
mand rates.

12. Providing the basis for validating equip-
ment operating life expectancy and re-
moval intervals.

13. Providing feedback of data required in
the establisment of improved criteria for
maintainability and reliability character-
istics in the design of future weapons and
equipment required by the Department of
Defense.
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PERCENT DOWNTIME IN DIRECT SUPPORT MAINTENANCE BY TYPE OF DELAY

AWAITING SHOP
IN TRANSIT| REPAIR TIME MWO
| WEAPONS- RIFLE, 106 MM, M40A1/M79
WORLD-WIDE 25% 33% 40% 2%
CONUS 27 35 36 2
USAREUR 40 25 35 0
USARAL 0 0 0 (o)
USARPAC 3 38 59 [6)

COMBAT VEHICLES-CARRIER, PERSONNEL, FT, ARMD, Mii3

WORLD-WIDE 32% 33% 27% 8%
CONUS 22 26 29 23
USAREUR 39 39 21 [
USARAL 0 0 0 0
USARPAC 25 22 36 7
USARSOUTHCOM 0 ) o 0

TACTICAL AND SUPPORT VEHICLES -TRUCK, UTILITY, 1/4 TON, MIS5I

WORLD-WIDE | 33% | 388 | 208 | 7%
CONUS 25 | 50 2 13
USAREUR 39 30 30 1
USARAL 2 65 19 4
USARPAC 35 15 36 0
USARSOUTHCOM 0 0 0 0

ELECTRONIC AND COMMUNICATIONS EQUIPMENT-RADIO SET, AN/GRC -19

WORLD- WIDE 33% 35% 32% %
CONUS 27 36 37 0
USAREUR 38 35 27 o
USARAL 80 0 20 0
USARPAC 38 42 X 20 X 0
USARSOUTHCOM ;, 24 | o 76 N 0

AIRCRAFT-HELICOPTER, UTILITY, UH-1B

R ——,

WORLD-WIDE 26% 8% 55% 1 1%
CONUS 22 6 58 14
USAREUR 0 0 0 0
USARAL 0 0 o) 0
USARPAC 59 24 15 2
USARSOUTHCOM 0 0 0 0

SPECIAL PURPOSE EQUIPMENT -TRUCK, FORKLIFT, 6,000 LB I
T —

WORLD-WIDE 25% 34% 35% 6%
CONUS 21 34 43 2
USAREUR 18 33 25 24
USARAL 0 0 0 0
USARPAC 47 42 0 0
USARSOUTHCOM 0 0 0 0

figure 7-3. Analysis of Information Derived from TAERS for the Period
1 Feb 1963 Through 15June 1963 (Ref. I 1)

7-8



AMCP 706-134

TABLE 7-4. PROBABILITY OF OPERATING VEHICULAR COMPONENTS
WITHOUT A FAILURE REQUIRING SUPPORT MAINTENANCE

Tracked—2,000 miles

Wheeled— 10,000miles

M60 M4842 M113 Mi51 M35

Item Nomenclature % % % % %
Engine 97 99 96 29 29
Clutch NA NA NA 29 100
Fuel system 100 98 98 100 100
Exhaust system 100 929 98 100 100
Cooling system 100 99 97 99 100
Electrical system 97 96 97 929 100
Transmission 97 929 98 99 99
Transfer case NA NA 929 100 929
Propeller shaft NA NA NA 100 100
Front axle or final drive 100 99 99 98 100
Rear axle NA NA NA 100 100
Brakes 100 100 100 100 100
Wheel and tracks 100 98 98 929 100
Controls 97 57 98 100 100
Frame, brackets 100 100 100 100 100
Springs, shock absorbers 100 99 100 100 100
Hood, sheet metal NA NA NA 100 100
Cab, body or hull 100 96 29 100 100
Turret 63 77 NA NA NA
Winch NA NA NA NA 100
Bumper guards NA NA NA 100 100
Miscellaneous accessories 100 100 100 100 100
Fire extinguisher system 100 100 100 NA NA
Armament 93 91 99 NA NA
Sighting & fire control 88 91 NA NA NA
Auxiliary generator NA 929 NA NA NA
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PERCENT OF TIME AVAILABLE -TRACKED VEHICLES

- —

M&0

M48A2

Mi3

] |
10 20 30 40 50 60 70 80 90 100

[ PERCENT OF TIME AVAILABLE-WHEELED VEHICLES

10 20 3'0 40 50 510 70 80 S0 100
DEGREE OF AVAILABILITY FOR SOME SPECIFIC VEHICLES

AVERAGE OF MAINTAINABILITY INDEX - TRACKED VEHICLES

o 1.0 2.0 30 40 5.0
AVERAGE OF MAINTAINABILITY INDEX-WHEELED VEHICLES

MIS|

M35

0 0.2 0.4 0.6 0.8 10

RATIO OF MAINTENANCE MAN-HOURS TO HOURS OF OPERATION
(FOR ONE QUARTER)
INDEx - MAINTENANCE HOURS/QUARTERS
OPERATIONAL HOURS/QUARTERS

Figure 7-4. Examples of Type of Information Available from World-Wide
System Data
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7-4 THE MODERN ARMY MAINTENANCE
SYSTEM CONCEPT

To maintain combat readiness, designs must
be planned for support as well as for perform-
ance. At Frankford Arsenal, a modern Army
Maintenance System Concept has been devel-
oped to reduce and simplify maintenance sup-
port problems in the field (Refs. 12,13, and 14) .

7-4.1 BACKGROUND

In the past, maintenance support planning
consisted basically of design review ;the design
was firm and was supported by providing for
repair parts, tools and test equipment, training,
publications, and maintenance support (field
and depot).When it became apparent that the
skills, materials, and funds could not be made
available in sufficient quantities, methods had
to be devised that reduced and simplified main-
tenance support activities of existing equipment
and which represented new development items
(product improvement and design participa-
tion).

Initial efforts led to the “throwaway con-
cept,” i.e., unserviceable items be replaced
rather than repaired. This was later followed
by the “modified support™ concept ; i.e., logisti-
cal support which applied to equipment that
was supported by modules and/or assemblies,
individually, or combined with piece-parts. This
resulted in the development of the maintain-
ability design criteria (Figure 7-5) which con-
sidered transistorization, self-testing devices,
automatic checkout systems, miniaturization,
micro-miniaturization, simulation, and contin-
ued emphasis on standardization and multi-
purpose devices.

The foregoing support and maintainability
design concepts present the possibility that the
option exists to select the optimum combination,
l.e. to specify the type of support for which
equipment should be designed. In an attempt to
provide the maintenance engineer with a tool
to quantitatively assist him to sclect the opti-
mum method, several design criteria have
evolved.

The first approach to the problem was a “rule
of thumb” formula (Figure 7-6) which consid-
ered the cost of repair, the number of items

AMCP 706-134

SYSTEM APPROACH TO
MAINTAINABILITY

I
| I

MODERN ARMY MAINTENANCE ]

DESIGN POLICY I
NONMAINTAINABLE SUPPORT PLANNING
MODULARIZAT |ON LOGIST AL STUDIES
TRANSISTORIZATION QUANTITATIVE
MINIAT URIZAT ON FORMULAE
MICROMINIATURIZATION DESIGN PARTICIPAT'Oh
SELF-TESTING

ENGINEERING
iE\'I{IOCI\II:I:TIC CHECKOUT FANDBOOKS
EQUIPMENT PROGRESS REPORTS
MULTIPURPOSE PRODUCT
EQUIPMENT IMPROVEMENT

REDUCED AND SIMPLIFIED
MAINTENANCE SUPPORT

Figure 7-5. Mcdern Army Maintenance System
Approach to Maintainability

repaired, the total logistical cost of supporting
an equipment, and the cost of new procurement.

7-4.2 MAINTENANCE SUPPORT FORMULA
PROGRAM

The “rule of thumb™ formula led to the de-
velopment of the maintenance support formula
program (Figure 7-7) the basis of which is the
maintenance support formula shown in Figure
7-8. This formula represents a systematic ap-
proach for determining the cost of introducing
a line into the Army supply system and the cost
of supporting the line until obsolescence is
reached. A cost analysis is made for cach of the
possible design support concepts ;i.e., nonmain-
tainable,* modular, and piece part, and then
a cost comparison is made.

“ Nonmaintainable_support — logistical support a[;plied
to equipment which, because of design, cannot be re-
paired and must be replaced when unserviceable.
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125X484 = 60,500
2000 X 105 = 210,000

PRESENT SUPPORT

= 270,500
2X 484X 174 = 168,432
SAVINGS = 102,068

COST OF DIRECT REPLACEMENT

COST OF PRESENT SUPPORT = A X B * $2000C*

= 2B X D**

Rebuild No. Rebuilt No. Peculiar Procurement
ITEM cost Per Year Line Items cost
CIRCLE, AIMING, MI 125 484 105 174

Item 1 Minus Item 2 = Yearly Savings (if positive no.) If Difference is Negative Number,
Nonmaintainable Concept not Feasible.

* $2000is the Amount Estimated to Keep a Line Item of Supply in the Army Depot System,

Based on the Number of Line Items and the Depot Complex Operating Cost.

**The Cost of Repairs at Maintenance Levels Below Depot are Considered Equal to the
Depot Rebuild Cost. Convenience Factor 218 therefore used to Save the Time and Cost
of Acquiring Field Repair Data.

figure 7-6. Rule of Thumb formula

Figure 7-7. Maintenance Support Formula Program
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The significant factors for which costs are
compiled are :

(1) Initial costs. The cost of introducing
aline item into the Army Supply System. These
costs include :

(a) research and development.

(b) industrial costs (procurement and pro-
duction).

(¢) supply and maintenance (Field Service
Design Participation).

(d) new publications.

(e) new part number cataloging.

(f) training of instructors.

(g) new tools, facilities, and test equip-
ment.

AMCP 706-134

(2) Phase-in costs. The cost associated with
the support of new equipments currently being
phased into the Army supply system, and sup-
port of old equipments until required densities
of new equipment are attained.

(3) Recurring costs. The cost of supporting
the item once its expected density is reached.
These costs include :

(a) holding inventory.

(b) ordering.

(c) replenishment.

(d) publications.

(e) training.

(f) tools, test equipment, and facilities
upkeep.

MAINTENANCE SUPPORT FORMULA

. CRDU + CHDU

CRDU
CHDU

Holding Cost

CLPD
CLPP

in Field

CLCU

T X is>1, recurring costs of disposal-at-
failure concept are likely to be greater than
those of the piece-part repair concept.
Under these circumstances, it is unlikely
that major items can be economically consi-
dered as a disposable unit (it does not mean
that some or all of components making up
major unit are not economically disposable
items).

Note: Costs computed on yearly basis,

CLPD + CLPP + 2(CPRT) + CMTT + CLCU
where the principal parameters in the Disposal-at-Failure Concept* are:

Annual Replenishment Cost

and where the principal parameters of recurring cost in the piece-part repair concept are:

Cost of Labor, Parts, and Overhead
Cost per Year of Labor, Overhead, and Parts for Items Repaired

2(CPRT) = Cost of Procuring, Requisitioning, and Holding Repair Parts®*
CMTT = Cost of Maintenance Training
= Cost of Replacements Due to Losses and Consumption

X

I X is €1, recurring costs of disposal-at-
failure concept are likely to be no greater
than those of piece-part repair concept. In
this case, it is likely that major items can
be economically considered as a disposable
unit.

¥ Disposal-at-Failure Concept: Logistical Support Requiring Disposal of Unserviceable Equip-
ment Even Though it Was Designed Originally to be Maintained.

**Efficient Supply Management is Achieved When Requisitioning and Procuring Cost Equals the

Holding Cost for Storing Repair Parts.

Convenience Factor 2 is Therefore Used to Double
the Cost of Requisitioning and Procurement.

Figure 7-8. Maintenance Support Formula
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(g) maintenance labor and maintenance
overhead.

By using the analytical process afforded by
the maintenance support formula, many areas
requiring improvement, such as design changes,
needless repair part stockage, excessive train-
ing programs, improper maintenance tech-
niques, etc. can be more easily investigated and
evaluated.

Figure 7-9 illustrates the tangible results ob-
tained on one item of Army equipment by utili-
zation of the formula. In addition, this concept
also highlights the significance of logistical sup-
port and stresses the fact that optimization in
this area can only be achieved by design con-
figuration and logistical support control.

7-4.3 DEVELOPMENT PROGRAM FOR ATTAINING
LOGISTICAL DECISIONS

To provide guidance for the maintenance en-
gineer and enable him to design for support,
partciular design configurations must be pre-
dicted which will result in the most desirable
logistical support policy with due consideration
to the impact on the Army in terms of combat
readiness, availability, mean-time-between-fail-
ures, storage, transportation, mobility, etc.
Figure 7-10 illustrates a development program
which will enable the maintenance engineer to
evaluate and select from a variety of design
configurations and support policies those which
will help him arrive at the proper logistical

decisions. With the use of the maintenance sup-
port formula, this evaluation would be per-
formed by the development agency during the
Qualitative Materiel Requirement (QMR) and
Feasibility Stages (Figure 7-10) before firm
design decisions are made. Final decisions
would be reserved for the Program Definition
Stage.

To specifically express the Army’s logistical
requirements, forced coordination between the
pertinent operating elements of the develop-
ment agency (i.e.,, research and development,
production and procurement, and supply and
maintenance) must be initiated. Accomplishing
this, forced evaluation of the alternatives be-
tween design and support policies will result.

A suggested method for accomplishing forced
coordination and evaluation is illustrated by
the logistical data sheet shown in Figure 7-11.
Considered in the data sheet are:

(1) The significant factors which affect an
item of equipment during any portion of its life
cycle (initial, phase-in, and recurring activi-
ties).

(2) The possible design and support consid-
erations available.

(3) A means for developing costing data for
cach of the possibilities. (The annual expendi-
tures estimated for the years covering the ini-
tial period of development, the phase-in transi-
tion from old to new equipment, and the recur-
ring costs of maintenance.)

Inputs for the data sheet would be supplied

s
]
w
€ oL I £4,717,508 £ 5,556,008
=g I £4,209,100 V g4,701,100 |
-
: sL. | % 3,784,301 ©
o [ <
- ’-_ q
@ 3 | | £ 3,519,770 x P g
g < & zZ
B I | = w s
s | | | S S 3
S W
a | z | 1 L1 : =
1961 1963 1965 1967 1969 1971 1973 1975 1977 1979 LOGISTICS COST
INITIAL PHASE -IN RECURRING
COSTS COSTS COSTS
NOTE:

ALL COSTS ARE DISCOUNTED IN YEAR OF EXPENDITURE

figure 7-9. Maintenance Support Formula— Application to 7 X IO Binoculars
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QMR STAGE

FEASIBILITY STAGE
FEASIBILITY STAGE

PROGRAM DEFINITION STAGE

DEVELOPMENT AGENCY

DESIGN CONFIGURATION CONTROL
A. MODULAR CONSTRUCTION

B. NONMAINTAINABLE DESIGN

C. PIECE-PART DESIGN

D. COMBINATION OF ABOVE

S—

LOGISTICAL SUPPORT CONTROL

A.

MODIFIED SUPPORT:
DIRECT REPLACEMENT OF
MODULES, ASSEMBLIES,
COMPONENTS

NONMAINTAINABLE SUPPO'RT:
DIRECT REPLACEMENT OF END
ITEMS, MODULES, ASSEMBLIES,
COMPONENTS

PIECE-PART SUPPORT:

REPAIR & REPLACEMENT OF
PARTS, MODULES, ASSEMBLIES,
COMPONENTS

DISPOSAL AT FAILURE:
DIRECT EXCHANGE POLICY

LOGISTICAL DECISIONS

1

Figure 7-10. Development Program for Attaining Logistical Decisions
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by the pertinent operating element of the devel-
opment agency. Formal approval of the evalua-

tion
prov

by each of the operating clements would
ide a means whereby logistical decisions

could be made in a quantitative manner. This

1.

N

combination of cffort can provide the Army
with meaningful measurements to produce sci-
entific decisions. From these decisions can be
determined the best method of supporting
equipment in terms of economics and logistics.
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CONCURRENCE [ Jr&D [pep Jnicp Jnmp
Design Support Factors Design Configuration - Logistical Costs
Factors Piece- Non- Disposal
Initial Actions Qty | (Constants) | Part | Modular | Maintainable | At Failure
Research and Development
Production and Procurement
Maintenance Engineering
Publications X dollars per page
Cataloging 50 per line item
Training 6 per man - hour
Tools - Test Equipment
Recurring Actions
Replenishment
End Items
Components
Holding - 15% ]
Requisitions 8 per requisition 1
processing cost
Proc-Directives 100 per procure-
ment directive
processing cost
Maintenance
Field-Labor Overhead
Depot-Labor Overhead 1 i
Totals

figure7-11. Logistical Data $heet
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CHAPTER 8
MAINTENANCE PERSONNEL SKILL AND AVAILABILITY

8-1 GENERAL

It is vitally important for the design engi-
neer to consider the skills required and the per-
sonnel available to operate and maintain the
equipment he designs. Equipment that requires
skill levels higher than those that can be made
available cannot be successfully maintained. If
the maintenance skill level required is much in
excess of that available, the equipment can be a
liability instead of an asset because it wastes
maintenance manpower and supply-channel
cffort.

It is difficult to obtain and retain skilled mili-
tary maintenance personnel. Therefore, every-
thing possible must be done by the designer of
equipment to build in maintenance features
that would be unnecessary for effective main-
tenance by highly skilled technicians.

As the complexity of equipment increases, the
time required to train the operator or mainte-
nance specialist also increases. The current nor-
mal military enlistment tour is three years (Ref.
1). While a considerable number of persons re-
enlist one or more times, there is no obligation
for an individual to do so. Thus, there is a definite
factor of diminishing returns in a long train-
ing program. In a study of Army electronics per-
sonnel, for example, it was found that “for every
ten men trained as radio, microwave, or radar
repairmen, generally one re-enlists while the

other nine enter civilian employment™ (Ref. 2).

Equipment should therefore incorporate maxi-
mum simplicity to permit the shortest possible
training time so that the technician’s effective
service after training can be proportionately
increased.

Complex equipment will generally require
greater skill to operate and be more difficult

to service. Because of this, it is more vulnerable
to human failure when the user is under tension
or emotional stress. This can be a critical prob-
lem in combat or emergency situations.

8-2 THE TYPICAL MAINTENANCE
TECHNICIAN

In the design of Army equipment, the user
skill level should be considered from the initial
design stage through the life cycle of the prod-
uct. The optimum design goal should be equip-
ment that can be operated and repaired effec-
tively by the least experienced personnel with
little or no outside assistance. For development
purposes, the “typical” Army technician shall
be assumed to possess the following character-
istics (Ref. 3) :

(1) Age. The median of the age distribution
is 21.2 years, with 55% of all technicians be-
tween 20 and 22 years of age.

(2) Average civilian education. The average
number of years of civilian education is 12.
Only 15% will have attended college and less
than 1% will have graduated from college. Only
1 out of each 1000 will possess an engineering
degree.

(3) Average service education. Formal ser-
vice schooling will consist of 19 weeks, to in-
clude basic training, specialty training, and
weapon system training.

(4) Applicable civilian experience. None.

(5) Applicable army experience. Overall av-
erage is approximately 3.5 years, but the tech-
nicians who will perform most of the work
(nonsupervisory) can be expected to have 2.3
years of experience.

(6) General limitations. The “typical” Army
operator or maintenance technician should not
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be required to :

(a) read at higher than the 9th-grade
reading level.

(b) perform arithmetic calculations, even
simple addition and subtraction.

(c) consolidate or integrate information
from multiple sources.

(d) collect, process, or report any unnec-
essary or complicated data.

(e) post data from one form to another or
keep any permanent records.

NOTE :

The error rates for the above opera-

tions, when performed at the weapon

site as part of other maintenance du-

ties, tend to be prohibitive.
The manpower profile of potential Army elec-
tronics personnel shown in Table 8-1 illustrates
some of these points.

The line maintenance man 1s bored, critical,
and anxious for discharge. As a result, he is not
particularly receptive to training. This means
that designing maintainability into equipment
is about the only way to improve maintenance,
other than devising detailed “cookbook” type
manuals which will anticipate actions required
by a technician (Ref. 5).

8-3 CATEGORIES CF' MAINTENANCE

Military maintenance is usually stratified into
several levels that generally correspond both to
the skill of the peronnel and to the degree of
difficulty of the maintenance task. Stratification
by level of maintenance in the military i1s made
essential by the demands for tactical deploy-
ment of the equipment, but it is also a solution
to the problem of efficiently using maintenance

TABLE 8-1. PROFILE OF POTENTIAL ARMY ELECTRONICS PERSONNEL (Ref. 4)

Sample 1000 enlisted men in Basic Combat Training during September
and October 1961
Enlistment information 14 of the 1000 had enlisted for training in electronics
Term of service 2years, 59%; 3 years, 41%; more than 3 years rounds to zero
Background information 4 out of the 1000 were considered qualified for an electronics
assignment without further training
Education % of Sample % of Group Scoring Above 100 on EL*
Information missing 8 14
Less than 12yr 29 22
12yr 46 42
Some college 17 63
4 yr college or more 5 70
School Subjects

(high school or higher) % of Sample Major College Subject % of Sample
Trigonometry and

chemistry 8 None 84
Trigonometry 2 Engineering 3
Geometry 13 Physical science 2
Algebra and chemistry 3 Other 11
Chemistry 1
Physical science 30
Physics 8
None 24

8-2



men of varying skills. Periodic check-outs of
electronic equipment, for instance, require a
major portion of maintenance time (Refs. 6 and
7). This type of work, however, normally does
not require a high level of skill and can be as-
signed to the less skilled man, releasing the
more skilled men to perform the difficult repair
jobs.

The Department of the Army has grouped all
maintenance into four categories : organization-
al, direct support, general support, and depot
(Ref. 8). Equipment design must adequately
take into account the actual skills available at
each maintenance level. Table 8-2 shows the
categories and levels of maintenance in a thea-
ter of operations. A detailed description of each
maintenance category is presented in the para-
graphs which follow.

8-3.1 ORGANIZATIONAL MAINTENANCE

Organizational maintenance is that mainte-
nance normslly authorized for, performed by,
and the responsibility of a using organization
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on equipment in its possession. This mainte-
nance consists of functions and repairs within
the capabilities of authorized personnel, skills,
tools, and test equipment. (This function was
formerly known as lst and 2nd echelon main-
tenance.)

Organizational level personnel are usually
fully occupied with the operation and use of the
equipment, and have a minimum of time avail-
able for detailed maintenance or diagnostic
check-out. Usually, the least skilled mainte-
nance men are associated most closely with the
operation of the equipment. Maintenance at
this level is normally restricted to periodic
checks of equipment performance, cleaning of
the equipment, front panel adjustments, and
removal and replacement of some components.
Personnel at this level usually do not repair the
removed components but forward them to the
next higher level.

Maintenance performed by the equipment op-
erator usually consists only of inspecting, clean-
ing, servicing, preserving, and adjusting the
equipment. Maintenance done by the organiza-
tion's repairman consists of making minor
repairs and replacements.

TABLE 8-2. CATEGORIES CF MAINTENANCE IN A THEATER OF OPERATIONS (Ref. 2}
Organizational Direct Support | General Support
Category Maintenance Maintenance Maintenance Depot Maintenance
Former
Echelon First Second Third Fourth Fifth
Done Where | Wherever the | In Unit In Mobile and/or Semi-Fixed Shops | In Base Depot Shop
Equipment is
Done by Operator Using Unit Division/Corps/Army Theater Commander
‘Whom Zone and/or Z/1
On Whose Own Equipment
Equipment
Basis Repair and Keep it Repair and Return to User Repair for Stock
Type of Inspection Inspection Inspection
Work Done
Servicing Complicated Adjustment Most Complicated
Adjustments
Adjustment Major Repairs and Modification Repairs and Replace-
ment Including Com-
Minor Repairs and Major Replacement plete Overhaul and
Modification Rebuild
Overload from Lower Echelons
Overload from
Lower Echelons
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Mobility requirements generally limit the
amount of tools, test equipment, and supplies
available at the organizational level. The de-
sign engineer can, therefore, expect to find per-
sonnel skills of limited specialization at this
level and should plan equipment maintenance
and servicing requirements accordingly.

8-3.2 DIRECT SUPPORT MAINTENANCE

Direct support maintenance is that mainte-
nance normally authorized and performed by
designated maintenance activities in direct sup-
port of using organizations. This category of
maintenance is limited to the repair of end
items or unserviceable assemblies in support of
using organizations on a return-to-user basis.
(This function was formerly known as 3rd eche-
lon maintenance.)

Materiel that the using organization cannot
repair is repaired by a direct-support unit pro-
vided it is within the latter’s capability. Direct
support also furnishes supplies and other serv-
ices directly to the user. Direct-support units
are designed to provide close support to combat
troops and facilitate tactical operations. This
mobility requirement limits the equipment and
supplies, and, therefore, the repair jobs that can
be undertaken.

Military maintenance personnel at this level,
however, are generally more skilled and better
equipped than those at the organizational main-
tenance level and are charged with performing
more detailed maintenance. At this level, failed
components and equipment are repaired by re-
placement of parts and subassemblies.

Maintenance is performed by specially trained
units in direct support of a “using” organi-
zation. These units arc authorized larger
amounts of spare parts and maintenance equip-
ment than the using organization which the
unit supports by technical assistance and mobile
repair crews when necessary.

Direct-support units of fixed capabilities have
been established and made an organic part of
certain major combat units. Nonorganic, direct-
support units help provide 100% direct support.
They are of company and detachment size but
can be organized into battalions and groups in
any specific situation.
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8-3.3 GENERAL SUPPORT MAINTENANCE

General support maintenance is that main-
tenance authorized and performed by desig-
nated organizations in support of the Army
supply system. Normally, general support main-
tenance organizations will repair or overhaul
materiel to required maintenance standards in
a ready-to-issue condition based upon applicable
supported Army area supply requirements.
(This function was formerly known as the 4th
echelon maintenance.)

This level of maintenance is performed by
units organized as semifixed or permanent
shops. They exist to serve lower levels within
a given geographical arca. General-support
units include companies and detachments spe-
cializing in general supply, ammunition supply,
maintenance (by commodities), and other ser-
vices. These units perform work that overflows
from direct-support companies, but rarely deal
directly with the equipment user. A general-
support unit’s primary maintenance function
is to repair those items that cannot be repaired
by direct-support units.

Units at this level must possess a certain
mobility so they can remain within convenient
working distance of the direct-support units.
Rapid movement, however, is not as imperative
here as in direct support. Some mobility is sac-
rificed so that they can have more time and
facilities to perform their services.

A high degree of specialization can be ex-
pected at the general support level of mainte-
nance because personnel are usually trained in
schools to become experts in specific components
of equipment. Mobility requirements are also
less stringent and permit more complex main-
tenance operations.

8-3.4 DEPOT MAINTENANCE

Depot maintenance is that maintenance
which, through overhaul of economically repair-
able materiel, augments the procurement pro-
gram in satisfying overall Army requirements
and, when required, provides for repair of ma-
teriel beyond the capability of general support
maintenance organizations. (This function was
formerly known as 5th echelon maintenance.)



Depot maintenance level organizations are
stable and mobility is no problem. Equipment
of extreme bulk and complexity can be used, if
required. The high volume possible in these
shops lends itself to effective use of assembly
line techniques. This, in turn, permits use of
relatively unskilled labor for the greater part
of the workload, with a concentration of highly
skilled specialists in key positions.

Depot maintenance is performed in shops in
the continental United States or (for selected
items) in shops established by the overseas
theater commander. However, most depot main-
tenance is located remotely from the theater of
operation and performs services for several
such theaters.
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This level of maintenance provides the major
supply base in an overseas theater for end items
and for the parts and supplies required to main-
tain and repair the end items. Facilities are
available for completely overhauling and re-
building equipment. Assembly line methods are
used whenever practical and normal support of
supply is accomplished on an overhaul-and-
return-to-stock basis.

Depot maintenance functions also include re-
pair and reclamation services that are beyond
the capabilities of general support maintenance.
Operation of these installations by troops, how-
ever, is not mandatory. If the local labor market
can provide the required skills, the bulk of the
work may be done by native labor under mili-
tary supervision.

REFERENCES

1. Maintainability Design Factors, U.S Army
Missile Command, Redstone Arsenal, Ala.,
1963.

2. B. H. Manheimer and S. R. Goldberg, Re-
vised Maintenance Concepts for the 1965-70
Time Frame, Report OA-61-1, Federal Elec-
tric Corporation, Paramus Industrial Park,
Paramus, N.J., 1962.

3. Maintainabilitg Engineering Guide, RC-S-
64-1,U S Army Missile Command, Redstone
Arsenal, Ala., 1964.

4. J. L. Ankenbrandt, Ed., Maintainability De-
sign, G. Margulies, “Personnel and Train-

ing,” p. 11, Engineering Publishers, Eliza-
beth, N.J., 1963.

5. J. M. McKendry, et al, Maintainability
Handbook forElectronic Equipment Design,
NAVTRADEVCEN 330-14, US Naval
Training Device Center, Port Washington,
N.Y., 1960.

6. M. E. Mohr, “Maintainability and Opera-
tional Performance,” Proceedings of the
EIA Conference on Maintainability of Elec-
tronic Equipment, p. 77, The AC Book Co.,
Inc., N.Y., 1958.

7. M. V. Ratynski, British and American Elec-
tronics Maintenance Techniques framthe
Maintainability and FEquipment Design
Viewpoint, RADC-TR-57-147, Rome Air
Development Center, Griffiss AFB, N.Y,,
1963.

8. AR 750-1, Maintenance Concepts.

8-5/8-6



AMCP 706-134

CHAPTER 9
BASIC HUMAN FACTORS

SECTION |
HUMAN BODY MEASUREMENTS AND HUMAN SENSORY CAPACITIES

9-1 THE PROBLEM

World War II demonstrated that a military
weapon 1s only as good as its operators and
maintenance men. Machines and equipment per-
formed at maximum capacity only if the oper-
ators and mantenance men did what they were
supposed to do, in the proper sequence, and at
the proper time.

Operators and maintenance men fail to do
their jobs properly for a variety of reasons:
fear and fatigue, hasty or inadequate training,
and incompetency — a result of inadequate se-
lection. They also fail because machines and
equipment are designed without sufficient at-
tention to the mental and physical capabilities
of the men who operate or maintain them.

9-2 HUMAN FACTORS ENGINEERING

Human factors engineering is a factor which
relates man’s size, strength, and other capabil-
ities to the necessary work. Failure to consider
these factors will result in increased maintain-
ability problems. Human factors engineering
began when psychologists were called in to make
critical investigations of, for example, physical
limitations in aviation and behavior in naval
combat information centers. Its goal was to
provide designers with the probable character-
istics of the individuals who would operate and
maintain machines and equipment.

Human factors engineering today draws on
psychology, physiology, physics, anthropology,
and medicine, and requires close alliance be-
tween engineers and psychologists. Human fac-
tors engineers consider complex military equip-
ment as man-machine systems, including as
design considerations the capabilities and limi-

tations of the man under various conditions.

To minimize aiagnostic time, necessary hu-
man factors must be considered and equipment
designed to facilitate quick, accurate, and posi-
tive action by the technician. These maintain-
ability factors, some of which are also human
factors, are considered in this chapter. This
section discusses human body measurements
and human sensory capacities, and Section II
presents recommendations for the selection and
design of controls and displays. The human fac-
tors requirements for handles are covered in
Chapter 23, Paragraph 23-6.

9-3 HUMAN BODY MEASUREMENTS
(ANTHROPOMETRY)

One important consideration in designing for
maintainability is information on body meas-
urements. This information is required in the
carliest design stages to ensure that equipment
will accommodate operators and maintenance
men of various sizes and shapes. This section
describes the sources of anthropometric meas-
urements available to the designer, indicating
some of the types of information and giving ex-
amples of the more common measurements, with
cautions as to their use.

9-3.1 SOURCES AND USE Of INFORMATION
ON BODY MEASUREMENTS

The designer has two basic sources of infor-
mation on body measurements : anthropometric
surveys, in which measurements of a sample of
the population have been made, or experiments
under circumstances that simulate the condi-
tions for which he is designing. Which of these
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sources or what combination is used depends on
the availability of adequate anthropometric sur-
veys and on the cost of experiments in both time
and money.

Anthropometric data are usually presented in
percentiles, ranges, and means (or medians).
With information of this type, the designer, who
usually will not be able to accommodate all pos-
sible sizes, can decide where to make the cutoff.
He must, of course, design equipment so that all
members of the population for which it is de-
signed can operate and maintain it; but at the
same time, he might have to inflict less efficient
or less comfortable circumstances on a small
percentage of the population, i.e., those indi-
viduals having extreme measurements.

9-3.2 TYPES OF BODY MEASUREMENTS

Both static and dynamic body measurements
are important to the designer. Static measure-
ments include everything from measurements
of the most gross aspects of body size, such as
stature, to measurcments of the distance be-
tween the pupils of the eyes. The measurements
required will depend on the particular equip-
ment being designed. The more common static
measurements, having received the most atten-
tion from anthropometrists, are most readily
available and are the most reliable because of
the large and numerous samples on which they
are based.

Unlike static body dimensions, which are
measured with the subject in rigid standardized
positions, dynamic body measurements usually
vary with body movements. Dynamic measure-
ments include those made with the subjects in
various working positions, and functional arm
and leg reaches. Static dimensions correspond-
ing to functional reaches would be anatomical
arm and leg lengths. Dynamic dimensions in
equipment design relate more to human per-
formance than to human “fit” (Ref. 1).

9-3.3 EXAMPLES OF BODY MEASUREMENTS

Figure 9-1 illustrates body dimensions to be
considered in equipment design. Associated also
with body dimensions is the application of
force. The human being is so organized, mus-
cularly, that he can exert more force, with less
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fatigue, if the machine has been designed to fit
his capabilities. The following conclusions on
the application of force and the strength of body
components should be of value to the designer
(Ref. 3) :

(1) The amount of force that can be exerted
is determined by the position of the body and
the members applying the force, the direction
of application, and the object to which it is ap-
plied.

(2) The greatest force is developed in pulling
toward the body, (see Figure 9-2). Pull is
greater from a sitting than from a standing
position. A momentary pull can be as great as
250 1b, whereas the maximum steady pull is
about 65 Ib.

(3) The maximum force exertable increases
with the use of the whole arm and shoulder, but
using only the fingers requires the least energy
per given amount of force applied.

(4) Push is greater than pull for side-to-side
motion, with about 90 1b being the maximum.

(5) The maximum handgrip for a 25-year-
old man is about 125 1b. Usually, the stronger
hand can exert an average of 101b greater than
the other.

(6) Arm strength reaches its maximum at
about age 25, drops slightly between 30 and 40,
and declines about 40% from age 30 to 65. Hand
strength declines about 16.5% during the same
period. These figures vary, however, depending
upon conditions— a stamp collector’s strength
will not hold up like the strength of a man who
performs manual labor.

Associated with force is weight lifting capa-
city. Figure 9-3 shows the maximum weight
that can be lifted a given distance from the
ground or floor. The curve is based on data from
19male subjects whose average age was 21.6 yr,
average weight was 161.21b, and average height
was 69.5 in. They lifted objects of convenient
size and shape and had unlimited room to do it
in. Before a designer could use these figures, he
would have to determine if the conditions for
which he is designing would be the same.

9-4 HUMAN SENSORY CAPACITIES
The following data is presented to help the

designer to a better understanding of the sen-
sory capacities of the maintenance man as they



apply to color coding, shape coding, parts iden-
tification, and noise.

9-4.1 SIGHT

Sight is stimulated by electromagnetic radia-
tions of certain wavelengths, commonly called
the visible portion of the electromagnetic spec-
trum ; The various hues (parts of the spectrum),
as seen by the eye, appear to differ in bright-
ness. In daylight, for example, the eye is most
sensitive to greenish-yellow light that has a
wavelength of about 5500 angstrom units (Ref.
6). The eve also sees differently from different
angles.

The limits of color vision are illustrated in
Figure 9-4. One can perceive all colors while
looking straight ahead. Color perception, how-
ever, begins to decrease as the viewing angle
increases. As shown in the figure, green disap-
pears at about 40° off the level view in the verti-
cal plane, and red disappears at above 45°. Yel-
low and blue can be distinguished over a larger
arca. Therefore, if equipment has color-banded
meters or warning lights of different colors that
are in such a position as to be near the horizon-
tal or vertical limits of color differentiation, the
user will not be able to distinguish among the
colors.

Color-weak people (so few people arc abso-
lutely color blind they can be ignored) will not
see colors the way “normal” people do, and any
color coding will be lost on them. Colors should,
therefore, be selected which color-weak people
do not confuse, such as yellow and blue, or color
coding should be augmented with shape coding
(see Paragraph 9-6.10.3).

At night, or in poorly illuminated areas, color
makes little difference, and at a distance, or if
the point source is small (such as a small warn-
ing light), blue, green, yellow, and orange are
indistinguishable : they will appear to be white.
A further phenomenon of sight perception of
light is apparent reversal of color. When staring
at a red or green light, for instance, and glanc-
ing away, the signal to the brain may reverse
the color. This has caused accidents. Too much
reliance should not be placed on color where
critical operations may be performed by fa-
tigued personnel. Whenever possible, red filters,
having wavelengths longer than 6500 angstrom
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units should be used (Ref. 7).If this is not pos-
sible, then warning lights, at least, should be as
close to red as possible. Colors such as red-
amber or reddish purple are satisfactory.

9-4.2 TOUCH

As equipment becomes more complex, it is
necessary that the maintenance man use all his
senses most efficiently. Man’s ability to interpret
visual and auditory stimuli is closcly associated
with the sense of touch. The sensory cues re-
ceived by the skin and muscles can be used to
some degree to convey messages to the brain
that relieve the eyes and ears of part of the load
they would otherwise carry.

For example, the control knob shapes illus-
trated in Figure 9-10 can be casily recognized
by touch alone. Many of these knob shapes could
be adapted for use when the user must rely com-
pletely on his sense of touch, as, for instance,
when a knob must be put in an out-of-the-way
place.

9-4.3 NOISE

It is difficult to gage precisely the effects of
noise on humans. Figure 9-5, illustrating the
effects of sound intensities at various frequen-
cies, may be used as a general guide.

Man’s reaction to noise extends beyond the
auditory system : it can contribute to such feel-
ings as well-being, boredom, irritability, or fa-
tigue. Work requiring a high degree of muscular
coordination and precision, or intense concen-
tration, may be adversely affected by noise.
When sound exceeds a level of about 120 db, it
begins to produce a physical sensation of feel-
ing, or tickle, and at levels above 130 db it can
become painful.

In addition to affecting the performance of
maintenance technicians in tasks not depend-
ent upon auditory tasks, excessive noise can
make oral communication ineffectual or impos-
sible, and can damage hearing. Consequently,
the interior noise levels in maintenance or con-
trol arecas (vans, huts, etc.) in which communi-
cation of information, either direct or electri-
cal, is critical, should not exceed the levels given
in Table 9-1. These levels should permit reliable
communications with raised voice at a distance
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9-4

O —

HEIGHT

WEIGHT
TRUNK

it

SMALL LARGE

MAN

Height (stature)*
1A Sitting height (erect)*
1B Eye height-(normal sitting) (internal canthus)
1C Buttock-shoulder height (acromial height)
1D Buttock-elbow height
1E Seat height (popliteal height)
1F Knee height

N W ON
:—'c\\]l\)wwuu
SO NS UL

o —

Weight (pounds) (no equipment) 130.0

2A  Shoulder width (bi-deltoid)

2B Elbow width (bi-epicondylar-elbows)
2C Seat width

3A Chest depth

3B Abdominal depth

._.._.._.
R 2w ua
S LS W

*Allow 2.6 inches for helmet.

MAN

74.0
38.0
31.5
26.5
10.8
19.2
24.5

201.0

Note: Small man represents the 5th percentile— only 5% of the pop-

ulation are smaller than the values given. Large man

represents the 95th percentile—only 5% of the population are

larger than the values given.

Figure 9-1. Body Dimensions for Use in Equipment Design (Ref. 2)
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LARGE
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(heavy
clothing)
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LARGE
MAN
SMALL LARGE (heavy
MAN MAN clothing)

HEAD Head length (front to back)** 7.2 8.2 11.5
Head width (side to side)** 5.6 6.4 11.0

HAND 7A Hand length 7.0 8.2 9.5
7B Hand width 3.2 3.8 5.5

ARM 4A FElbow-finger length 17.3 20.1 21.3
THIGH 4B Buttock-knee length 21.5 25.5 27.5
4C Seat length 17.5 20.5 20.5

4D Thigh clearance height (thigh thickness) 4.8 6.5 8.0

FOOT 6A Foot length 11.0 12.7 15.3
6B Foot width 4.0 4.5 6.3

REACH 5A Overhead reach (functional). 77.8 89.5 89.5
5B Arm reach— anterior (functional) 29.0 35.0 35.0

5C Arm span 65.9 75.6 78.0

D Elbow span 34.0 39.0 41.0

**Helmet length = 12.0 inches, width = 10.3

figure 9-1. Body Dimensions for Use in Equipment Design (Ref. 21 {cont)
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of 3 to 4 ft. Equipment in operation or main-
tenance tasks shall not require personnel to be
exposed to noise levels that exceed the maximum
acceptable specified in Table 9-2.
The following recommendations should also
be considered to reduce the effects of noise :
(1) In designing equipment which necessi-

EXTENSOR BICEPS
MUSCLES 60 LB
48LB

Figure 9-2. Amount of Force That Can be Exerted
by the Arm in Two Positions (Ref. 41

150
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o

w

2

s

o)

2

X

a

= 50|
0 |
0 i 2 3 4 5

DISTANCE ABOVE FLOOR (ft)

Figure 9-3. Maximum Weight Lifting Capacity
(Ref, 61
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tates maintenance activities in the presence of
extreme noise, reduce the amount of noise pro-
duced, where possible, by proper acoustical de-
sign, mufflers, soundproofing, and other devices.

(2) Keep sound levels in maintenance areas
which require presence of the maintenance tech-
nician below 85 decibles (db re 0.0002 dyne/
cm?),

(3) Provide warnings to prevent unprotected
maintenance personnel from entering areas
with noise levels above 150 db, even for short
periods. Exposure to such high noise levels may
result in disorientation, nausea or vomiting.
There is considerable variation in judgments of
a single, overall minimum noise level that is
potentialy harmful, i.e., which can cause per-
manent hearing loss. In general, levels above
100 db are not considered safe; levels below 90
db are not considered harmful.

9-4.4 VIBRATION AND MOTION

Vibration may be deterimental to the main-
tenance technician’s performance of both men-
tal and physical tasks. Large amplitude, low
frequency vibrations contribute to motion sick-
ness, headaches, fatigue, eye strain, interfe<-
ence with depth perception (depth perception
fails at frequencies of 25-40 cps and again at
60-90 cps), and interference with the ability to

TABLE 9-1. MAXIMUM NOISE LEVELS FOR
COMMUNICATION

Frequency Bands Maximum Level
(cps) (db re 0.0002 microbar)

below 75 79
75-150 73
150-300 68
300-600 64
600-1200 62
1200-2400 60
2400-4800 58
4800-10000 ° 57




130° WHITE

95° YELLOW
80°BLUE

VERTICALLY

40°GREEN
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I80°WHITE

120° YELLOW | . p
IOO°BLUE. '

60°GREEN-RED
HORIZONTALLY

Figure 9-4. Approximate Limits of Normal Color Differenfiation (Ref. 3)

read and interpret instruments. As the ampli-
tude of vibration decreases and the frequency
increases, these symptoms become less pro-
nounced. However, vibration of low amplitude
and high frequency can be fatiguing.

Some design recommendations to be consid-
ered for reducing the effects of vibration and
motion are as follows (Ref. 9) :

(1) Design equipment to resist vibration and
shock or to be isolated from such action by shock
absorbers, cushioned mountings, springs, or
fluid couplings.

TABLE 9-2. MAXIMUM ACCEPTABLE NOISE
LEVEL FOR ARMY MATERIEL COMMAND

EQUIPMENT"
Maximum Acceptable
Frequency Bands Noise Level
(cps) (db re 0.0002 microbar)

below 75 120
75-150 115
150-300 109
300-600 101
600-1200 93
1200-2400 89
2400-4800 89
4800-9600 91

*Continuous Noise As Opposed to
Impulse Noise

(2) Where possible, consider the position of
the operator and maintenance technician in the
performance of their work on equipment that is
subject to vibration.

(a) Seated personnel are most affected by
vertical vibrations ; prone personnel
by horizontal vibrations.

(b) Use damping materials or cushioned
seats to reduce vibration transmitted
to a seated technician's body. Avoid
vibrations of 3 to 4 cps, since this is

140 1
THRESHOLD OF PAIN
120+
BWAY-LQCAL _
%L%ATION WIT GOJ 100}~ THRESHOLD OF
EXPRESS PASSING
-
AVERAGE FACTORY ‘-é-’ 80~
LARGESTOREOR  — ¢
NOISY OFFICE '>_-
AVERAGE 2 THRESHOLD
RESIDENCE E 40 OF HESAR|NG
b
Z 201
LOW WHISPER-
5FT o
” | N N
20 g 8 8%
= & g8
o o
o

FREQUENCY (CPS)

Figure 9-5. Sensations of Sound Intensities at
Various Frequencies (Ref. 3}
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the resonant frequency of the vertical

trunk of a man when seated.
(3) For critical maintenance operations re-
quiring letter or digit discrimination, ensure
that the equipment containing the printed ma-

terial is free from vibration produced by ma-
chinery.

(a) Avoid vibrations in excess of 0.08 mil
amplitude. (1 mil = 10—? in.).

(b) Where it is not possible to provide vi-
bration-free displays, increase display
size and/or illumination to improve
speed and accuracy.

SECTION I
DESIGN RECOMMENDATIONS FOR CONTROLS AND DISPLAYS

9-5 CONTROLS

The proper design of controls is an important
factor affecting operator performance in most
man-machine systems. Controls should be se-
lected so that their movements conform to those
of the associated display, equipment component,
or vehicle. The function and direction of con-
ventional control movements, shown in Table
9-3, should be consistent with that of the con-
trolled object or display. The general situations
in which linear (ornear-linear) and rotary con-
trols should be used are shown in Figure 9-6,
and when force and range settings are the pri-
mary considerations, the controls recommended
in Table 9-4 should be used.

General design guidelines for controls (knobs,
selector switches, cranks, toggle switches, levers
and pushbuttons) are given in Table 9-5. Special
recommendations relating to the design of air-
craft controls are presented in Chapter 31,
Paragraph 31-9.2.2. Other design recommen-
dations that should also be considered are pre-
sented in the following paragraphs.

9-51 KNOBS

Specify knobs under the following conditions :

(1) When precise, accurate adjustment of a
continuous variable is required.

(2) When little force is required.

(3) When conservation of panel space is not
critical.
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(4) When coding by color, size, or shape 1S
desired.

Consider also the following general recom-
mendations :

(1j Design control knobs with a minimum
of resistance, but incorporate sufficient resis-
tance to guard against accidental or inadvertent
movement.

TABLE 9-3. CONVENTIONAL CONTROL
MOVEMENTS (Ref. 2}

Function Control Action

On Up, right, forward, pull (switch
knobs)

Off Down, left, rearward, push
(switch knobs)

Right Clockwise, right

Left Counterclockwise, left

Up Up, rearward

Down Down, forward

Retract Rc?arward, pull, counterclock-
wise, up

Extend Forward, push, clockwise, down

Increase | Right, up, forward

Decrease | Left, down, rearward




(2) When a knob is used for discrete settings,
the accuracy of settings can be enhanced by in-
creasing the holding action of the detent. This
will result, however, in a slower selection speed.

(3) When a knob is used for fine adjustments
(Figure 9-7), there should be between 60" and
80" of movement from just detectable misalign-
ment in one direction to just detectable mis-
alignment in the other.

(4) Design an audible click into controls that
are used for discrete settings so the operator
will have an additional cue to accurate setting
of the knob.

(5) Sccure control knobs with set screws
which are large and accessible enough to be
tightened or loosened with a standard size
screwdriver. Where possible, set screws should
be located at the end of the knob rather than at
the side, since the screws will be easier to re-
place in this position (sce Figure 9-8). When
it is necessary to locate the set screw on the side
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of the knob, ensure that access to the screw is
not obstructed by other controls. Shafts should
have a flat or indent to assure positive contact
between the set screw and the shaft.

In determining the size and shape of knobs,
consider the manner of operation and the avail-
able panel space, namely :

(1) When rapid (though perhaps less accu-
rate and less controlled) adjustment is required,
specify small diameter, rather than large di-
ameter knobs.

(2) Knobs less than 0.75 in. in depth should
be knurled to prevent the hand operating them
from slipping.

(3) Secrrated knobs of more than 0.75 in. in
depth to prevent slipping. Serrations should be
close and evenly spaced.

(4) The shape of knobs should be determined
by function and use.

(5) Knob shapes similar to those shown in

SYSTEM RESPONSE
EXAMPLES

TYPE

ACCEPTABLE CONTROLS
TYPE EXAMPLES

N ARC LESS THAN
80 deg

OTARY THROUGH
N ARC MORE THAN:

INEAR OR T

- ROTARY

TWi
IMENSIONS

Figure 9-6. Acceptable Controls for Vurious Types of System Responses(Ref. 1)
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Figure 9-9(A) are recommended when more
than one full turn is required.

(6) Figure 9-9(B) illustrates knob shapes
recommended when less than one full turn is
required.

(7) All knobs that perform the same func-
tion should have the same shape.

(8) For knobs that must be recognized by
touch alone, use easily recognizable knob shapes
(see Figure 9-10).

Use bar and pointer knobs for discrete posi-
tioning operations, as, for example :

(1) Specify pointer-type knobs to indicate a
marking or to indicate relative position from a
fixed point.

(2) Use bar rather than pointer knobs when
rotation is more than 360°.

(3) Specify bar or pointer knobs when only
two or three settings are used.

Use concentrically ganged knobs under the
following conditions :

(1) When the operations to be performed are

40° 40°

Figure 9-7. Desirable Knob Movement for Fine
Adjustment

USE THIs NOT THIS

[ {07

figure 9-8. Set Screws for Control Knobs
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sequential, or if going from one knob to the next
is often done without visual reference.

(2) When used sequentially, they are located
so that the front (smallest) knob is used first,
the back (largest) is last.

(3) So that coarse settings are made with a
small, inner knob; fine adjustments with a
large, outer knob.

(4) If inadvertent operation of adjacent
knobs or small delays are not important. Ad-
dition of shields on ganged knobs will reduce
errors made on adjacent knobs.

(5) In cases where knobs of larger diameter
are required, regardless of arrangement.

(6) When detent knobs or combinations of
detent and continuous-rotation knobs are used.

(7) If space behind the display must be con-
served.

TABLE 9-4. RECOMMENDED CONTROLS WHERE
FORCE AND RANGE OF SETTINGS ARE
IMPORTANT (Ref. 1)

_—

For SMALL
Forces And . . . Use . . .

Two discrete
settings

Hand pushbutton, foot
pushbutton, or toggle
switch.

Three discrete
settings

Toggle switch or
rotary selector switch.

Four to 24
discrete settings

Rotary selector switch,

Small range of Knob or lever.

continuous settings
Large range of Crank.
continuous settings

For LARGE

Forces And . . . Use.

Two discrete Detent lever, large

settings hand pushbutton, or
foot pushbutton.
Three to 24 Detent lever.

discrete settings

Small range of Handwheel, rotary
continuous settings | pedal, or lever.

Large range of
continuous settings

Large crank.




TABLE
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9-5. GENERAL DESIGN GUIDELINES FOR CONTROLS (Ref. 10}

Recommended
Separation (in. ) Size (in.) Resistance Displacement

Control | Type of Use | Min |Desirabli| Min. |Desirable | Min. Max. Min. Max,

Knob One hand, 1 2 Dia |Dia4in. | Fingertip | Fingertip
randomly 0.375 operation | operation

in, with smal | with smal,
Two hands, 3 5 dia (1in.) | dia (lin.):
simultane- Depth | Depth 4.5 0z-in | 6 0z-in.
ously 0.5 1in.

in,

Rotary | One handed Has not been | Pointer| None 120z 48 oz For visual | Between

selector | turning determined. length: positioning, | adjacent

switch 1in. | Pointer 15° between| detents: 40"

(moving width: 1in. detents; for

ointer, None nonvisual ,

ixed 30°

scale)

Rotary Has not been Knob | Knob dia | 120z 48 oz For visual | Between

selector determined. dia 1 | 4 in. positioning, | adjacent

switch in. 15"between | detents: 40°

(fixed detents; for

pointer, Knob | Knob nonvisual,

moving depth | depth 30°

scale) 0.5 3in.

in,

Toggle | Onefinger 0.75 2 Ti Ti 10 oz 40 oz Between ad-| 120"

switche. | randomly 0.P25 0.P25 jacent con-

in., in trol PSNS—
lever | lever 40°

arm |arm

length | length

0.5in.| 2in.

Lever | Ore and twe | Has not been Length deter- For hand | 1hand Nore set by | Fore-Aft
handed op- determined. mined by mechan-| grasping: | push-pull: | operator mvt: 14 in.
eration ical advantage 21 301b perfor= Lateral

required. mance mvt: 38 in.

1 hand

right-left

20 1b

2 hand

push-pull

90 1b

2 hand

right-left:

301b

Push- Ore finger, | 0.5 2 0.5 10 02 40 oz 0.125 in. 1.5 1in.

buttons | randomly
One finger, | 0.26 1
sequentially
Different 0.5 0.5
fingers,
randomly or
sequentially
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TABLE 9-5. GENERAL DESIGN GUIDELINES FOR CONTROLS (Ref. 10) (cont)

Recommended ]
Separation (in. ) Size (in.) Resistance Displacement
Control | Type of Use | Min. [ Desirable Min. | Desirable | Min. Max. Min, Max.
Crank | One hand, 2 For heavy | For small | For small |Determined by desired
randomly loads: 20- |cranks cranks control display ratio.
in. radius | (less than | (less than
min, 3.5-in, 3.5-in.

radius) & | radius) &
For min. | highspeed| highspeed
loads & operation: | operation:
very high |(21b 51b

pm rate
(upto 275): | For large | For large
4.5-in. cranks cranks
radius §—8-in. 5—8-in.
radius & | radius &
high speed | high speed
operation: | operation:
51b 101b

Precise | Precise
setting setting
(adjusting | (adjusting
between | between
0.5and 1 | 0.5 and 1
rotation): | rotation):
25 1b 81b

Do not use concentrically ganged knobs under
the following conditions :

(1) When the knobs are in continuous rota-
tion or have low friction.

(2) When frequent inadvertent operations of 79 "
adjacent knobs cannot be tolerated. \ i il

9-5.2 SELECTOR SWITCHES .

. . ! f__'i':
tiogcs)l_lmder the following general recommenda- s ) L \.i
(1) Specify rotary selector switches for mul- {A) KNOBS FOR MORE THAN ONE FULL TURN
tiple positioning and for selection of three or
more discrete positions.

(2) On fixed scales, the selector switch could
be a moving pointer type knob (generally a bar
type with a tapered tip).

(3) On rotary selector switches having cov- {V@ <
cred scales, provide a skirt opening which \ | | ?j'
permits the technician to view one major ad- \ﬁ ) ;
justment mark above and below the desired
adjustment. Design the skirt so that the scale
is recadily visible when the control is being
manipulated (see Figure 9-11). Figure 9-9. Recommended Knob Shapes

{B) KNOBS FOR LESS THAN ONE FULL TURN

9-12
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Figure 9-10. Easily Recognizable Knob Shapes (Ref, 31

USE THIS

NOT THIS

Figure 9-11. Visibility of Scale in Rotary Selector
Switches

(4) Use selector switch rather than require
cable connections and disconnections for a num-
ber of test conditions.

(5) Avoid having any two positions 180"
from each other. This situation, which might
lead to setting errors and in reading the wrong
end of the moving pointer, can be prevented by
using less than the optimum (45°) separation,
as shown in Figure 9-12.

(6) Design switches sothat detent stops offer
enough resistance to movement so that settings
can be made by touch alone.

(7) Control loading should be sufficient to
offset the resting weight of the operator's hand
sothat removing the hand will not inadvertently
move the switch.

(8) Do not incorporate more than 24 posi-
tions'in one rotary control.

NOT THIS

USE THIS
|

figure 9-12. No Two Selecfor-Swifch Positions
Should be 180° from Each Other

(9) Provide stops at the beginning and end
of the range of control positions.

(10) Position the pointer knob close to the
scale to minimize parallax.

9-5.3 TOGGLE SWITCHES

Specify toggle switches when the following
conditions exist :

(1) Control functions require no more than
three (preferably one or two) discrete posi-
tions.

(2) Space limitations are severe.

(3) Fast and accurate operation is required.

(4) Switches are to be used in groups and
position checking is necessary.

(5) "Blind" sctting or checking of position
might be required.

9-13
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Do not specify when the following conditions
exist :

(1) The switch must be coded.

(2) More than three positions are required.

(3) Accidental activation cannot be tolerated.

Mount toggle switches vertically wherever
possible.

(1) The switch should move upward for ON,
START, or INCREASE.

(2) The switch should move downward for
OFF, STOP, or DECREASE.

(3) If switches must be mounted horizon-
tally, a motion forward or to the right should
correspond to ON, START, and INCREASE,
and a motion rearward or to the left should cor-
respond to OFF, STOP ,and DECREASE.

Consider also the following :

(1) When one panel contains a number of
toggle switches, they should all be OFF at the
center position to facilitate checking the switch
position.

(2) When used as momentary contact
switches, place them in such a position that
inadvertent activation is minimized. For ex-
ample, place a switch of this kind near the bot-
tom of a panel with the direction of movement
upward. Design spring tension in a spring-
loaded switch so that it is sufficient to return
the switch to its normal position, but also sothat
it does not require undue force to hold the
switch in the active position.

9-6.4 LEVERS

Use levers when the following conditions
exist :

(1) Where large mechanical forces or dis-
placements are involved and where multidi-
mensional movement of the control is required.

(2) For levers perpendicular to the floor,
knob handles or grips should be between the
waist and shoulder of the operator. For levers
parallel to the floor, hand grips should be placed
approximately 28 in. above the floor for the
standing operator to be able to exert the great-
est lifting force.

(3) Levers should be pushed for greatest
accuracy.

(4) For maximum push, place 29 in. from
the seated operator's backrest.

(5) For fastest operation of a lever mounted
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in front of the operator, use a fore-and-aft di-
rection. But, if a lever is mounted in front of
the operator and must move in a lateral direc-
tion, more force can be applied moving toward
the left with the right hand than by moving
toward the right with the right hand.

(6) Maximum push or pull for the seated
operator is obtained with the elbow at 135°,
hand grip at about elbow height, and lever
moving in a vertical plane passing through the
height of the shoulder joint.

(7) Increasing the friction of the lever tends
to increase accuracy. The addition of viscous
damping or mass will help to maintain a more
even rate of movement.

(8) Torque increase should be sensed as the
terminal movement position is approached.

(9) Detent pressure should be provided on
discrete position levers.

9-5.5 PUSHBUTTONS

Pushbuttons should be used where :

(1) Space is at a premium.

(2) There is a need for a momentary-contact
control.

(3) The necessity exists for activating a
locking circuit in a high frequency-of-use sit-
uation.

(4) Only one or two positions are needed.

(5) Coding by color, size, or shape is re-
quired.

(6) Grouping is required.

(7) Rapid switching between one of two po-
sitions is necessary.

(8) A tester to be designed is a hand-held
unit. In this case specify pushbuttons in pref-
erence to trigger-type controls.)

Additional recommendations are as follows :

(1) Surface should be flat or concave to fit
the finger (see Figure 9-13).

USE THIS OR THIS

ROUGH § RFACE
\

Figure 9-13. Pushbutton Surface Should Be Con-
cave or Have Rough Surface



(2) Surface should provide a high degree of
frictional resistance to prevent slipping.

(3) Size should be large enough so that it
can be pushed repeatedly without discomfort.

(4) When the operator will have many push-
buttons to activate, and other tasks demanding
his attention, consider using pushbuttons with
raised (or lowered) forms to reduce the possi-
bility of error.

(5) Spring
switches.

~(6) Provide an audible click or detent to

“{hdicate that the control has been activated.

(7) Arrange pushbutton in a horizontal
rather than vertical array.

load for momentary-contact

9-5.6 CRANKS

Use cranks under the following conditions :

(1) Select cranks for tasks involving at least
two rotations of a control. Specify cranks when
turning speeds are above 100 rpm.

(2) For operations involving rapid turning
and accurate settings, use a combined hand-
wheel and crank; the crank to permit rapid
transversing, and the handwheel, gripped by
the rim, to permit accurate settings.

(3) Handle shape should allow the maximum
amount of contact with the surface of the hand,
and the handle should turn freely around its
shaft (see Figure 9-14).

The location of the crank depends on its
speed, load, and on the operator's position :

(1) Place for the standing opertor 36 to 48
in. above the floor.

(2) For light loads, with high rpm, locate
so axis of rotation is perpendicular to the
frontal plane of the operator's body. Mount on

Figure 9-14. lever Handles Should Move Freely
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METHOD A

L

> METHOD B

Figure 9-15. Positioning Two Cranks Thaf Are To
Be Rotated Simultaneously

cither side rather than the center of the frontal
work area.

(3) For heavy loads, use large side-position
crank with axis of rotation parallel to the
frontal plane of the operator's body.

(4) For two cranks rotating simultancously,
place the cranks as suggested in Figure 9-15.

(5) To increase the amount of control the
operator has when the crank is to be rotated
slowly, weight the crank to increase the inertia.

(6) To keep a pointer on a moving target,
use a high-speed crank (up to 200 rpm.) to
make the movement more accurate and con-
trolled.

(7) If the ratio of fast-to-slow crank operat-
ing speed is greater than 2 to 1,i.e., the fastest
speed is more than twice the slowest speed,
allow the operator a choice of two gear ratios.

(8) Provide cach crank with three possible
positions: IN position for rapid slewing in
either direction, OUT position for fine adjust-
ment, and a middle or neutral position to keep
inadvertent movement from affecting the con-
trol. The crank should be spring loaded to re-
turn to the neutral position when pressure is
released.

9-6 DISPLAYS
The function of a display is to provide the
operator with information on which he can act.

The information is usually presented by dials

9-15
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and scales, counters, scopes, warning lights and
buzzers, and printed material. The ultimate goal
in selecting displays is to choose those that pro-
vide the operator with the exact amount of in-
formation required to carry out the functions
of the system, but which present him no more
information than he will have to use.

9-6.7 SELECTING THE APPROPRIATE DISPLAY

Use dials, scales, gages, or meters for the fol-
lowing conditions:

(1) To indicate direction of movement or
orientation in space.

(2) To distinguish increasing or decreasing
trend of the values measured by the instrument.

(3) When only an approximate reading is
important.

(4) For check reading rather than continu-
ous monitoring.

Use direct-reading counters for the following
conditions :

(1) For rapid and accurate reading of sta-
tionary or slowly changing quantitative infor-
mation.

(2) As an indication of revolutions in multi-
revolution indicators.

(3) When economy of panel space is im-
portant.

Use scopes (cathode-ray tubes) in the follow-
ing situations:

(1) For primarily continuous monitoring
activity.

(2) To monitor direction of movement of
another vehicle (as in radar).

(3) To monitor or check read frequency or
amplitude waves (as sampling the output of a
radar transmitter).

Use lights in the following situations:

(1) For qualitative go/no-go indicators, on-
off indicators, malfunction indicators, emer-
gency warning lights (use flashing signals),
inoperative equipment indicators, caution in-
dicators, and indicators for operability of sep-
arate components.

(2) For critical information when there is
sufficient space on the panel (legend lights—
words or numbers that are lighted from be-
hind).

(3) As warm-up indicators.

Use auditory displays (buzzers, bells, etc.)
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forthe following situations (sce also Paragraph
9-6.8):

(1) To notify the operator of the end or
that he is approaching the end of an operating
cycle.

(2) As an emergency or warning device.

(3) When the immediate reaction of the op-
erator is important.

Use auditory displays with, or as alternatives
to, lights in the following situations :

(1) When environmental lighting conditions
are such that lights might not be easily de-
tected.

(2) When the operator will be occupied mon-
itoring lights, dials, counters, and scopes.

(3) When multiple signals (warning, emer-
gency, malfunction) are needed.

(4) When extreme redundancy is required.

Table 9-6 lists the relative advantages and
disadvantages of the four basic indicator types.

9-6.2 SCALES

In most cases, a circular scale is preferable
to a straight scale. In straight scales, the hori-
zontal is generally recommended over the verti-
cal. When a number of instruments must be
checked, the circular scale with moving pointer
should be used. When designing an instrument
with fixed pointer and moving scale, the un-
used portion of the scale should be covered.
When several scales are on one dial, use some
method such as the following by which the
scales can be casily identified.

(1) Use the same numerical progression for
all indicators.

(2) Use maximum contrast between scale
face and markings.

(3) Arrange numbers on scales so that they
are easily read.

(4) Locate numbers so that they are not
obscured by cither the bezel or the pointer.

(5) Design circular scales so that the num-
bers increase clockwise.

(6) Design straight- or drum-type scales so
that the numbers increase from left to right or
bottom to top.

(7) On stationary scales, numbers always
should be in the upright vertical position.

(8) On moving scales, orient all numbers so
as to be upright at the reading position.
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TABLE 9-6. RELATIVE EVALUATION CEF' BASIC SYMBOLIC-INDICATOR TYPES

Method of Use | Moving Pointer Moving Scale Counter Flag

Quantitative Fair Fair Good: required Do not use.

reading minimum time

with minimum
reading error.

Qualitative Good: location of Poor: difficult to | Poor: position Good: presence

and check pointer and change |judge direction and | changes not easily |of flag easily

reading in position easily magnitude of detected. detected.
detected. pointer deviation.

Setting Good: has simple Fair: has some- Good: most accu- | Not applicable.
and direct rela- what ambiguous rate method of
tion between relation between monitoring nu-
pointer motion pointer motion and | merical settings,
and motion of motion of setting | but relation be-
setting knob; knob. tween pointer
pointer position motion and motion
change aids of setting knob is
monitoring . less direct.

Tracking Good: pointer posi- | Fair: not readily Poor: not readily | Not applicable.
tion readily moni- monitored; has monitored; has
tored and controlled; | somewhat ambi- ambiguous rela-
provides simple guous relationship | tionship to manual
relationship to to manual control | control motion.
manual control mo- | motion.
tion; provides some
information about
rate.

General Good: but requires | Fair: offers saving| Fair: most econom-| Useful for qual-
greatest exposed in panel space be- | ical in use of space|itative readings;
and illuminated cause only small | and illuminated may take little
arca onpanel, and | section of scale arca, scale length |room.
scale length is need be exposed limited only by
limited. and illuminated, number of counter

and long scale is drums, but is dif-
possible. ficult to illuminate
properly.

(9) On indicators that use moving scales and

fixed pointers, the numbers should increase
clockwise around the dial face, and movement
of the dial face should be counterclockwise.

(10) All major scale divisions should be
numbered.

(11) The height-to-width ratio of numerals
should be §: 3.

Number progression on scales should be con-
sistent with normal habit patterns, namely :

(1) The optimum design is one with a major,
numbered, graduation mark for each 10 units
and a minor, unnumbered, graduation mark at
each unit. (Numbering the minor graduations
tends to decrease the reading accuracy.)

(2) Design scale so that an adequate reading

can be obtained by reading to the nearest whole
number.

(3) When numbered scales require inter-
polation, the intervals should progress by 10’'s
or by 20’s.

(4) Use graduation intervals of 1, 5, or 10.
(See Figure 9-16.)

GOOD POOR
5 10 15 20 25 2.5 7.5 10 12.5
10 20 30 40 50 14 21 28 35

Figure 9-16. Scale Number Progression
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INTERMEDIATE
MINOR

)

005 MIN —>—

"

MAJOR

—t% .6
’ ! .09 j I
.
05 i‘-{CEVTER TO CENTER)

S MIN —————>

Figure 9-17. Graduation Intervals ({Inches)

(5) For feet and inches, use intervals of 1,
3,o0r6.

(6) For pounds and ounces,
of 1,2, 4, or 8.

(7) For scales such as clocks or compasses,
the following progressions are best :

use intervals

3 6 9 12
30 60 90 120
1 10 100 1000

All scales on the same equipment should have
similar number arrangement and progression ;
also make scale breakdown and numbering sim-
ilar on all adjacent dials. Size, height, and num-
ber of scale markers should be carefully selected.
Line markers should be the same width as
the pointer. The optimum width for both is one-
tenth of a division width. Additional recom-
mendations are as follows:

(1) Provide sufficient markers so that inter-
polation on a scale need be no more accurate
than one-fourth the space between two marks.

(2) Mark-height-to-mark -separation ratio
should be from 1:1to 2: 1. This ratio should
never go as high as 5: 1.

(3) Do not make the height ratio of major
to intermediate marks more than 1.5to 1.

(4) Make the height ratio of intermediate
to minor marks at least 1.5to 1.

Select graduation intervals approximately
equal to the degree of accuracy required in
reading the indicator, namely :

(1) Scale divisions should not exceed the
inherent accuracy of the instrument or the ac-
curacy with which the instrument must be read.

(2) Figure 9-17 gives recommended mini-
mum dimensions and spacing for graduation
intervals.
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(3) The number of graduation marks be-
tween numbered intervals should not exceed 9.

Scale reading accuracy depends on the linear
separation of graduation marks ; accordingly,
the following should be considered :

(1) To reduce the size of errors made, use
finer scaling.

(2) To reduce the number of errors in in-
terpolation (in terms of the proportion of the
intervals in which errors were made, increase
the distance between markers. The optimum
distance is 0.25 to 0.5 in.

(3) In scales graduated by tens, the accuracy
of reading to tenths of divisions increases asthe
distance between graduation marks increases to
about 0.75 in.

(4) For greatest accuracy in reading scales
to units, the distance allocated to each scale
unit should be between 0.05 and 0.1 in.

Avoid the use of scales with irregular dis-
tances between intervals. Consider the follow-
ing guidelines :

(1) Desirable graduations of a linear scale
and two types of irregular scales are illustrated
in Figure 9-18.

(2) Do not precede scale intervals that re-
quire maximum reading accuracy and speed in
interpolation by scales of shorter interval
length.

(3) For expanded scales, graduation by units
or twos is better than graduation by fives or
tens.

Staircase scales can be used to avoid confu-
sion and to aid in interpolation. The staircase
scale (Figure 9-19) is one in which the un-
marked scale graduations increase in length
from the lesser division to the higher.
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figure 9-18. Linear and Irregular Scales

\\\\ \\H‘IH//I///

Figure 9-19. Staircase Scale

The critical regions of a circular scale should
be assigned to the 9-, 12-, 3-, or 6-0’clock posi-
tion. Additional recommendations in this area
are as follows :

(1) On a semicircular scale, place critical
readings in the center of the scale.

(2) On a linear scale, avoid placing critical
scale markings on or near either end of the
scale.

(3) On a vertical scale, avoid placing critical
scale markings at the top of the scale.

(4) Dials that range over low scale values
and are numbered by tens, should be so oriented
that the scale region over which the most fre-
quent or critical quantitative readings are made
appears in the left half.

When designing indicators that are to be
used extensively for check -readings, indicate
the desired readings or range on the scale. With
a group of such dials, orient them so all pointers
are in the same relative position at the correct
reading (3-, 6-, 9-, or 12-o’clock position).
Thus, if one or more dials shows an incorrect
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figure 9-20. Check-Reading Dials

reading, it is immediately apparent (see Figure
9-20).

Circular scales should have a scale break, and
the scale zero should be near the bottom. When
using a moving pointer and a fixed scale, pro-
vide an obvious scale break, between the two
ends of the scale, of not less than 1.5 divisions
(except on multirevolution instruments).

9-6.3 DIALS AND DIAL FACES

No one type is best under all conditions. The
designer must consider the proposed use, the
limitations imposed by conditions, such as lack
of panel space, and the relationships of the
various dials that constitute the particular dis-
play. The following recommendations should
be considered.

(1) A fixed-face dial is usually preferable to
a fixed-pointer dial.

(2) Use dials with fixed pointers and moving
scales when a large range of values will be in-
cluded, when pancl space must be conserved,
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and when only quantitative readings arc re-
quired. Only a portion of the scales should be
exposed on dials of this type, but two numbers
should be visible at all times to provide a refer-
ence for reading direction.

(3) If vertical or horizontal direction is be-
ing measured, use a vertical dial for vertical
movement ; a horizontal dial for horizontal
movement.

(4) In general, circular dials should have
diameters of from 1to 4 in. Investigation has
shown that when a panel contains many dails,
1.75-in.-diameter dials are check-read more
rapidly and accurately than larger or smaller
dials.

(5) Design dial faces as simply as possible.

(6) Delete from dial faces all useless ma-
terial, such as company trade names, model,
and serial numbers.

(7) Each dial should be restricted to one
quantitative scale and not more than two qual-
itative or check scales.

(8) Place numerals on the side of the grad-
uvation marks away from the pointer to avoid
having the numeral covered by the pointer. If
space is at a premium, place numerals inside the
marks to avoid constricting the scale.

Dial windows should be less brittle than or-
dinary glass and resistant to scoring. On trans-
illuminated dials, use a fluorescent or clear plas-
tic disc with an embossed pointer.

9-6.4 POINTERS

Pointers should be designed to be as simple
as possible ; all unnecessary “frills” should be
avoided. Recommendations for pointer design
are as follows :

(1) Pointers should extend to, but not over-
lap, the minor scale markings, as shown in
Figure 9-21(A).

(2) The pointer should be as close to the dial
face as possible to minimize parallax, as shown
in Figure 9-21(B).

(3) If the pointer is to be used for reciprocal
readings, the two ends of the pointer should be
casily identified, as shown in Figure 9-21(C).

(4) The recommended pointer angle is as
shown in Figure 9-21(D).

(5) The pointer tip should be the same width
as the narrowest scale markers and should be
visible in both daylight and artificial lighting.
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(6) Fully visible pointers are superior to
partially covered pointers.

(7) When check or qualitative readings are
necessary, the fully visible pointer should be
used.

(8) When only quantitative readings will be
made, a partially covered pointer can be used.

(9) Paint pointer numbers and scale markers
the same color.

(10) Pointers should be located to the right
of vertical scales and at the bottom of horizon-
tal scales.

(11) There should be no more than two tips
on a single pointer shaft.

(12) When the design of an instrument
seems to call for multiple pointers, analyze for
sources of human error.

(13) As an alternative to multiple pointers,
consider using subdials or counters to augment
the primary pointer.

(14) Numerical readings should increase by
the movement of a pointer up, to the right, or
clockwise.

(15) Where plus and minus values around
a zero value are displayed, design so that plus
values increase with movement of the pointer
up or to the right, and minus values increase
with movement down or to the left.

(16) For an instrument mounted in an array
with other instruments, consider the total ar-
rangement in arriving at pointer orientation.

(17) If the instruments will be separated
vertically, align the pointer to read in toler-
ance at the 10-o’clock position.

(18) For horizontally separated instruments,
or where there will be several rows separated

(a) (B)
20°
< R—
<) (D)

Figure 9-21. Pointer Design



both horizontally and vertically, align pointers
at the 9-o’clock position.

9-6.5 COUNTERS

Use direct reading counters instead of dials
when only a quantitative reading is necessary
and when the scale length would make a dial
too complex. Avoid counters when the following
conditions exist:

(1) When a setting must be put into an in-
dicator rapidly.

(2) When the data change rapidly (more
than two per second).

(3) When a qualitative reading (change in
direction or magnitude) is required.

(4) When several instruments must be moni-
tored simultancously.

The following design
should also be considered:

(1) Mount counters as close to the panel
surface as possible to provide maximum view-
ing angle and minimum parallax and shadow.

(2) Avoid large horizontal spacing between
number drums on counters.

(3) Counters should read horizontally, from
left to right, rather than vertically.

(4) When the visible area of the counter
drum around each number is small, make the
counter frame the same color as the drum.

(5) Numbers on counters should have a
height-to-width ratio of 1:1.Numerical reading
should increase with upward drum rotation.
This is especially important when a manual
control is used to set numerical values into the
counter. All digits should “snap” in, not “glide”
in. Numbers should not follow each other faster
than about two per second. “Glide™ action might
be preferred in those instances where the range
of readings is low and the numbers change very
slowly, but the window must be large enough
for the operator to see both numbers during the
transition.

(6) Do not show useless digits when present-
ing information on a counter.

(7) When numbers are large and the last
digits have little or no value, replace with sta-
tionary zeros.

(8) When numbers are small and zeros might
ordinarily appear in the drums at the extreme
left, blank out these drums completely when no
numerical value is to appear.

recommendations
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(9) When a counter is used to indicate se-
quencing, the equipment should be designed to
reset automatically upon completion of the se-
quence. To set numbers on manually-operated
counters, use knobs in preference to thumb
wheels.

(10) Make the control display ratio such that
one revolution of the knob equals about 50
counts, i.e., the right-hand drum rotates 5 times.

(11) Clockwise rotation of the knob should
increase the numbers on the counter and pro-
vide upward movement of the drum, as shown
in Figure 9-22(4).

(12) Do not space numbers too far apart; or
crowd them too close together, as shown in
Figure 9-22(B).

Figure 9-22. Counter Design

9-6.6 SCOPES

When plotting is not required, a 5- to 7-in.
scope diameter is adequate. The shape of the
bezel or frame around a scope should be dic-
tated by the type of presentation. Use a round
frame for a PPI presentation and a rectangular
frame for an A-scan device. Consider also the
following :

(1) Design to insure maximum viewing ef-
ficiency.

(2) Surround with nonreflecting surfaces
and edges.

(3) When high ambient illumination cannot
be avoided, provide hoods or recess the face.

(4) Avoid direct light reflection wherever
possible.

(5) Use filters on flat-face tubes to reduce
surface reflections.
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(6) Provide grid markers to increase the
accuracy of interpolation.

(7) Equip with a cursor or pantograph for
accurate reading. Electronic cursors are useful
in eliminating parallax and increasing accu-
racy.

(8) When waveforms must be matched, pro-
vide standards that are visible to the operator
while he is doing the matching.

9-6.7 LIGHTS

Light indicators should be used sparingly.
Lights used infrequently should be concealed
but casily accessible and visible when required.
Lights should be located on or near the controls
with which they are associated. But, if the con-
trol is not near the operator’s normal line of
sight, the light should be placed where it will
be seen quickly even though it may not be near
the control. The following design recommenda-
tions should also be considered :

(1) Provide indicator lights to give the op-
erator information on equipment status.

(2) Provisions should be made to prevent

reflected sunlight from making lights appear
as illuminated. Frost or otherwise treat all in-
dicator and warning lights.

(3) Provide warning lights near all danger
points.

(4) A warning device, such as legend lights,
should tell the operator what corrective action
is needed. Such lights should be clearly labeled,
the labels adequately illuminated, and the word-
ing of the labels clearly indicating what should
be’done.

(5) Provide a press-to-test capability so the
operator can rely on warning lights being op-
erative. As an alternative, design each warning
light with two lamps in parallel so that if one
burns out the other will still provide a warning.

(6) When there are many lights on a single
panel, provide a master light that indicates’
when any portion of the system is operating out
of tolerance.

(7) Lights should be provided on all testers
to indicate that warm-up is completed.

(8) Provide lights to notify the operator of
the end or approaching end of the cycle.

(9) Color code lights as shown in Table 9-7.

TABLE 9-7. COLOR CODING OF INDICATOR LIGHTS

Red

Amber or Yellow

Immediate action,
unsatisfactory or
hazardous condi-
tion (malfunction,
action stopped,
failure, stop
action)

Impending or un-
satisfactory con-
dition requiring
alertness or
caution (delay,
check, recheck)

Extreme emer-
gency

Green White Blue Indicator Size
Equipment is | Neutral Action in | 0.5-in. dia
operating or status progress,
in satisfac- (functional | standby
tory condition | or physical
(go ahead, in | position,
tolerance, action in
acceptable, progress)
ready)

1-in. dia, *
flashing 3-5

sec. (ON time
should be at
least 0.1 sec.

i

OFF time)
Extreme caution- 1-in. dia, *
ary conditions steady

indicating im-
pending danger

*These indicators should be approximately twice as bright as 0.5-in. dia lights.
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(10) Make warning lights at least as bright
as the brightest source on the panel, but they
should be at least five times as bright as the
surroundings. To maintain this brightness con-
trast, provide a brightness level control. Lights
should not be so bright, however, that they in-
terfere with any control setting or meter read-
ing necessary to the operations involved.

(11) For flashing lights, make provisions for
lights to illuminate steadily, if flasher device
fails.

9-6.8 AUDITORY WARNING DEVICES

The principal characteristics and special fea-
tures of different types of auditory alarm and
warning devices arec presented in Table 9-8.
Design recommendations for auditory alarm
and warning devices are presented in Table
9-9. Additional desirable characteristics for
auditory presentations are as follows :

(1) It must be easily detectible.
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(2) The signal should hold the operator’s
attention.

(3) It must be distinctive and quickly and
accurately identifiable.

(4) Use undulating or warbling tones, and
make the sound at least 20 db above threshold.
Use a tone of lower frequency than the back-
ground noise, but do not use frequencies below
500 cps. Do not use signals that give the oper-
ator discomfort or that exceed his capability
for responding.

(5) Do not use continuous, high pitched
tones as warning signals above 2000 cps.

(6) Make the initial sound in a warning sys-
tem as brief as possible to reduce the need for
overlapping or simultaneously monitoring re-
ception. Require simultancous monitoring of
two or more auditory channels only when each
channel contains information directed toward
a single operation and when none of the infor-
mation 18 contradictory.

(7) Avoid signals that require interpretation

TABLE 9-8. TYPES OF ALARMS, THEIR CHARACTERISTICS AND SPECIAL FEATURES (Ref. 1)

Attention
Getting
Alarm Intensity | Frequency Ability Noise Penetration Ability Special Features
Diaphone | Very high| Very low Good Poor in low frequency noise
(foghom) Good in high frequency noise
Horn High Low to Good Good Canbe designed to beam
high sound directionally
Canbe rotated to get
wide coverage
Whistle High Low to Good if Good if frequency is Can be made directional
high intermittent | properly chosen by reflectors
Siren High Low to Verygoodif | Very good with rising and Canbe coupled to horn
high pitch rises | falling frequency for directional trans-
and’falls mission
Bell Medium | Medium Good Good in low frequency noise | Canbe provided with
to high manual shutoff to insure
alarm until action is
taken
Buzzer Low to Low to Good Fair if spectrum is suited Can be provided with
medium | medium to background noise manual shutoff to insure
alarm until action is
taken
Chimes Low to Low to Fair Fair if spectrum is suited
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