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Mechanical Engineering 
Design II

First Lecture

Structure of Lectures





First Semester 

Part 1

10% 
Mark



5% 
Mark

Part 2 Mechanical Elements Design

 Column Analysis and Design

 Chain Design

 Introduction to Mdesign Program and 

Parametric Analysis Problems 

10% 
MarkFirst Semester Examination



Second Semester 

Part 1

10% 
Mark



5% 
Mark

Part 2 Mechanical Elements Design

 Belts Design

 Spur, Helical, Bevel and Worm Gear Design

 Introduction to Optimum Design 

10% 
MarkSecond Semester Examination

50% 
MarkFinal Examination
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Second Lecture

Introduction to the system design 
flow chart 



Summary of the flow chart 

1- The entry to the 
flow chart starts with 
the Establishment of 
need for the particular 
system.

2- Then the Broad statement 
can be made to define the need. 

These statements are 
analyzed to obtain a goal, 
which will satisfy the need. 

3- The forward path, which is a 
Goal-recognition, is a Synthesis 
and the output from the 
forward path is a product of 
creativity.

4- The feed back function, (Market 
research and Application analysis), is 
essentially an Analysis. The results of this 
analysis are compared with the Desired 
Input, (the comparison element), which is 
the Broad statement from the 
Establishment of need. 

5- The Refined 
statement then made to 
specify the particular 
solution of the problem, 
but describe the goal 
toward, which we are 
heading. 



Application of the items from no.1 to no.5 is as follows, using the following 
example: 

Design Equipment to convert waste 



1- Environment:
Humankind has always produced pollution and waste. The industrial

revolution saw a major increase in activities producing waste as well as
useful manufactured goods. Nowadays, with the world population
increased and new awareness of what he is doing to his environment, the
need for an efficient ways of handling waste materials has become
important.



2- Establishment of need: 
Waste materials may be broadly categorized under the following headings:

• Waste that can be recycled to its original form, re-melted and reused such
as scrap materials.

• Waste that can be used as it is to manufacture some other useful items.
• Waste that can be converted to something useful in another form such as

wood-waste that converged to chipboard.
• Waste that can be recycled, reused, or converted and then should be

dumped.



3- Goal Recognition:
The company would be appearing to be in an apposition to manufacture

and market equipment, which would convert waste of a certain category in
to a form of energy.



4- Market Research:



Writing Questionnaire: (as an application of market research)

Questionnaires are used to collect usable information from the number of

large population. They can be represented by two methods:

• Direct contact (face –to-face) situation;

where the researcher can explain the

purpose of the study, clarifying points

and answering questions that arise.

However, bringing a group to full the

questionnaire is difficult and takes time.

• Mailed questionnaire; where it can reach

many peoples in widely scattered areas

quickly and easily in the same time and at low

cost. However, the return of their answers may

be half of the questions that had been sending.



Questionnaires are in three forms: 

Closed form; facilitate process of tabulated and 

analysis. It consists of a prepared list of questions 

and a multiple choices of possible answer, to 

indicates his reply, respondent marks YES or NO, 

checks, circles, and etc.

Open form. 

Pictorial form; this questionnaire presents 

responders with drawings or photographs rather 

than writing statement from which to choose 

answer. 



The following is an example of a how you can start writing a 
questionnaire in our case. 
Please tick the box or the boxes that are relevant to your situation: 

Q.1) are you: 
a) A government manufacturing 
company 
b) A service organization 
c) A public company 
d) A hospital 

Q.2) do you employ 
a) Less than 500 person 
b) Between 500 to 10000 person 
c) More than 10000 person 

Q.3) do you produce waste materials 
a) Yes
b) No

Q.4) do you 
a) Dispose of your own waste 
b) Have it collected 
c) Both 

Q.5) if your waste is collected 
a) Does this cost you money
b) Have it collected free of charge
c) Receive a payment for it

Q.6) do you recover any heat from your 
waste 
a) Yes
b) No

Q.7) if the answer of (Q.6) is YES, do you 
use the heat for any of the following 
a) Space heating
b) Hot water service
c) Process requirement

Q.8) has the quantity of the waste 
materials that you produce 
a) Increased in the recent years
b) Decreased in the recent years
c) Remain unchanged



5-Refined Statement: 
Based on the returned answers, the system must provide: 

• Suitable waste storage 
• Automatic handling of waste 
• Since there may be an energy requirement when waste is not available, then 
some alternative means of providing energy must be offered as an extra. 
• Some means of converting the waste materials into a readily usable form of 
energy. 
• The plant must provide safety acts and clean air acts. 
• Small packaged unit is preferred. 
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Third Lecture

Advantages of Questionnaire and 
how to write an Initial 

Specification of the System 



Advantages of questionnaire: 

• Identifying the design decision that is to be influenced 

by replies to the questionnaire. 

• Identifying the kind of information that is critical 

to the taking of these decisions. 

• Identifying the kind of people who having a rapid accept to the 

kind of information needed.

• The appropriate sample was selected. 

• From the replies, taking the most helpful data. 



How to write the questionnaire: 

1. Ask for minimum information needed for the 

purpose. 

2. Be those, which the information is able to 

answer. 

3. Require an answer of YES or NO, or a simple 

one, or something equally definite and precise. 

4. Be such as will be answered truthfully and 

without bias. 



Procedure: 

Write questionnaire Make more copies Sent them 

Wait for replies Analyze replies 
Write final 

questionnaire Make more copies 

Sent them 
Wait for replies Analyze replies 

Write 
the final 
report 



Problem Specifications (Initial Specification): 



List of items which may be required in Specifications: 

1. Title of specifications. 
2. Forward or introduction. 
3. The role of equipment or material. 

4. Related documents and references. 



5. Condition in which the item is to be used, manufactured or stored 
• Environmental features including for example temperature, humidity, 

pressure, shock, vibration, noise, dust, etc. 
• Condition of use, power requirements, supply services, 
• Servicing requirements. 

6. Characteristics: 
• Samples, drawings, models, tests, etc
• Properties such as strength, dimensions, weight, safety, degree of purity. 
• Interchange ability. 
• Appearance, finish, color, protection. 

7. Performance: 
• Performance under specified conditions. 
• Test method and equipment for assessing performance.

8. Life: 
• Period of useful life. 
• Total life. 
• The method and equipment for assessing life. 

9. Reliability and control. 
10.Control of quality checking. 
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Fourth Lecture

Examples of Design (Initial) 
Specifications 

Part I



Ex.1: Design a power unit for a lorry:

Design specification for a power unit:

This specification is for the design of a power

unit which may be used as a primary power unit

in a lorry and for other purposes of similar

power size. The power unit is to use normal road

fuels and to have a rotating shaft output.

Introduction: 

This specification is for the design of a power unit of approximately 250

hp. The power unit is intended to be marketed as a basic power source

for a variety of uses, the main use is as a lorry power unit. The design is

to be in the form of a gas turbine.

The power unit is to be designed for quantity production.



Markets:

The possible markets for the power unit are as follows:-

Lorries

Small aircraft

Helicopters

Hovercraft & Marine uses

Small electrical generators

Aircraft servicing trucks

Pump units & compressor units

Cranes

Related Specifications:

It is suggested that gearboxes should be used as speed reducers to change

the turbine shaft speed to the output shaft speed which is quoted later in this

specification.



Performance: 

Consideration is to be made for uprating to 300 hp for short duration 

runs.

Weight:

The weight of the unit excluding the gearbox is to be less than 100 lb.

Instrumentation:

Modern instrumentation is to be incorporated to measure the jet-pipe

temperature and the other relevant temperatures. Electrical pules

tachometers are to be used to measure speeds.

Failsafe Devices:

Failsafe devices are to be supplied with the unit so that malfunctioning

causes the power unit to shut down. Correction of the fault should then

enable immediate restart.



Starter: 

A conventional vehicle engine starter is to be used for starting purposes.

Operation:

The power unit should be capable of being used for long periods without

maintenance.

Fuel:

The unit must be able to be run using conventional vehicle fuels, aircraft

fuels and natural gas.

Multiple Unites:

Consideration is to be given to the possibility of using a standard, quantity

production power unit on a special gearbox to give power units up to

1000hp limit.



Maintenance & Spares: 

The unit is to be designed so that the assembly of critical high speed parts

is carried out on the manufacturers premises. Assemblies requiring less

skilled fitting work are to be supplied as spares. The spares are to be

designed so that the value/weight ratio is high so as to make air freight a

reasonable proposition for spares transportation.

Noise Level:

The noise level is to be equal to or lower than that from other gas turbines

of comparable size.

Transportation:

Facilities are to be provided for easy transportation of the unit.

Price:

The selling price is to be less than ( $) per horsepower output (continuous

rating), including the gearbox.



Life: 

The overhaul life of the unit shall be 500 hrs or greater.

Overall Size:

The unit must fit inside a rectangular box 15in x 20in x 40in.

Measure of Value for Some Items:

Priority shall be given to various parts of this specification by utilizing the

measures of value given below:

Performance 20 Noise Level 10

Failsafe Devices 15 Overall Size 10

Price 15 Diversity of Market 5

Life 12 Instrumentation 5

Maintenance & Spares 8
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Fifth Lecture 

Examples of Design (Initial) 
Specifications 

Part II



Ex.2: Design of Household Carpet Cleaner:

Environment:

Since the cleaner will be housed and used indoors

weather protection is not required but the finish should

be non-corrosive. Although it is expected that the carpet

area being cleaned should not emit fumes or noise that

will cause a nuisance to other occupants of the building.

Normal vacuum cleaning will have been carried out prior to the rinsing

process and it may be assumed that the carpet is satisfactorily fixed to the

floor.

Supply Services: 

240 V, 13 A, 50 Hz electrical power outlets will normally be available.

Hot or cold water may well be available from taps in the vicinity of the

cleaning operations but provision will need to be made for instances when this

is not the case.



Performance:

• The cleaner, when set up and operated by one person, should be capable

of cleaning a carpet area of 140 m2 in 60 minutes.

• The degree of soil removal achieved must be substantially better than

that obtained by shampooing.

• The cleaning operation should include soil and fluid extraction to the

extent that in normal room temperature and humidity the carpet may be

reusable within two hours of completion of cleaning.

• The width of the cleaning path should be of the order of 0.5 m.

• Areas of carpet under fixtures such as radiators should be accessible to

the cleaner.

• A special feature of this machine will be powered driving wheels/roller to

reduce operator fatigue. Power will be available for both forward and

reverse motions.

• Provision is to be made to enable carpets with different types and length

of pile to be cleaned affectively.



Control:

• Variable speed control of the powered wheels/roller will be provided for

both directions of motion.

• Independent control of rinsing fluid application rate shall be possible.

• In the event of the use of a chemical agent to cope effectively with badly

soiled carpets a setting must be provided to control the amount of agent

mixed with the rinsing fluid.

• Provision shall be made for heating and temperature control of the

rinsing fluid to ensure it is applied at the desired temperature.

• Although each control should be considered ergonomically to ensure easy

operation it should be remembered that this equipment is intended for

professional cleaners.

enable immediate restart.



Construction: 

• The cleaner should be of robust construction to suit both its usage and

handling.

• Any component part which is likely to require removal or replacement

during the normal working life of the machine should be easily

accessible.

Maintenance and Reliability:

Reliability must be regarded as an important feature of the design. It is

expected that servicing will be carried out twice a year by Columbus Dixon

Service Engineers.

Size and Weight:

Although no specific limit is imposed on either size or weight of the cleaner

it should be as compact and light as is reasonably possible . Since the

mobility is to be a special feature of the machine.



Appearance and Finish:

The equipment is to be styled in such a way as to make it attractive to the

potential customer. Adequate protection from corrosion shall be given and

external surfaces shall be finished in company colors where appropriate.

Safety:

The associated standards referred to earlier must be complied with in

order to ensure safe operation of the equipment. Any moving parts that

could provide a hazard shall be adequately covered.

Life:

In keeping with company policy the useful life of this product shall be a

minimum of ten years, subject to reasonable use.

Price:

It is intended to market this product in either September 2005 or

September 2006 , dependent on the development work necessary, at a selling

price not exceeding ( $) at present day values.
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Sixth, Seventh & Eighth Lectures

System Conception





Synthesis and Analysis:

The processes of synthesis and analysis appear repeatedly in the System

Engineering Flow Chart. For this reason Synthesis will be considered in

much greater detail. Analysis is the subject of study in most undergraduate

courses and will, therefore, not require such a detailed study here.

Synthesis

The process of synthesis in design is the bringing together of information

which, when taken in combination, satisfies an initial requirement. The

process of checking that the outcome satisfies the initial requirements is the

analysis process. It has been mentioned previously that systematic methods

can assist in the processes of design, the use of methods in Synthesis is by no

means an exception. However, at this point in our knowledge of the design

process. We, as lecturers, consider that it is best to know of a number of

methods to improve synthesis, the application of any one or more of these

methods in any particular circumstance being left to the discretion of the

designer. Systematic methods of synthesis are termed Heuristics.



Creativity:

• Creativity, synthesis and applied imagination are all terms used to denote

the production of alternative solutions to problems.

• However, for design purposes, we must add the additional constraint that

the alternative solutions must eventually lead to a useful conclusion

which satisfies initial requirements.

• The starting point in the creative process should always be to verify the

facts which initiate the creative process. Thus the goal towards which we

are heading becomes clearly defined, this reduces time wastage.

• An aid to this verification process is to attempt to rewrite the problem in

different words, carefully analyzing and verifying each point in turn.

Features which need clarification or additional information should be

noted on one side, but since we are eager to produce something, let us

temporarily ignore these sideline points if this possible. These sideline

points can be attended to and included in the synthesis at suitable times.



• Now, if we stop the shaking after the production of some short chains we

can take these chains from the box and use various patterns of

combination to join them together. We could, say, lay them onto a table to

form letters, then these letters could be combined to form words, and so

on. Note that we would be using rules from subjects other than those

which could be devised for the ‘art’ of paperclip joining.

• In design synthesis we can use rules from mathematics, art, business

management, language; in fact anything that will help.



Heuristics

Brainstorming

The brainstorming technique 
was created by Alex Osborn 
in 1938.

Rules of Brainstorming:
1-Criticism, judgment and ridicule are 

eliminated completely.
2- Copious ideas, of any type are required.
3- Think wild, don’t allow criticism in your  

own mind before allowing 
the ideas to erupt.  



Inversion

Turn things inside-out, upside down, stop 
moving parts, start stationary parts, …



Empathy

• Putting one’s self in another’s place.
• Identifying physically and personally with the part, product, or process that is to

be created:
 Body/mind must actually perform the function(s).
 State how it feels and what we would need or do if we were to do the task.



Fantasy

• Imagining or wishing that something is possible
• Sometimes impossible, but more importantly – sometimes possible and 

sometimes the ideas can be modified to be possible



Analogy

• Analogy to other physical phenomena.
• Think about the problem in general enough terms so that the characteristics that 

it has with other disciplines/situations become apparent.
• Remember to think about the natural world.



Models

• The use of model can refer to material models, which is the interpretation of
the layman. The material model can be iconic model, that is model with
only a change in scale.

• Other material models can have changes in material.
• Analogue models are of the type where one property is used to represent a

different kind of property.
• Symbolic models cover the mathematical models.
• Digital models are a special type of model for use on digital computer.
• Graphic models such as drawings, sketches, etc.



Visualization

This is the use of certain types of model to enable those carrying out the
synthesis process to be able to “see in their minds” a number of facts
simultaneously.



Black box concept

• This consist of a system of great complexity (in a relative manner) whose
internals are impossible to characterize completely. Alternatively, there may be
no desire to characterize the internals completely at a certain point in the design
process.

• The main features about the black-box can be learned from observing the inputs
and outputs. The output can then be expressed in a number of cases as some
function of the input, i.e. the transfer function of the black box is equal to the
ratio of the output to the input.

• In general there are three kinds of problem relating to the black-box. If any two
of the features: input, output and transfer function are known then the third
feature can be found.



Three alternative process models for tea brewing



Morphological Analysis

• This can be described in general terms as:- The analysis or those features
that may be required in the system, and how alternatives of these features
way be combined.

• This is a well-established creative process originated in one form by Zwicky.
The process is to initially describe the problem in the broadest possible
manner so that the type of solution is in no way defined.

• Next, the various groups of features are listed so that all the alternatives of
each feature appear together, combinations of these alternatives of various
features which can be combined in a large number of ways to trigger off the
actual creative process which results in a solution.

• The method can be extended by using a number of cube boxes in which one
axis is common to all the boxes, the other two axis being different on all
boxes and totaling up to give the required number of features.

• An alternative method is to put the features as columns of alternatives with
liberal spacing between columns.

• The next stage is to select combinations of alternatives from the massive
array of possibilities, either by labelling compartments of the cubes, or by
joining alternatives of the columns of features.

• These ideas are then evaluated by subjecting each idea to a previously
prepared “specification” or comparison “check-list”.



A general morphological analysis table

Morphological chart for a pallet moving device with choices identified



1. This is a generalized model of the design process in the form of a tree.
2. Any design can be regarded as the outcome of a sequence of problems

and solutions.
The rules of results from path trees are:

1. When numbers of alternative solutions to a single problem are
presented, any one may be accepted and the rest ignored.

2. All the problems dependent on the choice of a particular alternative
solution must, however, be solved.

3. A particular branch of the tree must be followed until a solution is
reached.

Example:
This is a Design of a cleaning
device for pots and pans.

Design Trees



Useful Mechanisms: 

Snap-action mechanisms



Robots mechanisms



Clamping mechanisms



Fine adjustments mechanisms



Escarpments mechanisms



Locating mechanisms



Oscillating mechanisms I



Oscillating mechanisms II



Indexing mechanisms



Ratchets and latches mechanisms



Reciprocating mechanisms I



Reciprocating mechanisms II

Reversing mechanisms 



Coupling and connectors
-parallel shafts mechanisms 



Coupling and connectors
-axial mechanisms 



Coupling and connectors
-skew shafts mechanisms 

Slider connectors mechanisms 



Coupling and connectors
-interacting shafts 
mechanisms 



Transportation mechanisms 



Loading and unloading mechanisms I 



Loading and unloading mechanisms II 
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Ninth & Tenth Lectures

Decision Making 



Portable Chair

Problems of Existing Design:

Bending of holding frame



Broken small table



Paper is used to eliminate the shaking of the small table



We used brainstorming method to generate as much idea as possible. It is the 
most common method used for generating ideas.



Design Tree



Morphological Chart



Example1. Vibration Motor





Example2. 

Current solution



الية كبس 
السيارات

الطريقة 
الجديدة

الية تخريج

مكبس ھايدروليكي 
افقي

الية كبس

مكبس 
ھيدروليكي 

مكبس بحركة 
شاقولية 
وزاوية

مكبس بحركة 
شاقولية

مكبس بحركة 
شاقولية

الية نقل

اذرع 
ميكانيكية سير ناقل

الية 
مسك

اذرع ميكانيكية 
)كماشات(

مغناطيس

كھربائي 

طبيعي

مضخة 
ھايدروليكية

دورانية
ترددية 
مكبسية

مصدر 
الطاقة

ميكانيكيكھربائي

الطريقة 
القديمة

الشفلات
POCLAI

N



Final Design







Example3. 

Current solutions



إلية المسك
(A1)

نظام 
السيطرة

نظام 
التحريك

الھيكل نظام 
الرفع

الحاملة الية 
المسك

إلية المسك
(A2)

إلية المسك
(A3)

إلية المسك
(A4)

ھيدروليكية

الحاملة
(B4)

  الحاملة
(B3)

الحاملة
(B2)

الحاملة
(B1)

يدوية

الھواء 
المضغوط

الھيكل
(D3)

الھيكل
(D2)

الھيكل
(D1)

التروسلاسلكي كھربائي

يدوي

نقل 
القدرة

الحزام سلكي

السلاسل

الكھربائي







Decision Making 

Simple comparison By weighting
By mathematical 

analysis and 
probability

one is better or
worse than the
other.

put them in order
of performance .

its very rare in
design.

Weighting Chart or 
Emphasis Curve 

Σ GW Method 

The Decision Network 



1. The features, (such as, weights, cost, power, wear), are given letters, A, B,
C, D, etc, for easier compilation of a table.

2. These features are used for heading both the rows and the columns.

3. A diagonal is placed across the table, because (A) cannot be compound
with (A), and so on of (B, C, and D).

4. Then (A) compared with (B, C, and D)

5. (B) is compared with (C and D)

6. (C) is compared with (D).

7. When the top half of the table completed, the number of times that letter
(A), appears in the table marked at the right hand edge of the table
against row (A), and this repeated for the others. (These values termed the
performance values).

8. Now the weighting considered to take the best choice.

9. This method is simple and the designer decides the measure of importance
by using whatever Aid he may find useful.

10. This method used when there is not detail information.

Weighting Chart or Emphasis Curve 



  
  

  
        

  
      

          

          

          

Order of 
preference      

 

Alternatives 

 
B D C

B
D
C

D C
D

Alternatives



1. At the bottom of the table, we now have a measure of performance

of the different designs when considered in relation to the chosen

feature.

2. When the values at the bottom of the table differs by about 10%,

then they should be considered to be equal at this stage, that’s

mean, the accurate of this method is about 90%.

3. The disadvantages of this method lie in difficulty in making the

initial weighting decisions.

4. The other difficulty lies in the choice of features that will be

considered in order to obtain a measure of performance.

Σ GW Method 



 

  W C1 C2 C3 C4 

G GW G GW G GW G GW 

safety 20 14 280 16 320 17 340 11 220 

weight 15 9 135 8 120 11 165 12 180 

life 12 7 84 9 108 10 120 5 60 

control 13 6 78 7 91 11 143 5 65 

noise 15 5 75 6 90 12 180 13 195 

Appearance 14 9 126 7 98 10 140 8 112 

Total cost 10 5 50 6 60 8 80 9 90 

size 11 4 44 5 55 7 77 8 88 

performance 18 10 180 11 198 14 252 9 162 

∑GW 1052 1140 1497 1172 

Order of preference 4th  3rd  1st  2nd 

Alternatives

Main 
features



1. This method involves a little from each of the methods above. 

2. It is difficult to use, but it worth the effort. 

3. The example below clarifies this method. 

4. After doing the example, trace the parts from top to the bottom of the 

decision network. 

5. Find the measure of performance. 

The Decision Network 
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Eleventh & Twelfth Lectures

• Production of system specification
• Production of system scheme
• Feasibility Study
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Final design



Assembly Drawing



Sub-Assembly Drawing



Detail Drawing



The Feasibility Study 

(Design Acceptance or Design Practicality) 

• The words “the feasibility study” are used to describe the analysis of the design which

attempts to take into account all relevant facts. The outcome of the feasibility study is

a major factor in the decision to continue with the design.

• It is not suggested that feasibility checking cannot begin until the system scheme and

system specification are produced however, since this is the first point in the design

process where the indicate the final form of the system, it is the most logical point at

which to check that the system can be made economically and will perform

reasonably well in the desired manner. (Any study carried out at an earlier stage

could be termed a Plausibility Study).



During the feasibility study, the following points should be checked:

1. Is the system compatible with the basic physical laws? (Mainly conservation laws).

2. Is the system compatible as whole with its environment? In those cases where compatibility is
relevant, are all parts of the system compatible with each other, and with adjacent parts of the
environment?

3. Is the system economically feasible from the manufacturer’s points of view?

4. Is the system feasible as regards its market?

5. Are all the properties of the system acceptable with the terms of the original design specification?
Consider the follow-up of properties not mentioned in the design specification.

6. Is this particular design no better than previous existing designs? Compare and contrast. Consider
the cost of covering features which are additional to those on existing equipment.

7. will the time taken to manufacture – test – develop and transport be reasonable? Critical path
analysis can be used to highlight difficult regions.

8. Does the design demand new manufacturing techniques within the manufacturer’s organization, or
does the design demand completely new manufacturing techniques to make it economically
feasible?

9. Is the system considered to be reliable enough for successful operation, or should special provisions
be made to improve reliability.

10. Can the system be readily maintained, or is the design such that the minimum of maintenance is
required?

11. Is the system legally saleable? Have any patent rights been violated?



Mechanical Engineering Design II

Thirteenth Lecture

Design-Reliability and Failure 



Design-Reliability and Failure 

Failure of a design when in service costs money for replacement, and often the failure

itself causes other financial looses. On the other hand, to design so that the chance of

failure is very remote also costs money.

It can therefore be seen that the designer should consider failure of the design. The

optimum design should be a compromise, that is, it is optimum only for the particular

criteria relevant to that design.

It is known that a considerable amount of mechanical design is associated with very

small quantities, and in a number of cases only one system is manufactured. In most

designs the only items of equipment in frequent use are nuts and bolts. For this reason

statistical methods which are often used to analyze failure and improve reliability are

only of use in specialized mechanical engineering design, such as mass-produced car

design.



The mechanical engineer has devised a number of methods to overcome the problem of lack
of numbers, some of which will be mentioned here. These methods are also used by other
designers, often in addition to statistical methods.

1. To make systems more reliable, use accurate methods of design analysis coupled with

realistic assessment of loads.

e.g. (a) Use adequate checking procedures.

(b) Use more accurate thick cylinder theory rather than the simpler and quicker theory in

relevant cases.

(c) Use fatigue theory rather than arbitrary factors when considering cyclic loads.

(d) Assess loads realistically by dynamic analysis and careful thought rather than by

arbitrary load factors.

2. If difficulty is encountered in putting note.1 into practice, then use generous reserve factors

to take account of ignorance. Make use of rerating, (i.e. working at much reduced stress

levels).

3. Remember that evolutionary design is in general more reliable than revolutionary design.

4. Make the design as simple as possible. The less parts there are in a piece of equipment, then

the less chances of failure there are.



5. Use standard parts and materials of known and proven reliability.

6. Use British Standards. Also, use any other engineering standards and Codes of Practice

which are known to improve reliability.

7. Build in redundancy (here interpreted in the same way as redundancy in beam analysis) and

analyze as though the redundancy were missing. This is very similar to note.2 above, but it

can be dangerous to use this method without considerable experience.

8. Design so that if one very important part should fail and give a catastrophic result, then

another part or system takes over temporarily. It is better if the second system operates on a

different principle to the first. Repair is executed as soon as possible.

9. Design to take overloads on the system by designing so that they cause visible distortion, but

not catastrophic failure. Repair is executed as soon as possible.

10. If further functioning would be likely to cause damage to the system or its surroundings,

incorporate devices or design features into the system so that failure causes the system to

stop functioning. Take care that the sudden cessation of functioning does not itself cause

troubles. Repair is executed as soon as possible.

11. Use composite structures so that failure of any one part, or a few parts, does not cause

complete failure. Repair is executed as soon as possible.

12. Include devices that relieve the overload, but allow normal use to continue.



13. Incorporate devices or design features so that incorrect assembly and use is preferably

impossible. If incorrect assembly is possible, then there should be features which prevent

normal operation.

14. Incorporate warning devices so that malfunctioning is obvious. Make warning devices so

that the malfunctioning of the warning device itself is obvious.

15. Prepare adequate test specifications to ensure desired reliability.

16. Although it is included under the heading of note.6, ensure that electrochemical corrosion

possibilities are adequately studied.

17. Consider special features relating to human safety if failure should occur.

18. Supply adequate information to all persons directly or remotely concerned with the

equipment.

19. Set up adequate lines of communications and records to record and collate all information

relating to failures.

Certain of the notes above also relate to (failsafe design), that is the design of equipment
that will revert to a safe condition if a failure should occur.



Mechanical Engineering Design II

Fourteenth & Fifteenth Lectures

Columns Design



Columns Design

   A column is a long, slender member that carries an axial compressive
load and that fails due to buckling rather than due to failure of the material
of the column.



Failure due to buckling



Analysis of Columns 

Properties of C.S Materials 

Connections Column type

1. Cross Sectional Area (A)
2. Moment of Inertia (I) 

3. Radius of gyration r ൌ ூ
஺

K=1
K=1

K=0.7
K=0.8

K=0.5
K=0.65

K=2
K=2.1

Theoretical value
Practical value

1. Modulus of elasticity (E)
2. Yield strength (Sy)  

1. Effective length  ܮ௘ ൌ .ܭ ܮ
2. Slenderness ratio ܵ. ܴ ൌ 	 ௅೐

௥೘೔೙
ൌ ௅.௄

௥೘೔೙

3. Column constant ܥ௖ ൌ
ଶగమா
ௌ೤

(Transition slenderness ratio)

If  S.R > Cc then column is LONG

If  S.R < Cc then column is SHORT



Flowchart for analyzing of straight centrally loaded column:

Start

Given column length and end fixity

Compute effective length K.L

Given c.s shape and dimension

Compute radius of gyration r

Compute slenderness ratio ܵ. ܴ ൌ ௅.௄
௥೘೔೙

Given material Sy , E

Compute column constant ܥ௖ ൌ
ଶగమா
ௌ೤

1

1

S.R > Cc

Column is 
LONG use 

Euler formula

Column is 
SHORT use 

Johnson formula

௖ܲ௥ ൌ
ܣܧଶߨ
ܮܭ ൗݎ

ଶ ௖ܲ௥ ൌ .ܣ ܵ௬ 1 െ
ܵ௬ ܮܭ ൗݎ

ଶ

ܧଶߨ4

Specify design factor N

Compute allowable load ௔ܲ ൌ
௉೎ೝ
ே

End

Yes No 



Example.1 : A column has a solid circular cross section, 31.75 mm in diameter; it has a length of 1.3716 m
and is pinned at both ends. If it is made from AISI 1020 cold-drawn steel, what would be a safe column
loading?

Solution:  use the flowchart above.

Results :

Step.1: ܭ ൌ 1 ܮܭ ൌ 1 ൈ 1.3716 ൌ 1.3716݉݉

Step.2: for solid round section  ݎ ൌ ஽
ସ
ൌ ଷଵ.଻ହ

ସ
ൌ 7.9375݉݉

Step.3: compute slenderness ratio  ௄௅
௥
ൌ ଵ.ଷ଻ଵ଺

଻.ଽଷ଻ହ
ൌ 173

Step.4: compute the column constant  ܥ௖ ൌ
ଶగమா
ௌ೤

ൌ ଶగమሺଶ଴଻ீ௣௔ሻ
ଷହ଴ெ௣௔

ൌ 108

Step.5: because   ௄௅
௥
൐ ௖ܥ column is long , Eulers formula should be used :

ܣ ൌ గ஽మ

ସ
ൌ గሺଷଵ.଻ହሻమ

ସ
ൌ 793.596	݉݉ଶ

The critical load is ௖ܲ௥ ൌ
గమா஺
಼ಽ ೝ⁄

మ ൌ
గమሺଶ଴଻ீ௣௔ሻሺ଻ଽଷ.ହଽ଺	௠௠మሻ

ଵ଻ଷ మ ൌ 54265.6	ܰ

At this load the column just begin to buckle, now let N=3
Allowable load ௔ܲ ൌ

௉೎ೝ
ே
ൌ ହସଶ଺ହ.଺

ଷ
ൌ 18090.016 ܰ ሺ݄݁ݐ ݂݁ܽݏ ݀ܽ݋݈ ݊݋ ݄݁ݐ ሻ݊݉ݑ݈݋ܿ

For material AISI 1020 
cold-drawn steel:
E=207 Gpa
Sy=350 Mpa



Example .2:  Determine the critical load for:
Mat. AISI 1040 hot rolled steel
lower end is welded and upper was pinned

Solution:  use the flowchart above.

Results :

Step.1: ܭ ൌ 0.8 ܮܭ ൌ 1 ൈ 1.3716 ൌ 1.3716݉݉

Step.2: for solid rectangular section  ݎ ൌ ஻
ଵଶ

ݎ ൌ
12
12

ൌ 3.46	݉݉

Step.3: compute slenderness ratio  ௄௅
௥
ൌ ଴.଼ൈଶ଼଴

ଷ.ସ଺
ൌ 64.7

Step.4: compute the column constant  ܥ௖ ൌ
ଶగమா
ௌ೤

ൌ ଶగమሺଶ଴଻ீ௣௔ሻ
ଶଽ଴ெ௣௔

ൌ 119

Step.5: because   ௄௅
௥
൏ ௖ܥ column is short, J.B.Johnson formula should be used :

ܣ ൌ 12 ൈ 18 ൌ 216	݉݉ଶ

The critical load is ௖ܲ௥ ൌ .ܣ ܵ௬ 1 െ
ௌ೤ ಼ಽ ೝ⁄ మ

ସగమா
ൌ 53.3	݇ܰ

At this load the column just begin to buckle, now let N=3
Allowable load ௔ܲ ൌ

௉೎ೝ
ே
ൌ ହଷ.ଷ

ଷ
ൌ 17.8 ݇ܰ 	ሺ݄݁ݐ ݂݁ܽݏ ݀ܽ݋݈ ݊݋ ݄݁ݐ ሻ݊݉ݑ݈݋ܿ

For material AISI 1040 
hot rolled steel:
E=207 Gpa
Sy=290 Mpa



The Design of Column:

Specify the boundary  conditions 
(Pa , L, Ends fixity)

Assume the column shape , material 
and type (long or short) 

Compute the S.R and Cc according to 
assumption of column type (long or short) 

Check the type of 
columnDiffers from the supposed 

column type

Re-assume the column type

The column dimensions are correct

The column type is
same that supposed

Start

End



Specify Pa ,  N , L 
, K , E , Sy , C.S 

shape
Specify or solve for 
dimensions of shape

Compute	ܵ. ܴ ൌ ௅.௄
௥೘೔೙

1

Yes No 

Flowchart for designing of straight centrally loaded column:

Compute 

௖ܥ ൌ
ܧଶߨ2
ܵ௬

Assume 
column is long

Compute

ܫ ൌ ே	௉ೌ 	ሺ௄௅ሻమ

గమா
Euler’s Eq.

1

S.R > Cc

Column is 
LONG : 

Dimensions 
are correct

Column is 
SHORT use 

Johnson 
formula

2

2

Specify or solve for 
dimensions such that 

௖ܲ௥ ൒ ܰ ௔ܲ

Re-compute	ܵ. ܴ ൌ ௅.௄
௥೘೔೙

Yes No 
S.R < Cc

Column is 
SHORT: 

Dimensions 
are correct

ܵ. ܴ is very 
nearly equal ܥ௖
results either 

Euler or Johnson 
eq. will be nearly 

equal



Design assuming a long column (Euler’s Eq.)

ܫ ൌܫ ൌ ௖ܲ௥	ሺܮܭሻଶ

ܧଶߨ ൌ
ܰ	 ௔ܲ	ሺܮܭሻଶ

ܧଶߨ
For solid circular section ܫ ൌ గ஽ర

଺ସ

∴ ܦ ൌ
64	ܰ	 ௔ܲሺܮܭሻଶ

ܧଶߨ

ଵ
ସൗ

Design assuming a short column (Johnson’s Eq.)

ܲܲ௖௥ ൌ .ܣ ܵ௬ 1 െ
ܵ௬ ܮܭ ⁄ݎ

ଶ

ܧଶߨ4

For solid circular section A ൌ గ஽మ

ସ
	 , ݎ ൌ ஽

ସ

∴ ܦ ൌ
4ܰ ௔ܲ

௬ܵߨ
൅
4	ܵ௬ሺܮܭሻଶ

ܧଶߨ

ଵ
ଶൗ



Example.3 : specify a suitable dia. of solid, round cross section for a machine link if it carry
43590.4 N of axial compressive load. L=635mm , ends will be pinned, N=3 , Mat. AISI 1020 hot-
rolled steel.

Analysis:  * use the flowchart shown before.
* Assume the column is LONG. 

Results: ܦ ൌ ଺ସ	ே	௉ೌ ሺ௄௅ሻమ

గమா

భ
ర⁄
ൌ ଺ସ	ൈଷൈସଷହଽ଴.ସ	ሺ଺ଷହ௠௠ሻమ

గమሺଶ଴଻ൈଵ଴వሻ

భ
ర⁄
ൌ 26.924݉݉

∴ ݎ ൌ ஽
ସ
ൌ 6.731݉݉	, ܵ. ܴ ൌ ௅.௄

௥೘೔೙
ൌ ଺ଷହൈଵ

଺.଻ଷଵ
ൌ 94.3 and Cs=138  ∴ ܵ. ܴ ൏ ௦ܥ	

Column is redesign as short column by using Johnson’s eq.:

ܦ ൌ
4ܰ ௔ܲ
௬ܵߨ

൅
4	ܵ௬ሺܮܭሻଶ

ܧଶߨ

ଵ
ଶൗ

ൌ
4ሺ3ሻሺ43590.4ሻ	
ሻܽܲܯሺ206.85ߨ ൅

4	ሺ206.85ܽܲܯሻሺ635݉݉ሻଶ

ଶሺ207ߨ ൈ 10ଽሻ

ଵ
ଶൗ

ൌ 31.242݉݉

Checking the S.R again, we have : ܵ. ܴ ൌ ௅.௄
௥೘೔೙

ൌ ଺ଷହൈଵ
ଷଵ.ଶସଶ/ସ

ൌ 81.3

Comments: this is still lass than Cs  , then our analyzing is acceptable .



Crooked Column:

The columns shown in figures below are crooked, bending occurs in
addition to the column action.



The Euler and Johnson formulas assume that the column is straight and that the
load acts in line with the centroid of the cross section of the column. So the
crooked column has special formula:

૛ࢇࡼ െ
૚
ࡺ ࡭࢟ࡿ ൅ ૚ ൅

ࢉࢇ
࢘૛ ࢘ࢉࡼ ࢇࡼ ൅

.࢟ࡿ .࡭ ࢘ࢉࡼ
૛ࡺ ൌ ૙

Where a = initial crookedness.
c = distance from the neutral axis of C.S about which 

bending occurs to its outer edge. 

The equation can be written as :

૛ࢇࡼ ൅ ࢇࡼ૚࡯ ൅ ૛࡯ ൌ ૙							ࢊ࢔ࢇ							ࢇࡼ ൌ ૙. ૞ െ࡯૚ െ ૚૛࡯ െ ૝࡯૛

The smaller of the two possible solutions is selected.



Example.4 :  A column has both ends pinned and has a length of 812.8mm. It has a circular cross 
section with a diameter of 19.05mm and an initial crookedness of 3.175mm. The material is AISI 
1040 hot-rolled steel. Compute the allowable load for a design factor of 3.

Analysis:  use equation above to evaluate C1 and C2 then find Pa

Results:   ܵ௬ ൌ ܽܲܭ	289590

ܣ ൌ గ஽మ

ସ
ൌ 285.1784݉݉ଶ

ݎ ൌ ஽
ସ
ൌ 4.7752݉݉ and ܿ ൌ ஽

ଶ
ൌ 9.525݉݉

௄௅
௥
ൌ 171 and								 ௖ܲ௥ ൌ

గమா஺
಼ಽ ೝ⁄

మ ൌ
గమሺଶ଴଻ீ௣௔ሻሺଶ଼ହ.ଵ଻଼ସ	௠௠మሻ

ଵ଻ଵ మ ൌ 19909.25ܰ

ଵܥ ൌ െ ଵ
ே
ܵ௬ܣ ൅ 1 ൅ ௔௖

௥మ ௖ܲ௥ ൌ െ42969 ଶܥ ൌ
ௌ೤.஺.௉೎ೝ
ேమ

ൌ 182.7 ൈ 10଺

 ∴ .ݍ݁	݄݁ܶ ݏ݅	 ∶ 					 ௔ܲ
ଶ െ 42969 ௔ܲ ൅ 182.7 ൈ 10଺ ൌ 0	

∴ ௔ܲ ൌ .݀ܽ݋݈	݈ܾ݁ܽݓ݋݈݈ܽ	݄݁ݐ	ݏ݅		ܰ	4784.7

Note: This solution process is most accurate for long column.



Eccentrically Loaded Columns:

An eccentric load is one that applied away from the centroidal axis of the
c.s of column as shown in the following figures.



Such a load exerts bending in addition to the column action
that results in the deflected shape shown in the figure. The
maximum stress in the deflected column occurs in the
outermost fibers of the cross section at the mid-length of
the column where the maximum deflection, ymax , occurs.
Let's denote the stress at this point as ௅ߪ ଶ⁄ Then, for any
applied load, P,

௅ߪ ଶ⁄ ൌ
ܲ
ܣ 1 ൅

݁ܿ
ଶݎ . sec

ܮܭ
ݎ2

ܲ
ܧܣ

When max. stress is equal yield stress Sy

∴ 	ܵ௬ൌ
௬ܲ

ܣ 1 ൅
݁ܿ
ଶݎ . sec

ܮܭ
ݎ2

௬ܲ

ܧܣ



* The above eq. cannot be solved for either A or Pa , therefore an iterative solution is
required as will be demonstrated in the example.6 .

* Another critical factor may be amount of deflection of the axis of the column due to the 
eccentric load.

௠௔௫ݕ ൌ ݁ sec
ܮܭ
ݎ2

ܲ
ܧܣ െ 1

But ௔ܲ ൌ
௉೤
ே

∴ ௬ൌܵ		݀݁ݎ݅ݑݍܴ݁
ܰ ௔ܲ

ܣ 1 ൅
݁ܿ
ଶݎ . sec

ܮܭ
ݎ2

ܰ ௔ܲ

ܧܣ



Example.5 : For the column of Example.4, compute the maximum stress and deflection if a load
of 4781.6N is applied with an eccentricity of 19.05mm. The column is initially
straight.

Given: e=19.05mm , D=19.05mm , L=812.8mm , both ends pinned,  KL=812.8mm
r= 4.7752mm , c=D/2=9.525mm , Mat. AISI 1040 hot-rolled steel

Results:  ߪ௅ ଶ⁄ ൌ ସ଻଼ଵ.଺
ଶ଻ଶ.ଶହ

1 ൅ ଵଽ.଴ହൈଽ.ହଶହ
ሺସ.଻଻ହଶሻమ

. sec ଼ଵଶ.଼
ଶሺସ.଻଻ହଶሻ

ସ଻଼ଵ.଺
ଶ଼ହ.ଵ଻଼ସൈଶ଴଺.଼ହൈଵ଴వ

=202023.5 Kpa

௠௔௫ݕ ൌ 19.05 sec ଼ଵଶ.଼
ଶሺସ.଻଻ହଶሻ

ସ଻଼ଵ.଺
ଶ଼ହ.ଵ଻଼ସൈଶ଴଺.଼ହൈଵ଴ల

െ 1

=7.4022mm



Example.6 :  The stress in the column found in Example.5 seems high for the AISI 1040 hot-rolled
.steel. Redesign the column to achieve a design factor of at least 3.

Results:    * Sy for AISI 1040 HR to be 289590 Kpa
* If we choose to retain same material. The c.s of the column must increased  

to decrease stress. 
* The objective is to find suitable value for A , c , and r  such that  Pa=4781.6N

N=3  &  Le=8128mm  &  e=19.05mm  and S < Sy .
* The original design D=19.05mm,  Let us try D=25.4mm then:

ܣ ൌ
ଶܦߨ

4 ൌ 506.482݉݉ଶ	, ݎ ൌ
ܦ
4 ൌ 6.35݉݉	, ଶݎ ൌ 40.325݉݉ଶ	&	ܿ ൌ

ܦ
2 ൌ 12.7݉݉

S ൌ
3 ൈ 4781.6
506.45 1 ൅

19.05 ൈ 12.7
40.325 . sec

812.8
2ሺ6.35ሻ

3 ൈ 4781.6
506.482 ൈ 207 ൈ 10ଽ

= 260217.3 Kpa < Required value for Sy then we have satisfactory results

௠௔௫ݕ ൌ 19.05 sec
812.8
2ሺ6.35ሻ

4781.6
506.482 ൈ 207 ൈ 10ଽ െ 1 ൌ	1.9304 mm 

∴ ݀݅ܽ ݏ݅	݀݁݉ݑݏݏܽ ݕݎ݋ݐ݂ܿܽݏ݅ݐܽݏ



Mechanical Engineering Design II

Sixteenth Lecture

Design of Chain Drive



Power Transmission 
Problem

? ?

Proposed solution
(Chain Drive)

Transmitted Power is Known
Input and output range speed is Known



Flowchart for designing a chain drive:
Transmitted Power , Input and Output range speed

Specify a service factor from Table 7-8 page.290 (306Pdf) 

1



COMPUTE THE DESIGN POWER
Design Power=service factor x transmitted power

COMPUTE THE DESIRED SPEED RATIO
Ratio=Input Speed / Middle Output Speed

1

2

Specify the standard chain size from Table 7-4 page.284 (300 Pdf) 



Select the chain pitch from Tables 7-5, 7-6, and 7-7 page(287-289) (Pdf 303-305)

2

3



3

4



4

5



Select the lubrication type at the rotational speed of smaller sprocket from 
Tables 7-5, 7-6, and 7-7 page(287-289) (Pdf 303-305) 

5

6



COMPUTE THE REQUIRED NUMBER OF TEETH ON THE LARGE SPROCKET:
N2 = N1 X Ratio

COMPUTE THE ACTUAL EXPECTED OUTPUT SPEED:
n2 = n2 (N1/N2)

6

7

COMPUTE THE PITCH DIAMETERS OF THE SPROCKETS
૚ࡰ ൌ

૚ࡼ
ܖܑܛ ૚ૡ૙

૚ൗࡺ
and   ࡰ૛ ൌ

૛ࡼ
ܖܑܛ ૚ૡ૙

૛ൗࡺ

COMPUTE THE REQUIRED CHAIN LENGTH IN PITCHES

ࡸ ൌ ૛࡯ ൅
૛ࡺ ൅ ૚ࡺ

૛ ൅
૛ࡺ െ ૚ࡺ

૛

૝࣊૛࡯

ASSUME THE CENTER DISTANCE BETWEEN SPROCKETS
࡯ ≅ ૜૙	࢚࢕	૞૙	ሺ࢙ࢋࢎࢉ࢚࢏࢖ሻ



SPECIFY AN INTEGRAL & EVEN NUMBER OF PITCHES FOR THE CHAIN 
LENGTH, AND COMPUTE THE ACTUAL THEORETICAL CENTER DISTANCE

࡯ ൌ
૚
૝ ࡸ െ

૛ࡺ ൅ ૚ࡺ

૛ ൅ ࡸ െ
૛ࡺ ൅ ૚ࡺ

૛

૛
െ
ૡ ૛ࡺ െ ૚ࡺ

૛

૝࣊૛

7

COMPUTE THE ANGLE OF WRAP OF THE CHAIN FOR EACH SPROCKET

૚ࣂ ൌ ૚ૡ૙࢕ െ ૛ sinି૚
૛ࡰ െ ૚ࡰ

૛࡯ 	 ࢕ ૚૛૙	࢔ࢇࢎ࢚	࢘ࢋࢍ࢘ࢇ࢒	ࢋ࢈	࢚࢙࢛࢓

૛ࣂ ൌ ૚ૡ૙࢕ ൅ ૛ sinି૚
૛ࡰ െ ૚ࡰ

૛࡯



Mechanical Engineering Design II

Seventeenth Lecture

Design of Belt Derive



Power Transmission 
Problem

? ?

Proposed solution
(Belt Drive)

Transmitted Power is Known
Input and output range speed is Known



Types of Belt Drives  

(a) Wrapped construction (b) Die cut, cog type (c) Synchronous belt

(d) Poly-rib belt
(e) Vee-band

(f) Double angle V-belt



Basic Belt Drive Geometry

θଵ, θଶ		are	the	angles	of	wrap	for	small	and	big	sheaves	respectively	
nଵ, nଶ		are	the	angular	velocity	for	small	and	big	sheaves	respectively	
C the	center distance
S the	span	distance



Standard Belt Cross Sections



Design Conditions for  V-belt

 The nominal range of center distance should be: ࡰ૛ ൏ ࡯ ൏ ૜ሺࡰ૛ ൅ ૚ሻࡰ
 The angle of wrap on smaller sheave (ࣂ૚)should be ൐	૚૛૙࢕

Most commercially available sheaves are cast iron, which should be 
limited to (1981 m/min = 33 m/sec)

 Consider an alternative type of drive, such as a gear type or chain, if the 
belt speed is less than (304.8 m/min = 5 m/sec)

 The center distance must be adjustable in both directions, or if it was fixed, 
idler pulleys should be used. 

Idler 
pulley

or

Page (273)



V-Belt Drive Design 

The rated power of 
the driving motor or 
other prime mover

Type of driver and 
driven load

The center distance

 The size of the driving 
and driven sheaves

Speed of the smaller 
sheave

The service factor

The power rating for 
one belt

The belt length

The correction 
factor for belt length

The correction factor 
for the angle of wrap 
on the smaller sheave

The number of belts

The initial tension on 
the belt

Designer



Flowchart for designing a Belt drive:
Transmitted Power , Input and Output speed, Type of 

driver and driven load 

Specify a service factor from Table 7-1 page.274 (290 Pdf) 

1



COMPUTE THE DESIGN POWER
Design Power=service factor x transmitted power

1

2

Specify the standard belt size from Figure 7-9 page.284 (300 Pdf) 

3VX

5V or
5VX 8V or

8VX



State the power rating for one belt
from Figures (7-10, 7-11, and 7-12) page(275-276) (Pdf 291-292)

2

3

3VX



3

4

5V or
5VX



4

5

8V or
8VX



State the power added to rated power from Figure (7-13) page(276) (Pdf 292) 

5

6



Compute the angle of wrap:  ࣂ૚ ൌ ૚ૡ૙ࡻ െ ૛ sinି૚ ૚ࡰ૛ିࡰ
૛࡯

State the correction factor of wrap angle ࣂ࡯ from figure (7-14) page (277) (293 pdf):

6

7



Specify a trial center distance: ࡰ૛ ൏ ࡯ ൏ ૜ሺࡰ૛ ൅ ૚ሻࡰ

7

Compute the required belt length: ࡸ ൌ ૛࡯ ൅ ૚. ૞ૠ ૛ࡰ ൅ ૚ࡰ ൅ ૚ࡰ૛ାࡰ ૛

૝࡯

Select the nearest standard belt length from Table (7-2) page (277) (293 pdf) 

8



Re-calculate the center distance and angle of wrap: 

࡯ ൌ ା࡮ ૛ି૜૛࡮ ૚ࡰ૛ିࡰ ૛

૚૟
where ࡮ ൌ ૝ࡸ െ ૟. ૛ૡሺࡰ૛ ൅ ૚ሻࡰ

૚ࣂ ൌ ૚ૡ૙ࡻ െ ૛ sinି૚
૛ࡰ െ ૚ࡰ
૛࡯

8

State the length correction factor from Figure (7-15) page (277) (293 pdf) 

9



Compute the corrected rated power per belt and the number of belts required 

to carry the design power:

࢘ࢋ࢝࢕࢖	ࢊࢋ࢚ࢇ࢘	ࢊࢋ࢚ࢉࢋ࢘࢘࢕࡯ ൌ ࡼࡸ࡯ࣂ࡯	

where  

ࡼ ൌ ࢘ࢋ࢝࢕࢖	ࢊࢋ࢚ࢇ࢘	࢒ࢇ࢛࢚ࢉࢇ ൌ 										࢘ࢋ࢝࢕࢖	ࢊࢋ࢚ࢇ࢘							 ൅ 	࢘ࢋ࢝࢕࢖	ࢊࢋࢊࢊࢇ							

																																																													ሺࢍ࢏ࢌ. ૠ െ ૚૙, ૚૚	&૚૛ሻ ሺࢍ࢏ࢌ. ૠ െ ૚૜ሻ

࢙࢚࢒ࢋ࢈	ࢌ࢕	࢘ࢋ࢈࢓࢛ࡺ ൌ
࢘ࢋ࢝࢕ࡼ	࢔ࢍ࢏࢙ࢋࡰ

࢘ࢋ࢝࢕ࡼ	ࢊࢋ࢚ࢇࡾ	ࢊࢋ࢚ࢉࢋ࢘࢘࢕࡯

9



Mechanical Engineering Design II

Eighteenth & Nineteenth Lectures

Design of Spur Gear



Power Transmission 
Problem

? ?

Proposed solution
(Spur Gear)



Gear Manufacturing

(a) Form milling cutter (b) Spur gear shaper cutter 

(c) Hob for small pitch gears having large teeth (d) Hob for high pitch gears having small teeth



Basic Spur Gear Geometry

Chapter.8 page. 309 pdf



Kinematics of Spur Gear

Torque (N.m)

Transmitted Power (watt)

Rotational Speed (rad/sec)

Pitch Diameter (m)

Tangential Force (N)



Surface failure

Root failure

Modes of Gear Tooth Failure

1. Bending failure.

2. Pitting.

3. Scoring.

4. Abrasive wear.

5. Corrosive wear.

D
an

ge
ro

us
 B

ar



Spur Gear Design 
The power to be 
transmitted

The speed of the 
driving gear

The center distance

The speed of the 
driven gear or the 
velocity ratio

The gear teeth should not fail 
under static loading or 
dynamic loading during 
normal running conditions.

The use of space and material 
should be economical.

The alignment of the gears 
and deflections of the shafts 
must be considered.

The gear teeth should have 
wear characteristics so that 
their life is satisfactory.

The lubrication of the gears 
must be satisfactory.

Designer

Type of driver and 
driven load

Other information 
related to problem 
specification



Flowchart for spur gear designing process:
Transmitted Power , Input and Output speed, Center 

distance, Type of driver and driven load 

Choose the over load factor (Ko) from 
Table (9-5) page(389) (405pdf)  

1

Compute the design power
Design Power=Ko x transmitted power



Find the trial value for 
Diametral pitch (Pd) or Module (m) 
and Pitch Diameter (Dp) from 
Figure 9-27 page.409 (425 Pdf) 

1

2



Specify the no. of teeth for Pinion ࡼࡺ (from 17  to  20)

2

3

Compute the nominal velocity ratio ࡾࢂ ൌ ࡼ࢔
ࡳ࢔

Compute the approximate no. of teeth for Gear 
ࡳࡺ ൌ ࡼࡺ ൈ ࡾࢂ	

Compute the actual velocity ratio ࡾࢂ ൌ ࡳࡺ
ࡼࡺ

Compute the actual output velocity ࡳ࢔ ൌ ࡼ࢔
ࡼࡺ
ࡳࡺ

Compute the pitch diameters ࢖ࡰ ൌ
࢖ࡺ
ࢊࡼ
	 , ࡳࡰ ൌ

ࡳࡺ
ࢊࡼ

, center distance ࢉ ൌ ࡳࡺାࡼࡺ
૛ࢊࡼ

,  

pitch line speed ࢚࢜ ൌ
ࡼ࢔࢖ࡰ࣊
૟૙

and tangential force,  ࢚ࢃ ൌ
૛ࡼ

࢖࢔ࡼࡰ



3

4

Specify the face width within the following recommended range for general 
machine drive gears:

ૡ
ൗࢊࡼ ൏ 	ࡲ ൏ 	 ૚૟ ⁄ࡼ Nominal value of ࡲ ൌ ૚૛

⁄ࡼ

Specify the quality number Qv , from Table (9-2) page (378) (394 pdf)



4

5

Root (Bending) Failure 
Mode

Analyzing of gear tooth failure mode 

Surface (Pitting, Scoring,…) 
Failure Mode

Bending Stress Number

࢚ࡿ ൌ
ࢊࡼ࢚ࢃ
ࡶ	ࡲ ࢜ࡷ࡮ࡷ࢓ࡷ࢙ࡷ࢕ࡷ ൏ ࢚ࢇࡿ

ࡺࢅ
.ࡿሺࡾࡷ ሻࡲ

Contact Stress Number

ࢉࡿ ൌ ࢖࡯
࢜ࡷ࢓ࡷ࢙ࡷ࢕ࡷ࢚ࢃ

ࡵ࢖ࡰࡲ
൏ ࢉࢇࡿ

ࡴ࡯ࡺࢆ
.ࡿሺࡾࡷ ሻࡲ

Find the values of factors 
,ࡶ) ,ࡵ ,	࢙ࡷ ,	࢓ࡷ ,	࡮ࡷ ,	࢜ࡷ ,	࢖࡯ ,	ࡺࢅ ,	ࡺࢆ ,	ࡴ࡯ ,	ࡾࡷ .ࡿ  as in (ࡲ

the following steps



Specify the type of material for the gears to find the Elastic Coefficient 
Cp from Table (9-9) page(400) (Pdf 416) 

5

6



Specify the bending geometry factor ( J )  from figure (9-17) page (387) (403pdf):

6

7



7

Specify the pitting geometry factor ( I )  from figure (9-23) page (402) (418 pdf):

8



8

Specify the size factor (KS) from Figure (9-6) 
page (389) (293 pdf) 

9

Specify the rim thickness factor (KB) from 
Figure (9-20) page (392) (408 pdf) 



Determine the load distribution factor (Km) :		࢓ࡷ ൌ ૚. ૙ ൅ ࢌ࢖࡯ ൅ ࢇ࢓࡯

Where ࢌ࢖࡯= pinion proportion factor from figure (9-18) page(391) (407 pdf)

mesh alignment factor from figure (9-19) page(391) (407 pdf) =ࢇ࢓࡯

9

10



10

Specify the dynamic factor (Kv)  from figure (9-21) page (393) (409 pdf):

11



11

Specify the hardness ratio factor from Figure (9-25 & 26) page (404) (420 pdf)

Specify the safety factor (S.F)  typically from 1 to 1.5 

12



12

Specify the reliability factor (KR)  
from Table (9-8) page (396) (412 

pdf):

13

Specify the stress cycle life (YN)  
from Figure (9-8) page (395) 

(411 pdf):



13

Specify the pitting resistance stress cycle factor (ZN)  from figure (9-24) page (403) 
(419 pdf):

14



14

Check if the selected material satisfy the following design conditions:

࢚ࡿ
.ࡿሺࡾࡷ ሻࡲ
ࡺࢅ

൏ ࢚ࢇࡿ

ࢉࡿ
.ࡿሺࡾࡷ ሻࡲ
ࡴ࡯ࡺࢆ

൏ ࢉࢇࡿ

Choose material for pinion and gear or (Sac , Sat) from figures [(9-10) page (379) 
(395pdf) , (9-11) page (380) (396pdf)] with tables [(9-3) page(381) (397pdf) , (9-4) 

page (385) (401pdf)] and see also Appendix 3 to 5 [p(A-6) to (A-11)].



Mechanical Engineering Design II

Twentieth Lecture

Design of Helical Gear



Power Transmission 
Problem

? ?

Proposed solution
(Helical Gear)



Gear Manufacturing

(a) Form milling cutter (b) Spur gear shaper cutter 

(c) Hob for small pitch gears having large teeth (d) Hob for high pitch gears having small teeth



Basic Helical Gear Geometry and force Kinematics



Surface failure

Root failure

Modes of Gear Tooth Failure

1. Bending failure.

2. Pitting.

3. Scoring.

4. Abrasive wear.

5. Corrosive wear.

D
an

ge
ro

us
 B

ar



Helical Gear Design 
The power to be 
transmitted

The speed of the 
driving gear

The center distance

The speed of the 
driven gear or the 
velocity ratio

The gear teeth should not fail 
under static loading or 
dynamic loading during 
normal running conditions.

The use of space and material 
should be economical.

The alignment of the gears 
and deflections of the shafts 
must be considered.

The gear teeth should have 
wear characteristics so that 
their life is satisfactory.

The lubrication of the gears 
must be satisfactory.

Designer

Type of driver and 
driven load

Other information 
related to problem 
specification



Flowchart for spur gear designing process:
Transmitted Power , Input and Output speed, Center 

distance, Type of driver and driven load 

Choose the over load factor (Ko) from 
Table (9-5) page(389) (405pdf)  

1

Compute the design power
Design Power=Ko x transmitted power



Find the trial value for 
Diametral pitch (Pdn) or Module (m) 
and Pitch Diameter (Dp) from 
Figure 9-27 page.409 (425 Pdf) 

1

2



Specify the no. of teeth for Pinion ࡼࡺ (from 17  to  20)

2

3

Compute the nominal velocity ratio ࡾࢂ ൌ ࡼ࢔
ࡳ࢔

Compute the approximate no. of teeth for Gear ࡳࡺ ൌ ࡼࡺ ൈ ࡾࢂ	

Compute the actual velocity ratio ࡾࢂ ൌ ࡳࡺ
ࡼࡺ

Compute the actual output velocity ࡳ࢔ ൌ ࡼ࢔
ࡼࡺ
ࡳࡺ

Compute the pitch diameters ࢖ࡰ ൌ
࢖ࡺ
ࢊࡼ
	 , ࡳࡰ ൌ

ࡳࡺ
ࢊࡼ

, center 

distance ࢉ ൌ ࡳࡺାࡼࡺ
૛ࢊࡼ

,  pitch line speed ࢚࢜ ൌ
ࡼ࢔࢖ࡰ࣊
૟૙

, axial pitch 

࢞ࡼ ൌ
࣊

ࢊࡼ ୲ୟ୬ ࣒
ࢊࡼ , ൌ ࢔ࢊࡼ cos࣒ and tangential force,  ࢚ࢃ ൌ

૟૙ࡼ
࢖࢔ࡼࡰ࣊



3

4

Compute the face width :ࡲ ൌ ૛	࢞ࡼ

Specify the quality number Qv , from Table (9-2) page (378) (394 pdf)



4

5

Root (Bending) Failure 
Mode

Analyzing of gear tooth failure mode 

Surface (Pitting, Scoring,…) 
Failure Mode

Bending Stress Number

࢚ࡿ ൌ
ࢊࡼ࢚ࢃ
ࡶ	ࡲ ࢜ࡷ࡮ࡷ࢓ࡷ࢙ࡷ࢕ࡷ ൏ ࢚ࢇࡿ

ࡺࢅ
.ࡿሺࡾࡷ ሻࡲ

Contact Stress Number

ࢉࡿ ൌ ࢖࡯
࢜ࡷ࢓ࡷ࢙ࡷ࢕ࡷ࢚ࢃ

ࡵ࢖ࡰࡲ
൏ ࢉࢇࡿ

ࡴ࡯ࡺࢆ
.ࡿሺࡾࡷ ሻࡲ

Find the values of factors 
,ࡶ) ,ࡵ ,	࢙ࡷ ,	࢓ࡷ ,	࡮ࡷ ,	࢜ࡷ ,	࢖࡯ ,	ࡺࢅ ,	ࡺࢆ ,	ࡴ࡯ ,	ࡾࡷ .ࡿ  as in (ࡲ

the following steps



Specify the type of material for the gears to find the Elastic Coefficient 
Cp from Table (9-9) page(400) (Pdf 416) 

5

6



Specify the bending geometry factor ( J )  for 15o normal pressure angle from figure 
(10-5) page (456) (472pdf):

6

7

ࡶ ൌ
ࢅ
࢚ࡷ

ࢅ ൌ ࢘࢕࢚ࢉࢇࢌ	࢙࢏࢝ࢋࡸ
factor	concentration	stress	=࢚ࡷ



Specify the bending geometry factor ( J ) for 20o normal pressure angle from figure 
(10-6) page (457) (473pdf):

7

8



Specify the bending geometry factor ( J ) for 22o normal pressure angle from figure 
(10-7) page (458) (474pdf):

8

9



10

Specify the pitting geometry factor ( I ) with 20o normal pressure angle from 
Table(10-1) page (459) (475pdf):

11



11

Specify the pitting geometry factor ( I ) with 20o normal pressure angle from 
Table(10-2) page (460) (476pdf):

12



12

Specify the size factor (KS) from Table(9-6) page 
(389) (293 pdf) 

13

Specify the rim thickness factor (KB) from 
Figure (9-20) page (392) (408 pdf) 



Determine the load distribution factor (Km) :		࢓ࡷ ൌ ૚. ૙ ൅ ࢌ࢖࡯ ൅ ࢇ࢓࡯

Where ࢌ࢖࡯= pinion proportion factor from figure (9-18) page(391) (407 pdf)

mesh alignment factor from figure (9-19) page(391) (407 pdf) =ࢇ࢓࡯

13

14



14

Specify the dynamic factor (Kv)  from figure (9-21) page (393) (409 pdf):

15



15

Specify the hardness ratio factor (CH ) from Figure (9-25 & 26) page (404) (420 
pdf)

Specify the safety factor (S.F)  typically from 1 to 1.5 

16



16

Specify the reliability factor (KR)  
from Table (9-8) page (396) (412 

pdf):

17

Specify the stress cycle life (YN)  
from Figure (9-8) page (395) 

(411 pdf):



17

Specify the pitting resistance stress cycle factor (ZN)  from figure (9-24) page (403) 
(419 pdf):

18



18

Check if the selected material satisfy the following design conditions:

࢚ࡿ
.ࡿሺࡾࡷ ሻࡲ
ࡺࢅ

൏ ࢚ࢇࡿ

ࢉࡿ
.ࡿሺࡾࡷ ሻࡲ
ࡴ࡯ࡺࢆ

൏ ࢉࢇࡿ

Choose material for pinion and gear or (Sac , Sat) from figures [(9-10) page (379) 
(395pdf) , (9-11) page (380) (396pdf)] with tables [(9-3) page(381) (397pdf) , (9-4) 

page (385) (401pdf)] and see also Appendix 3 to 5 [p(A-6) to (A-11)].



A pair of helical gears for a milling machine drive is to transmit 48.47 kW (65
hp) with a pinion speed of 3450 rpm and a gear speed of 1100 rpm. The power
is from an electric motor. Design the gears.

Example (10-2) p.461(477pdf):

Solution:

Given data:

P	=	transmitted	power	=	48.47	kW	(65	hp)

Power	source	=	electric	motor	,		driven	machine	=	milling	machine

np=	3450	rpm	,	nG=1100	rpm

Initial assumptions: 

࢔ࢊࡼ ൌ ૚૛	, ࢖ࡺ ൌ ૛૝	, ࣒ ൌ ૚૞࢕	, ࣘ ൌ ૛૙࢕	, ࡽ ൌ ૡ



Basic dimensions computations: 

ࢊࡼ ൌ ࢔ࢊࡼ ࣒ܛܗ܋ ൌ ૚૛ ܛܗ܋ ૚૞࢕ ൌ૚૚. ૞ૢ	࢓࢓

࢞ࡼ ൌ
࣊

ࢊࡼ ࣒ܖ܉ܜ
ൌ

࣊
૚૚. ૞ૢ ܖ܉ܜ ૚૞࢕ ൌ ૛૞. ૠ	࢓࢓

࢚ࣘ ൌ ૚ିܖ܉ܜ ࢔ࣘܖ܉ܜ ⁄࣒ܛܗ܋ ൌ ૚ି࢔ࢇ࢚ ࢔ࢇ࢚ ૛૙૙ ࢙࢕ࢉ ૚૞࢕⁄ ൌ ૛૙. ૟૞࢕

࢖ࡰ ൌ
࢖ࡺ

ࢊࡼ
൘ ൌ ૛૝

૚૚. ૞ૢൗ ൌ ૛. ૙ૠ	࢔࢏ ൌ ૞૛. ૟	࢓࢓

ࡲ ൌ ૛࢞ࡼ ൌ ૛ ૛૞. ૠ ൌ ૞૚. ૝૚	࢓࢓ ൌ ૛. ૛૞	࢔࢏

Gear kinematics computations: 

࢚࢜ ൌ
ࡼ࢔࢖ࡰ࣊
૟૙ ൌ

࣊ ૞૛. ૟ ൈ ૚૙ି૜ ૜૝૞૙
૟૙ ൌ ૢ. ૞

࢓
࢙

࢚ࢃ ൌ
૟૙ࡼ
࢖࢔ࡼࡰ࣊

ൌ
૟૙ ૝ૡ. ૝ૠ ൈ ૚૙૜

࣊ ૞૛. ૟ ൈ ૚૙ି૜ ૜૝૞૙ ൌ ૞. ૚	ࡺ࢑ ൌ ૚૚૝૟	࢈࢒

ࡾࢂ ൌ ࡳࡺ
ࡼࡺ
ൗ ൌ ࡼ࢔ ൗࡳ࢔ ൌ ૜૝૞૙

૚૚૙૙ൗ ൌ ૜. ૚૝	,		

ࡳࡺ ൌ ࡼࡺ ࡾࢂ ൌ ૛૝ ૜. ૚૝ ൌ ૠ૞. ૜ ≅ ૠ૞ 	ࢎ࢚ࢋࢋ࢚



Jp from	Npൌ24	and	NGൌ75	ሺfigure	10‐6ሻ:	

Jpൌ0.48



Ko from	power	source		ሺelectric	motorሻ	and		driven	machine	ሺmilling	machineሻሺtable	9‐5ሻ:	

Ks from	Pdൌ	11.59	൐	5	ሺtable	9‐6ሻ:	



Km from	Fൌ	51.41	mm		&		Dp ൌ52.6	mm	,	F/Dp ൌ0.977		ሺfigure	9‐18	&	19ሻ:	

Cpfൌ0.09

Cmfൌ0.17

࢓ࡷ ൌ ૚. ૙ ൅ ࢌ࢖࡯ ൅ ࢇ࢓࡯
ൌ1൅0.09൅0.17ൌ1.26



KB		ൌ1	 from	 ሺsolid	gearሻ		ሺfigure	9‐20ሻ:	

Kv ൌ1.35	
from	Qvൌ	8		&		vt ൌ9.5	m/s		ሺfigure	9‐21ሻ:	



Design for reliability of 0.999 
(less than one failure in 1000):  KR=1.25

No unusual conditions seem to exist in this application beyond those already 
considered in the various K factors. Therefore we use a service factor S.F of 1.0

Design life: Let's design for 10 000 h of life as suggested in Table 9-7 for
multipurpose gearing. Then, using Equation (9-18), we can compute the
number of cycles of loading. For the pinion rotating at 3450 rpm with one cycle
of loading per revolution,

࢖ࢉࡺ ൌ ૟૙ ࡸ ࢖࢔ ࢗ
ൌ ૟૙ ૚૙૙૙૙ ૜૝૞૙ ૚ ൌ ૛. ૚ ൈ ૚૙ૢ࢙ࢋ࢒ࢉ࢟ࢉ

ሺqሻ	ൌ	number	of	load	applications	per	revolution



Specify the stress cycle life (YN)  from Figure (9-8) page (395) (411 pdf):  
YN=0.85



The bending stress in the pinion can now be computed:

࢖࢚ࡿ ൌ
ࢊࡼ࢚ࢃ
࢖ࡶ	ࡲ

ሺ࢜ࡷ࡮ࡷ࢓ࡷ࢙ࡷ࢕ࡷ
ࡾࡷ ൈ .ࡿ ࡲ

ࡺࢅ
ሻ

ൌ ૚૚૝૟ ૚૚.૞ૢ
૛.૛૞ ૙.૝ૡ

૚. ૞ ૚ ૚. ૛૟ ૚ ૚. ૜૞ ૚.૛૞ൈ૚
૙.ૡ૞

ൌ ૝૟. ૚૝૞࢏࢑࢙ ൌ ૜૚ૡ. ૚૟	ࢇࡼࡹ

Specify the type of material for the gears 
to find the Elastic Coefficient Cp from 
Table (9-9) page(400) (Pdf 416) 



Specify the pitting geometry factor ( I ) with 20o normal pressure angle from 
Table(10-1) page (459) (475pdf):

24

75
0.202



Specify the pitting resistance stress cycle factor (ZN)  from figure (9-24) page (403) 
(419 pdf): ZN=0.89

࢘࢕ࢌ
ࡼ࡮ࡴ
ࡳ࡮ࡴ

ൌ ૚						࢛࢙ࢋ ࡴ࡯ ൌ ૚



The pitting stress number in the pinion can now be computed:

ࢉࡿ ൌ ࢖࡯
࢜ࡷ࢓ࡷ࢙ࡷ࢕ࡷ࢚ࢃ

ࡵ࢖ࡰࡲ
ሺࡾࡷሺࡲ.ࡿሻ
ࡴ࡯ࡺࢆ

)

ൌ ૛૜૙૙ ૚૚૝૟ ૚.૞ ૚ ૚.૛૟ ૚.૜૞
૛.૛૞ ૛.૙ૠ૚ ૙.૛૙૛

૚.૛૞ൈ૚
૙.ૡૢൈ૚

ൌ ૚ૡ૙	࢏࢑࢙ ൌ ૚૛૝૚	ࢇࡼࡹ
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Design of Bevel Gear



Power Transmission 
Problem

?

Proposed solution
(Bevel Gear)

?



Types of Bevel Gears

Straight bevel

Spiral bevel

Hypoid bevel

Spiroid bevel



Basic bevel Gear Geometry and force Kinematics



Surface failure

Root failure

Modes of Gear Tooth Failure

1. Bending failure.

2. Pitting.

3. Scoring.

4. Abrasive wear.

5. Corrosive wear.

D
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Bevel Gear Design 
The power to be 
transmitted

The speed of the 
driving gear

The center distance

The speed of the 
driven gear or the 
velocity ratio

The gear teeth should not fail 
under static loading or 
dynamic loading during 
normal running conditions.

The use of space and material 
should be economical.

The alignment of the gears 
and deflections of the shafts 
must be considered.

The gear teeth should have 
wear characteristics so that 
their life is satisfactory.

The lubrication of the gears 
must be satisfactory.

Designer

Type of driver and 
driven load

Other information 
related to problem 
specification



Flowchart for bevel gear designing process:
Transmitted Power , Input and Output speed, Center 

distance, Type of driver and driven load 

Choose the over load factor (Ko) from 
Table (9-5) page(389) (405pdf)  

1

Compute the design power
Design Power=Ko x transmitted power



Find the trial value for 
Diametral pitch (Pd) or Module (m) 
from Figure 9-27 page.409 (425 Pdf) 

1

2



Specify the no. of teeth for Pinion ࡼࡺ (from 17  to  20)

2

3

Compute the nominal velocity ratio ࡾࢂ ൌ ࡼ࢔
ࡳ࢔

Compute the approximate no. of teeth for Gear ࡳࡺ ൌ ࡼࡺ ൈ ࡾࢂ	

Compute the actual velocity ratio ࡾࢂ ൌ ࡳࡺ
ࡼࡺ

Compute the actual output velocity ࡳ࢔ ൌ ࡼ࢔
ࡼࡺ
ࡳࡺ

Compute the pitch diameters ࢖ࡰ ൌ
࢖ࡺ
ࢊࡼ
	 , ࡳࡰ ൌ

ࡳࡺ
ࢊࡼ

, 

face width ࡲ ൌ ࢔࢏࢓ ૙. ૜࢕࡭, ૚૙ ൗࢊࡼ 	, ࢕࡭ ൌ
ࡼࡰ

૛ ୱ୧୬ ࢽ
ൌ ࡳࡰ

૛ ୱ୧୬ ୻

pinion mean radius ࢘࢓ ൌ ࢖ࡰ
૛ൗ െ ࡲ ૛⁄ sin ߛ where ࢽ ൌ tanି૚ ࢖ࡺ ⁄ࡳࡺ ,          

gear mean radius ࢓ࡾ ൌ ࡳࡰ
૛ൗ െ ࡲ ૛⁄ sin ડ where ડ ൌ tanି૚ ࡳࡺ ⁄ࡼࡺ ,  

pitch line speed ࢚࢜ ൌ
૛࣊࢘ࡼ࢔࢓

૟૙
, and tangential force,  ࢚ࢃ ൌ

૟૙ࡼ
૛࣊࢘࢖࢔࢓

ൌ ࢀ
࢓࢘



3

4

Root (Bending) Failure 
Mode

Analyzing of gear tooth failure mode 

Surface (Pitting, Scoring,…) 
Failure Mode

Bending Stress Number

࢚ࡿ ൌ
ࢊࡼ࢚ࢃ
ࡶ	ࡲ

࢓ࡷ࢙ࡷ࢕ࡷ

࢜ࡷ
൏ ࢚ࢇࡿ

ࡺࢅ
.ࡿሺࡾࡷ ሻࡲ

Contact Stress Number

ࢉࡿ ൌ ࢈࡯࢖࡯
࢚ࢃ

ࡵ࢖ࡰࡲ
࢓࡯࢕࡯
࢜࡯

൏ ࢉࢇࡿ
ࡴ࡯ࡺࢆ

.ࡿሺࡾࡷ ሻࡲ

Find the values of factors 
,ࡶ) ,ࡵ ,	࢙ࡷ ,	࢓ࡷ ,	࢜ࡷ ,	࢖࡯ ,	࢈࡯ ,	࢕࡯ ,	࢓࡯ ,	࢜࡯ ,	ࡺࢅ ,	ࡺࢆ ,	ࡴ࡯ ,	ࡾࡷ .ࡿ  (ࡲ

as in the following steps



Specify the type of material for the gears to find the Elastic Coefficient 
Cp from Table (9-9) page(400) (Pdf 416) 

4

5



Specify the bending geometry 
factor (J)  for 20o pressure angle 
and 90o shaft angle from figure 
(10-13) page (472) (488pdf):

5

6



6

Specify the pitting geometry 
factor ( I ) with 20o normal 
pressure angle and 90o shaft 
angle from Figure (10-14) page 
(474) (490pdf):

7



7

Specify the size factor (KS) from Table(9-6) page 
(389) (293 pdf) 

8

Specify the load distribution factor (Km) from Table(10-3) page (471) (487 pdf) 



Specify the quality number Qv , from Table (9-2) page (378) (394 pdf)

8

9



9

Determine the dynamic factor (Kv)  from the following equation:

10

Choose material for pinion and gear or (Sac , Sat) from figures [(9-10) page (379) 
(395pdf) , (9-11) page (380) (396pdf)] with tables [(9-3) page(381) (397pdf) , (9-4) 

page (385) (401pdf)] and see also Appendix 3 to 5 [p(A-6) to (A-11)].

࢜ࡷ ൌ
ࢠࡷ

ࢠࡷ ൅ ࢚࢜

࢛

࢛ ൌ
ૡ

૛ ૙.૞ࡽ െ ࢚ࢇࡿ
૚૛૞

ࡼࡱ ൅ ࡳࡱ
ࢠࡷ			ࢊ࢔ࢇ		 ൌ ૡ૞ െ ૚૙ሺ࢛ሻ

࢛	ࢌ࢏ ൌ ࢛						ࢋ࢙࢛	࢔ࢋࢎ࢚		ࢋ࢛࢒ࢇ࢜	ࢋ࢜࢏࢚ࢇࢍࢋ࢔ ൌ ૙. ૙

For checking  ࢜ࡷ must be greater than (࢔࢏࢓࢜ࡷ ൌ
૛
࣊
tanି૚ ࢚࢜

૜૜૜⁄ ), if its not achieved 
then a higher quality number should be specified
Note : the calculation of inverse tangent must be in radians



10

Specify the hardness ratio factor (CH ) from Figure (9-25 & 26) page (404) (420 
pdf)

Specify the safety factor (S.F)  typically from 1 to 1.5 

11



11

Specify the reliability factor (KR)  
from Table (9-8) page (396) (412 

pdf):

12

Specify the stress cycle life (YN)  
from Figure (9-8) page (395) 

(411 pdf):



12

Specify the pitting resistance stress cycle factor (ZN)  from figure (9-24) page (403) 
(419 pdf):

13



18

Check if the selected material satisfy the following design conditions:

࢚ࡿ
.ࡿሺࡾࡷ ሻࡲ
ࡺࢅ

൏ ࢚ࢇࡿ

ࢉࡿ
.ࡿሺࡾࡷ ሻࡲ
ࡴ࡯ࡺࢆ

൏ ࢉࢇࡿ

The factors ࢕࡯ ࢜࡯ , and ࢓࡯	are the same as ࢕ࡷ ࢜ࡷ , and ࢓ࡷ

Using ࢈࡯ ൌ ૙. ૟૜૝ allows the use of the same allowable contact stress as for 
spur and helical gear  
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Design of  Worm Gear



Power Transmission 
Problem

Proposed solution
(Worm Gear)

 high velocity ratios in a single step in a minimum of space
Design Requirements 

 non-intersecting shafts at right angles



Specifications of  Worm Gears

Advantages:
(1) A large speed ratio;
(2) Silent and smooth operation;
(3) Small drive size
(4) Better load distribution;
(5) Self-locking action.

Disadvantages: 
(1) Low efficiency;
(2) Expensive antifriction materials;
(3) Considerable sliding speed;
(4) Considerable heat generated.



Types of  Worm Gears



Basic Worm Gear Geometry

DG = pitch diameter of the gear                DW = pitch diameter of the worm    
NG = number of teeth in the gear             NG = number of teeth in the worm
C = center distance           L = lead     ࣅ ൌ lead angle   Px = axial pitch
FG = Face width of gear    Fw = Face length of the worm



Forces on Worm Gear

WtG = WxW

WxG = WtW

WrG = WrW



Surface failure

Root failure

Modes of Gear Tooth Failure

1. Bending failure.

2. Pitting.

3. Scoring.

4. Abrasive wear.

5. Corrosive wear.

D
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Worm Gear Design 
The power to be 
transmitted

The speed of the 
driving gear

The center distance

The speed of the 
driven gear or the 
velocity ratio

The gear teeth should not fail 
under static loading or 
dynamic loading during 
normal running conditions.

The use of space and material 
should be economical.

The alignment of the gears 
and deflections of the shafts 
must be considered.

The gear teeth should have 
wear characteristics so that 
their life is satisfactory.

The lubrication of the gears 
must be satisfactory.

Designer

Type of driver and 
driven load

Other information 
related to problem 
specification



Flowchart for worm gear designing process:

Transmitted Power , Input and Output speed, Center 
distance, Type of driver and driven load 

1

Specify the no. of threads for Worm ࢃࡺ (from 2 to  8 or more)

Specify the diametral pitch ࢊࡼ (3 , 4 , 5 , 6 , 8 , 10 , 12 , 16 , 24 , 32 ,  48)

Specify the Pressure angle ࣘ࢔ (14.5o , 20o , 25o , 30o )

Compute the nominal velocity ratio ࡾࢂ ൌ ࢝࢔
ࡳ࢔
ൌ ࡳࡺ

ࡼࡺ

Compute the circular pitch for Gear ࢖ ൌ ࣊ ⁄ࢊࡼ ൌ axial pitch 
for worm ࢞ࡼ , normal circular pitch ࢔࢖ ൌ ࢖ cos ࣅ , and the 

face width of gear ࡲ ൌ ૛࢖

Compute the lead ࡸ ൌ ࢃࡺ ൈ ࢞ࡼ

Compute the pitch diameter of the worm within ࡯
૙.ૡૠ૞

૚.૟
൐ ࢃࡰ ൐ ૙.ૡૠ૞࡯

૜



1

2

Compute the lead angle ࣅ ൌ tanି૚ ࡸ ⁄ࢃࡰ࣊

Compute the pitch line speed of the worm and gear 
࢚࢜࢝ ൌ ૛࣊࢝࢔ࢃࡰ

૟૙
		 , ࡳ࢚࢜ ൌ

૛࣊ࡳ࢔ࡳࡰ
૟૙

Compute the sliding velocity ࢙࢜ ൌ ࡳ࢚࢜	 sin ⁄ࣅ ൌ 	࢚࢜࢝ cos ⁄ࣅ

Find the coefficient of friction  ࣆ
from figure (10-18) page(477) 
(493pdf)

Compute the pitch diameter of gear  ࡳࡰ ൌ ࡳࡺ ⁄ࢊࡼ



3

Compute the output torque ࢕ࢀ ൌ
࢕ࡼ
ࡳ࣓

ൌ ሺࡳ࢚ࢃ
ࡳࡰ
૛
ሻ,  

ࡳ࢞ࢃ ൌ ࡳ࢚ࢃ
ୡ୭ୱ థ೙ ୱ୧୬ ఒାࣆ ୡ୭ୱ ࣅ
ୡ୭ୱ థ೙ ୡ୭ୱ ఒିࣆ ୱ୧୬ ࣅ

ൌࡳ࢘ࢃ					, ࡳ࢚ࢃ
ୱ୧୬ థ೙

ୡ୭ୱ థ೙ ୡ୭ୱ ఒିࣆ ୱ୧୬ ࣅ

Friction force ࢌࢃ ൌ
ࡳ࢚ࢃ		ࣆ

ୡ୭ୱ థ೙ ୡ୭ୱ ఒିࣆ ୱ୧୬ ࣅ
	 ,  Power loss ࡸࡼ ൌ ૟૙/ࢌࢃ࢙࢜ , 

Input Power ࢏ࡼ ൌ ࢕ࡼ ൅ ࡸࡼ , 

Efficiency ࣁ ൌ ࢕ࡼ
࢏ࡼ
ൌ 	 ࣅ࢔ࢇ࢚	ࣆି࢔ࣘ	࢙࢕ࢉ

ࣅ࢔ࢇ࢚	ࣆି࢔ࣘ	࢙࢕ࢉ

or from figure (10-19) page (479)

(495pdf)

2



3

4

Root (Bending) Failure 
Mode

Analyzing of gear tooth failure mode 

Surface (Pitting, Scoring,…) 
Failure Mode

Bending Stress

࣌ ൌ
ࢊࢃ

࢔࢖ࡳࡲ࢟
൏ ࢚ࢇࡿ

Surface Durability (Rated Tangential Load)
ࡾ࢚ࢃ ൌ ࡳࡰ࢙࡯

૙.ૡ࢜࡯࢓࡯ࢋࡲ ൐ ࡳ࢚ࢃ

Find the values of factors (࢟,࢜ࡷ	, ,	࢙࡯ ,	࢓࡯  as in the (࢜࡯
following steps



Specify the Lewis form factor for worm gear teeth from Table (10-4) 
page(482) (Pdf 498) 

4

5

Compute the dynamic load ࢊࢃ ൌ ࡳ࢚ࢃ ⁄࢜ࡷ

Compute the dynamic load factor  ࢜ࡷ ൌ ૚૛૙૙ ሺ૚૛૙૙ ൅ ⁄ሻࡳ࢚࢜
ࡳ࢚࢜) in ft/min)



Specify the material factor (࢙࡯) from 
figure (10-20) page (483) (499pdf) or 
from the following equations:
Sand-Casting Bronzes:
ࡳࡰ	࢘࢕ࢌ ൐ ૟૜. ૞࢓࢓
࢙࡯ ൌ ૚૚ૡૢ. ૟૜૟ െ ૝ૠ૟. ૞૝૞ log૚૙ ࡳࡰ

ࡳࡰ	࢘࢕ࢌ ൏ ૟૜. ૞࢓࢓
࢙࡯ ൌ ૚૙૙૙

Static-Chill-Cast or Forged Bronzes:
ࡳࡰ	࢘࢕ࢌ ൐ ૛૙૜. ૛࢓࢓
࢙࡯ ൌ ૚૝૚૚. ૟૞૚ െ ૝૞૞. ૡ૛૞ log૚૙ ࡳࡰ

ࡳࡰ	࢘࢕ࢌ ൏ ૛૙૜. ૛࢓࢓
࢙࡯ ൌ ૚૙૙૙

Centrifugally Cast Bronzes:
ࡳࡰ	࢘࢕ࢌ ൐ ૟૜૞	࢓࢓
࢙࡯ ൌ ૚૛૞૚. ૛ૢ૚ െ ૚ૠૢ. ૠ૞૙ log૚૙ ࡳࡰ

ࡳࡰ	࢘࢕ࢌ ൏ ૟૜૞	࢓࢓
࢙࡯ ൌ ૚૙૙૙

5

6

Note: if standard addendum gears are used, ࢓ࡰ ൌ ࡳࡰ



6

Compute the effective face width in inches
ࡳࡲ	ࢌ࢏ ൏ ૙. ૟૟ૠ	 ࢝ࡰ ࢋࡲ		࢔ࢋࢎ࢚	 ൌ 		ࡳࡲ

ࡳࡲ	ࢌ࢏	ࢋ࢙࢒ࢋ ൐ ૙. ૟૟ૠ	 ࢝ࡰ ࢋࡲ			࢔ࢋࢎ࢚	 ൌ ૙. ૟ૠ	ሺ࢝ࡰሻ

7

Specify the Ratio correction factor ࢓࡯ from figure (10-21) page(484) (500pdf)

࢓࡯ ൌ ૙. ૙૛൫െࡳ࢓
૛ ൅ ૝૙	ࡳ࢓

െ ૠ૟൯૙.૞ ൅ ૙. ૝૟

࢓࡯ ൌ ૙. ૙૚૙ૠ൫െࡳ࢓
૛

൅ ૞૟	ࡳ࢓ െ ૞૚૝૞൯૙.૞



7

Specify the velocity factor (࢜࡯) from figure(10-22) page (485) (501 pdf) 

8

152 304 456 608 760 912 1064m/min

࢜࡯ ൌ ૚૜. ૜૚࢙࢜ ି૙.૞ૠ૚



8

Check if the selected dimensions satisfy the following design conditions:

First condition 

࣌ ൏ ܍ܢܖܗܚ܊	ܚ܉܍܏	܍ܛ܍ܖ܉܏ܖ܉ܕ	ܚܗ܎	܉۾ۻ	ሺ૚૚ૠ	࢚ࢇࡿ

, ૚૟૞. ૞	܉۾ۻ	ܚܗ܎	ܚܗܐܘܛܗܐܘ	ܚ܉܍܏	܍ܢܖܗܚ܊	,	

.૙	ܡܔ܍ܜ܉ܕܑܠܗܚܘܘ܉	܍ܛܝ	ܖܗܚܑ	ܜܛ܉܋	ܚܗ܎	܌ܖ܉ ૜૞	࢛࣌
Second condition

ࡾ࢚ࢃ ൐ ࡳ࢚ࢃ

Third condition

	࢓࢘࢕࢝	ࢌ࢕	࢔࢕࢏࢚ࢉࢋ࢒ࢌࢋࢊ	࢓࢛࢓࢏࢞ࢇ࢓ ൏ ૙. ૙૙૞ 	࢞ࡼ
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Introduction to Optimum Design 



Design Optimization

stresses

noise

vibration

deflection 

weight

cost 

time

Undesirable 
effects

power transmitted

energy absorbed

overload capacity 

factor of safety  

Desirable effects

m
inim

ization
m

ax
im

iz
at

io
n







In
it
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n

Final design







Method of Optimum Design, MOD 

Sketching a model of the item to be designed 

Functional Requirements Undesirable Effects

Reviewing the Boundary Conditions

Summarizing the Specifications and Constraints

Deriving the equations which tie the design variables together 
mathematically 

Deriving the Primary Design Equation (P. D. E.) 



The Basic Design Problem: 
Design a plastic tray capable of holding a specified volume of 
liquid, (V), such that the liquid has a specified depth of (H), 
and the wall thickness of the tray is to be a specified 
thickness, (T). The tray is to be in large quantities. 



: Adequate Design Solution

ܸ ൌ ܾ ∗ ݈ ∗ …………………ܪ . ሺ1ሻ

1. It is possible to know the value of (l) by choosing a value for (b). 

2. It is possible to choose a certain type of material for the tray. 

3. It is possible to choose an appropriate manufacturing method. 

Since the tray is manufactured in large quantity, then: 

1. The most significant undesirable effect for this problem is COST. 

2. The objective of this design is to minimize COST. 

Optimum Design Solution: 



The design should be the best one with respect to the following: 

• Geometry 

• Material 

• Manufacturing method 

The cost (C) of a tray may be written as: 

࡯ ൌ ࢕࡯ ൅ ࢚࡯ ൅ ࢒࡯ ൅  (2)………………………………࢓࡯

, which is called the Primary Design Equation (P. D. E.), where: 

C = total cost 
Co = overhead cost 
Ct = tooling cost 
Cl = labour cost 
Cm = plastic material cost 
Assume Vacuum-forming techniques will be our available manufacturing method. 
Hence, (Co, Ct, and Cl) are independent of reasonable geometrical shapes and 
feasible plastic materials. 



࢓࡯ ൌ .ࢉ .࢈ ࢒ ൅ ૛. ࡴ.࢈ ൅ ૛. ࡴ.࢒ . ሻࢇሺ૜…………………………ࢀ

where: c = a unit volume of tray material, (ID / m3). 

From equation (1) and equation (3a): 

࢓࡯ ൌ .ࢉ ࢂ
ࡴ

൅ ૛. ۶.࢈ ൅ ૛.ࢂ
࢈

. ܂ ………………………………(3b)

࢓࡯ࣔ
࢈ࣔ ൌ .ࢉ .ࢀ ૛.ࡴ െ ૛.

ࢂ
૛࢈ ൌ ૛. .ࢉ .ࢀ ࡴ െ

ࢂ
૛࢈ ൌ ૙

∴ ࡴ ൌ ࢂ
૛࢈

∴ .࢚࢖࢕࢈ ൌ
ࢂ
ࡴ



Now, 		ࢂ ൌ ࢈ ∗ ࢒ ∗ ࡴ

∴ ࢒ ൌ
ࢂ
.ࡴ ࢈ ൌ

ࢂ

.ࡴ ࢂ
ࡴ

ൌ
ࢂ
ࡴ

.࢚࢖࢕࢒ ∴ ൌ .࢚࢖࢕࢈ ൌ
ࢂ
ࡴ

ሻ࢚࢖࢕ሺ	࢓࡯ ൌ .ࢉ
ࢂ
ࡴ ൅ ૝. ࡴ.ࢂ . 	ࢀ

………………………… . . ሺ૜ࢉሻ



Optimum Design for Existing Restrictions: 
Let: 

	࢈ ൑ ࢞ࢇ࢓࢈	 and  ࢒	 ൑ 	 ࢞ࢇ࢓࢒



Mechanical Engineering Design II

Twenty-four & Twenty-five Lectures

Summary of Design Equations in 
Optimum Design 



Typical Schematic Representation of Optimum Design: 



Basic Procedural Steps for M.O.D.: 
Successive steps of a systematic plan lead to the specification of the optimum design, which is 
summarized as follows: 

1. Initial Formulation, (I.F.): it is the summary of the initial system equations including (P.D, E.), 
(S.D.E.), and (L.E.)’s. 

2. Final Formulation, (F.F.): it is a suitable transformation of (I.F.) for the use in the variation 
study step. 



3.  Variation Study, (V.S.): in this step, the (F.F.) equation system is considered simultaneously 
along with the Constraints for general determination of the point’s potential for Optimum 
Design. The sketching of Variation Diagram facilitates this step. 

4. Execution of Results: 

5. Evaluation of Optimum Design: here, the design is analyzed to determine what has been 
achieved numerically for the optimization quantity in order to confirm our acceptance of 
the design. 



Types of Variables in I.F.: 

• Constraints parameters in number, (nc), defined as the ones having either 

regional constraints or discrete value, and directly imposed by (L.E.)’s in the 

(I.F.). 

• Free variables in number, (nf), defined as, the one with no constraints 

directly imposed on them through (L.E.)’s in the (I.F.). 

• Total number of the variables: nv = nc + nf



Types of Problems in M.O.D.: 
There are basically, three classes of problems encountered in application of 
(M.O.D.). They are summarized briefly below: 

1. Case of Normal Specifications, N.S.: 
P.D.E. is single, often an independent material selection factor, (M.S.F.), is 
recognized. 
N.S. types of problems is: [nf >= Ns], where Ns = the number of (S.D.E.)’s. 

2. Case of Redundant Specifications, R.S.: 
• Ignoring some of constraints on selected parameters that are called Eliminated 

Parameters. 
• The P.D.E. designated as equation (Ι). 
• The Eliminated Parameters must be expressed by what is called as the relating 

equations and designated as (ΙΙ, ΙΙΙ, ΙV, and so on), in (F.F.). 
• The test for the (R.S.) type problem is [nf < Ns]. 

3. Case of Incompatible Specifications: 
This is, in reality, nothing more than a special form of (R.S.). 
There is merely no design solution that satisfy all constraints, and speed. 
If boundary values changes, the domain of feasible design is opened and the 
optimum design can be determined by the (M.O.D.). 



One of the most difficult details of execution lies in the transformation of the (I.F.) to 
(F.F.). Three general items are helpful in this respect. They will be outlined briefly below for 
the (R.S.) type of problem: 

1. Exploratory Calculations: 
Dvs = nv – Ns + 1, where: 
Dvs =number of dimensions required for a (V.S.)  , where:   ࢚࡭ ൌ

!ࢉ࢔
!ࢋ࢔ ࢋ࢔ିࢉ࢔ !

At = number of different approaches 
nc = number of constraints variables 
ne = number of eliminated parameters 
ne = Ns – nf
nr = nc – ne, where: nr = number of related parameters. 

2. Choosing the Approach: 
• Choice of the particular approach to take for derivation for the specific (F.F.), should be 

made after thought. 
• Choose the simplest approach. 

3.General Format of (F.F.): 
Summarizing the (F.F.) equations can be very helpful. 

General Planning (I.F.) to (F.F.) in M.O.D.: 



: Case of Normal Specifications )1Example (

Simple tensile bar, (mass production manufacturing) 

L = specified length 
P = constant force 
Optimum design required to minimizing cost 

• Now, the (P.D.E.) is: 
Cm = material cost =c.V = c.(A.L), where: 
Cm = cost of the bar material, 
c = unit volume material cost 

• The undesirable effect are the stress =σ=P/A
, which is the (S.D.E.). 

• The limit equations are: ࣌ ൑ ࢟ࡿ
࢟ࡺ

• Now, P, L and Ny are the Functional Requirements, 
• c & Sy are the Material Parameters, 
• A is the Geometrical Parameter, 
• σ &Cm are the Undesirable Parameters. 



• Now, number of free variables = 1, which is (A), 
number of (S.D.E.) = 1, 

therefore nf = Ns 

• Now combine the (S.D.E.) with the (P.D.E.), 
eliminating the unlimited and unspecified 
geometrical parameter (A). thus: 

which is the (P.D.E.). 

P, L and Ny are specified functional requirement, which 
is probably, cannot be changed. 

is the (M.S.F.) (Material Selection Factor) which is the independent group. 

• Finally, for determining the optimum value of (C.S.A.), (A), we would calculate very 
simply the optimum value of the area (A). 



Redundant Specifications : Case of )2Example (

Simple tensile bar, (mass production manufacturing), with: 

Now, the (I.F.) is: 

(P.D.E.) 

(S.D.E.) 

(L.E.) 

(L.E.) 

• In this case, it is impossible to combine (S.D.E.) with (P.D.E.). Now: 
nf = 0 and Ns =1 

Therefore, the case is a Redundant Specification. 

• There are two approaches: 
1. Ignore the (S.D.E.) 
2. Ignore the (L.E.), on stress or in (A). 



Exploratory calculations: 
There are two approaches possible for (F.F.)’s. 
Our (V.S.) will be two dimensional in character. 

• Say the simplest approach: 
σ is the eliminated parameter 
A is the related parameter. 

The (F.F.) is the same as the (I.F.) 



Redundant Specifications : Case of )3Example (
Simple tensile bar, (mass production manufacturing), with: 

A ≥ Amin, 
Δ ≥ Δmax, 
Lmin ≤ L ≤ Lmax

The (I.F.) is: 



The (V.S.) are: 

Therefore, the (F.F.) are: 
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Department of Machines and Equipment Engineering
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Subject: Design II Year: fourth
Division: General Mech. Exam Time: 1:30 Hrs.
Examiners: Design Group Date: 28/2/2013

Answer (two) Questions Only

Q1: Sketch the system design flowchart showing all details. Then discuss the
market research and application analysis for ((Design Equipment to Convert
Waste)). Write also the refined statement for the system.

(50 mark)

Q2: Fig.1 shows the network combination for sliding door done by a student. He
choose path (A2 B5 C1 D3 E3 F1). You can connect or add each item from subsystem
to another item from other subsystem. The requirements are:

1- Draw complete system scheme in detail.
2- Discuss how to improve reliability of the system.

(50 mark)

Q3: A link in a mechanism is (1371.6mm) the input data and result was shown
with missing information. The relationship between diameter, maximum stress
and allowable load as shown in fig.2. The flowchart for the column is shown in

(Note:
safety factor = N = 6 ).

(50 mark)
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Q: Figure.1 shows the novel design for reel lawn mower ( الثیل - شبـجزازة الع ) 

which is powered electrically (Battery). The main design feature is the re-

location of the wheels, compared to a regular manual push reel mower. This 

new design features four wheels. This was done in order to eliminate ( ءاغلا ) 

the effects of larger wheels and weight flattening ( حیطست ) the grass before it 

has had a chance to be cut. Therefore, this design will minimize the imprint 

) of the wheels on the grass (الاثر) بشـعلاوا لیثلا ). The smaller front wheels of the 

mower are not intended to support a large amount of weight; however, they 

are in place to provide balance. The height of the front wheels will also be 

adjustable allowing the cutting height to be modified quickly by the 

operator.  

                

                                       (a)                                                             (b) 

Figure.1 : (a) The novel design of the reel lawn mower, (b) the regular manual 

push reel mower. 

 

Requirements: 

A: Divide the main system which described above to multi-sub-systems by 

using the design tree method. 

B: Table.1 involves the basic requirements to ensure that the novel design 

can compete with other products on the market. From this table, write the 

initial specifications and measure of value. 
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Table.1 : The basic requirements. 

 

C: According to the system design flowchart, state the suitable blocks in the 

flowchart to involve the following paragraph: 

Manually propelled reel mowers do not generate enough power to cut 

through thick grass, weeds ( لغدلا وا ةراضلا باشعلاا ) and other small debris (  يمطلا

ةریغصلا ىصحلاو ).  

D: Use the exploded drawing shown in figure.2 to 

build the morphological chart with giving more 

ideas for each sub-system. For this task, the black 

box, inversion and analogy concepts should be 

used and specified. 

 

E: Use network combination used in decision 

making to find the best system and draw its 

system scheme. 

                                                                                    Figure.2: The exploded drawing 

                                                                                      for the regular manual push  

                                                                                       reel mower. 
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Answer (Three) Questions Only 

(Assume missing data) 

Q1: Fig.1 shows a power flow through a gear pair: 

 
 

Table.1 shows a trial for solving the spur gear above (Fig.1): 

Find suitable material for this case. Then give 

your comment. 

                                                                                                                                  

 

 

 

 

                                                                     (35 mark) 

 

P 18.65 kw = 25 hp 

np 1750 rpm 

ng 500 rpm 

Np 20  

Ng 70 

Pd 8 

Dp 63.5 mm 

C 142.8 mm 

Wt 3.2 kN 

F 38.1 mm 

Qv 6 

Kv 1.45 

Km 1.2 

Industrial Saw 

Electric 

Motor 
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Q2: A: Use helical gear instead of spur gear for question one, with helix angle  

(Ψ = 5o – 35o) and (Pdn= 6 – 12 teeth/in), the following figure is the results 
between axial pitch (Px) and (Ψ):  

 

Find the feasible point that gives the smaller size of the gears for the following 
information:    (16o  > Ψ > 9o ) ,  (12 > Pdn > 9)  &  (4 > Px >  2 )  

                                                                                                                                 (15 mark) 

B: If a chain will be used: n1= 1750 rpm , chain type 40, number of chain=1, The 
following figure is the results between power, number of teeth in small sprocket 
(N1) and length of chain (L).  
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Find max. power that satisfy the following limits: 
(26 < N1 < 22)  

(112 < L < 133) 

And then find the exact values for (N1) & (L) at the selected power. 

    (20 mark) 

Q3: If the gear will be changed to bevel gears with following information:  

P=25hp , Pd=6 , Np=16 , ng=500 rpm, np=1750 rpm, Qv=9. Find type of material that 

can be used in this case.  

             (35 mark)     

Q4: If a v-belt are used with informa�on: P=25hp , n1=1750 rpm, n2≈500 rpm,  

Find type of belts, no. of belts, length of belts, diameter of belts, angle of 

contacts, actual output speed (give your opinion about the results). 

   (35 mark)     

Q5: Draw sec�onal view showing how each part fixed especially fixa�on of outer 

and inner races using for example step shaft, snap rings, covers… etc on shaft and 

housing. for any one of the previous questions that you solved above.  

   (35 mark)     
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Column analysis 
 
The procedure for analyzing straight, centrally loaded columns: 
 
1. For the given column, compute its actual slenderness ratio. 
2. Compute the value of cC . 

3. Compare cC  with KL/r. Because cC  represents the value of the slenderness ratio that separates a long column from a short one, 

the result of the comparison indicates which type of analysis should be used. 
4. If the actual KL/r is greater than Cc the column is long. Use Euler's equation: 
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The equation gives the critical load, Pcr, at which the column would begin to buckle. 
An alternative form of the Euler formula is often desirable. Note that: 
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But, from the definition of the radius of gyration, r, 
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This form of the Euler equation aids in a design problem in which the objective is to specify a size and a shape of a column cross 
section to carry a certain load.  
 
Notice that the buckling load is dependent only on the geometry (length and cross section) of the column and the stiffness of the 
material represented by the modulus of elasticity. The strength of the material is not involved at all. For these reasons, it is often of no 
benefit to specify a high-strength material in a long column application. A lower-strength material having the same stiffness, E, would 
perform as well. 
 
5. If KL/r is less than Cc, the column is short. Use the J. B. Johnson formula: 
 
Use of the Euler formula in this range would predict a critical load greater than it really is. The J. B. Johnson formula is written as 
follows: 
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The critical load for a short column is affected by the strength of the material in addition to its stiffness, E. As shown in the preceding 
section, strength is not a factor for a long column when the Euler formula is used. 
 
 
 
Eccentrically Loaded Columns 
 
An eccentric load is one that is applied away from the centroidal axis of the cross section of the column, as shown in the graphic help 
entitled “Eccentric column”. Such a load exerts bending in addition to the column action that results in the deflected shape shown in the 
figure. The maximum stress in the deflected column occurs in the outermost fibers of the cross section at the midlength of the column 
where the maximum deflection, ymax occurs. Let's denote the stress at this point as L/2. Then, for any applied load, P, 
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Note that this stress is not directly proportional to the load. When evaluating the secant in this formula, note that its argument in the 
parentheses is in radians. Also, because most calculators do not have the secant function, recall that the secant is equal to 1/cosine. 
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The most widely used type of belt, particularly in industrial drives and vehicular applications, is the V-belt drive. The V-shape causes the 
belt to wedge tightly into the groove, increasing friction and allowing high torques to be transmitted before slipping occurs. Most belts 
have high-strength cords positioned at the pitch diameter of the belt cross section to increase the tensile strength of the belt. The 
cords, made from natural fibers, synthetic strands, or steel, are embedded in a firm rubber compound to provide the flexibility needed 
to allow the belt to pass around the sheave. Often an outer fabric cover is added to give the belt good durability. The data given in this 
program are for the narrow-section belts: 3V, 5V and 8V. 

The pulley, with a circumferential groove carrying the belt, is called a sheave (usually pronounced "shiv"). 

The size of a sheave is indicated by its pitch diameter, slightly smaller than the outside diameter of the sheave. 

The speed ratio between the driving and the driven sheaves is inversely proportional to the ratio of the sheave pitch diameters. This 
follows from the observation that there is no slipping (under normal loads). Thus, the linear speed of the pitch line of both sheaves is 
the same as and equal to the belt speed, vb. Then 

2211  RRVb  

Since 211 /DR  and 222 /DR  , then 
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The relationships between pitch length, L, center distance, C, and the sheave diameters are 
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Where:   122864 DDLB  .  

The angle of contact of the belt on each sheave is 
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These angles are important because commercially available belts are rated with an assumed contact angle of 180°. This will occur only 
if the drive ratio is 1 (no speed change). The angle of contact on the smaller of the two sheaves will always be less than 180°, requiring 
a lower power rating. Note: the angle of wrap on the smaller sheave should be greater then 120°. 

The length of the span between the two sheaves, over which the belt is unsupported, is 
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This is important for two reasons: You can check the proper belt tension by measuring the amount of force required to deflect the belt 
at the middle of the span by a given amount. Also, the tendency for the belt to vibrate or whip is dependent on this length. 

The contributors to the stress in the belt are as follows: 

1. The tensile force in the belt, maximum on the tight side of the belt.  
2. The bending of the belt around the sheaves, maximum as the tight side of the belt bends around the smaller sheave. 
3. Centrifugal forces created as the belt moves around the sheaves. 
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The maximum total stress occurs where the belt enters the smaller sheave, and the bending stress is a major part. Thus, there are 
recommended minimum sheave diameters for standard belts. Using smaller sheaves drastically reduces belt life. The design value of the 
ratio of the tight side tension to the slack side tension is 5.0 for V-belt drives. The actual value may range as high as 10.0. 

The factors involved in selection of a V-belt and the driving and driven sheaves and proper installation of the drive are summarized in 
this section. Abbreviated examples of the data available from suppliers are given for illustration. Catalogs contain extensive data, and 
step-by-step instructions are given for their use. The basic data required for drive selection are the following: 

 The rated power of the driving motor or other prime mover 
 The service factor based on the type of driver and driven load 
 The center distance 
 The power rating for one belt as a function of the size and speed of the smaller sheave 
 The belt length 
 The size of the driving and driven sheaves-- As a guide this software suggests selecting a standard input driving sheave that 

produces a belt speed of 4000 ft/min. 
 The correction factor for belt length 
 The correction factor for the angle of wrap on the smaller sheave 
 The number of belts 
 The initial tension on the belt 
 

Many design decisions depend on the application and on space limitations. A few guidelines are given here: 

 Adjustment for the center distance must be provided in both directions from the nominal value. The center distance must be 
shortened at the time of installation to enable the belt to be placed in the grooves of the sheaves without force. Provision for 
increasing the center distance must be made to permit the initial tensioning of the drive and to take up for belt stretch. 
Manufacturers' catalogs give the data. One convenient way to accomplish the adjustment is the use of a take-up unit. 

 If fixed centers are required, idler pulleys should be used. It is best to use a grooved idler on the inside of the belt, close to the 
large sheave. Adjustable tensioners are commercially available to carry the idler. 

 The nominal range of center distances should be 
 

)(3 122 DDCD   

 The angle of wrap on the smaller sheave should be greater than 120°. 
 Most commercially available sheaves are cast iron, which should be limited to 6 500-ft/min belt speed. 
 Consider an alternative type of drive, such as a gear type or chain, if the belt speed is less than 1 000 ft/min. 
 Avoid elevated temperatures around belts. 
 Ensure that the shafts carrying mating sheaves are parallel and that the sheaves are in alignment so that the belts track smoothly 

into the grooves. 
 In multibelt installations, matched belts are required. Match numbers are printed on industrial belts, with 50 indicating a belt 

length very close to nominal. Longer belts carry match numbers above 50; shorter belts below 50. 
 Belts must be installed with the initial tension recommended by the manufacturer. Tension should be checked after the first few 

hours of operation because seating and initial stretch occur. 
Most manufacturers offer two kinds of belts in each cross section. The ones with the "X" are cog belts, and if there is no "X", it is of 
plain construction.  Both types have the same cross sectional dimensions and will therefore fit in the same sheave. 
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A chain is a power transmission element made as a series of pin-connected links. The design provides for flexibility while enabling the 
chain to transmit large tensile forces. When transmitting power between rotating shafts, the chain engages mating toothed wheels, 
called sprockets. 
The most common type of chain is the roller chain, in which the roller on each pin provides exceptionally low friction between the chain 
and the sprockets. Other types include a variety of extended link designs used mostly in conveyor applications. 
Roller chain is classified by its pitch, the distance between corresponding parts of adjacent links. The pitch is usually illustrated as the 
distance between the centers of adjacent pins. Standard roller chain carries a size designation from 40 to 240. The digits (other than 

the final zero) indicate the pitch of the chain in eighths of an inch. For example, the no. 100 chain has a pitch of 10/8 or 
4

1
1  in. A 

series of heavy-duty sizes, with the suffix H on the designation (60H-240H), has the same basic dimensions as the standard chain of 
the same number except for thicker side plates. In addition, there are the smaller and lighter sizes: 25, 35, and 41. 

Manufacturers supply the average tensile strengths of the various chain sizes.  These data can be used for very low speed drives or for 
applications in which the function of the chain is to apply a tensile force or to support a load. It is recommended that only 10% of the 
average tensile strength be used in such applications.  For power transmission, the rating of a given chain size as a function of the 
speed of rotation must be determined, as explained later. 
A variety of attachments are available to facilitate the application of roller chain to conveying or other material handling uses. Usually in 
the form of extended plates or tabs with holes provided, the attachments make it easy to connect rods, buckets, parts pushers, part 
support devices, or conveyor slats to the chain. 

 

The rating of chain for its power transmission capacity considers three modes of failure: 
1. Fatigue of the link plates due to the repeated application of the tension in the tight side of the chain 
2. Impact of the rollers as they engage the sprocket teeth 
3. Galling between the pins of each link and the bushings on the pins. 

 

The ratings are based on empirical data with a smooth driver and a smooth load (service factor = 1.0) and with a rated life of 
approximately 15 000 h. The important variables are the pitch of the chain and the size and rotational speed of the smaller sprocket. 
Lubrication is critical to the satisfactory operation of a chain drive. Manufacturers recommend the type of lubrication method for given 
combinations of chain size, sprocket size, and speed. 
 
The standard sizes of chain are: no. 25 (1/4 in), no. 35 (0.375 in), no. 40 (1/2 in), no. 41 (1/2 in), no. 50 (0.625 in), no. 60 (3/4 in), 
no. 80 (1.00 in), no. 100 (1.25 in), no. 120 (1.5 in), no. 140 (1.75 in), no. 160 (2 in), no. 180 (2.25 in), no. 200 (2.5 in), no. 240 (3 
in),. These are typical of the types of data available for all chain sizes in manufacturers' catalogs. Notice these features of the data: 

The ratings are based on the speed of the smaller sprocket. 

For a given speed, the power capacity increases with the number of teeth on the sprocket. Of course, the larger the number of teeth, 
the larger the diameter of the sprocket. Note that the use of a chain with a small pitch on a large sprocket produces the quieter drive. 

For a given sprocket size (a given number of teeth), the power capacity increases with increasing speed up to a point; then it 
decreases. Fatigue due to the tension in the chain governs at the low to moderate speeds; impact on the sprockets governs at the 
higher speeds. Each sprocket size has an absolute upper-limit speed due to the onset of galling between the pins and the bushings of 
the chain. This explains the abrupt drop in power capacity to zero at the limiting speed. 

The manufacturers’ ratings are for a single strand of chain.  Although multiple strands do increase the power capacity, they do not 
provide a direct multiple of the single-strand capacity.  The capacity for 2, 3, and 4 strand systems are 1.7, 2.5 and 3.3 respectively.   

The manufacturers’ ratings are for a service factor of 1.0.  The designer must specify a service factor for a given application based on 
the type of driver and load for that system. 

 

The following are general recommendations for designing chain drives: 
 

The minimum number of teeth in a sprocket should be 17 unless the drive is operating at a very low speed, under 100 rpm. 

The maximum speed ratio should be 7.0, although higher ratios are feasible. Two or more stages of reduction can be used to 
achieve higher ratios. 

The center distance between the sprocket axes should be approximately 30 to 50 pitches (30 to 50 times the pitch of the chain). 

The arc of contact of the chain on the smaller sprocket should be no smaller than 120°. 

The larger sprocket should normally have no more than 120 teeth. 

The preferred arrangement for a chain drive is with the centerline of the sprockets horizontal and with the tight side on top. 

The chain length must be an integral multiple of the pitch, and an even number of pitches is recommended. The center distance 
should be made adjustable to accommodate the chain length and to take up for tolerances and wear. Excessive sag on the slack 
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side should be avoided, especially on drives that are not horizontal. A convenient relation between center distance (C), chain 
length (L), number of teeth in the small sprocket ( 1N ), and number of teeth in the large sprocket ( 2N ), expressed in pitches, is 
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The exact theoretical center distance for a given chain length, again in pitches, is 
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The theoretical center distance assumes no sag in either the tight or the slack side of the chain, and thus it is a maximum. 
Negative tolerances or adjustment must be provided. 

The pitch diameter of a sprocket with N teeth for a chain with a pitch of p is 

)/180sin( N

pD


  

 

The minimum sprocket diameter and therefore the minimum number of teeth in a sprocket are often limited by the size of the 
shaft on which it is mounted. Check the sprocket catalog. 

 

 

Rotational speeds and lubrication methods 
 

Chains are typically used in lower speed, higher torque conditions than are belts.   
 

12

nDVc


  

 

where D = pitch diameter of sprocket; 
n  =  rotational speed of sprocket 

 
A constant supply of clean oil is essential to smooth operation and satisfactory life of the chain drive. Chain manufacturers recommend 

three different methods of applying lubrication, depending on the linear speed of the chain cV .  Although there may be modest 

differences between manufacturers, the following are the general guidelines for the limits of speed. Refer to the graphic help for 
illustrations of the methods. 
Type A (170 to 650 ft/min). Manual or drip lubrication: For manual lubrication, oil is applied with a brush or a spout can, preferably at 
least once every 8 h of operation. For drip feed lubrication, oil is fed directly onto the link plates of each chain strand. 

Type B (650 to 1 500 ft/min). Bath or disc lubrication: The chain cover provides a sump of oil into which the chain dips continuously. 
Alternatively, a disc or a slinger can be attached to one of the shafts to lift oil to a trough above the lower strand of chain. The trough 
then delivers a stream of oil to the chain. The chain itself, then, does not need to dip into the oil. 

Type C (above 1 500 ft/min). Oil stream lubrication: An oil pump delivers a continuous stream of oil on the lower part of the chain. 
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Spur gear design 
 

 Actual output speed (gear) 

VR
n

n p
G   

Pn  = rotational speed of the pinion 

VR = gear ratio 

P

G
N
N

VR   

PG NN ,  = number of gear, pinion teeth. 

The spreadsheet computes the approximate number of gear teeth to produce the desired speed from 
P

Gd
PG n

n
NN   ( Gdn  = 

desired output speed). But, of course, the number of teeth on any gear must be an integer, and the actual value of GN  is selected by 

the designer. 

 

Spur gear geometry For full depth involute teeth in the diametral pitch system 
 

 Pitch diameter 
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 Diametral Pitch 
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dP
c 250.
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 if  20dP  
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 Root diameter 
bDDR 2  

 Base circle diameter 
 cosDDb  

 Circular pitch 

N
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 Whole depth 
baht   

 Working depth 
ahk 2  

 Tooth thickness 
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 Center distance 

2
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Bending geometry factor, J, is dependent on the number of teeth of gear for which geometry factor is desired  and on the number of teeth in 
maƟng gear. Values can be found from AGMA 908‐B89(R1995). 

Pitting geometry factor, I, is dependent on the tooth geometry and on gear ratio. Values can be found from AGMA Standard 218.01. 

 

Force and speed factors 
 

 Pitch line speed 

12
PP

t
nDV   

 Tangential force 

t
t V

PW )(


33000
 

or 

nD
PWt

)( 126000
 

where:  

P  = transmitted power 
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 Radial force 
 tantr WW  

 Normal force 




cos
t

n
WW  

 Expected bending stress 

vBmso
dt

t KKKKK
JF

PWS


  

where:  

J  = bending geometry factor 

oK   = overload factor 

sK   = size factor  

mK   = load-distribution factor 

BK   = rim thickness factor 

vK   = dynamic factor. 

 

The AGMA indicates that the size factor can be taken to be 1.00 for most gears. But for gears with large-size teeth or large face widths, 
a value greater than 1.00 recommended. The program computes the size factor automatically. 

The determination of load-distribution factor is based on many variables in the design of the gears themselves as well as in the shafts, 
bearings, housings, and the structure in which the gear drive is installed. Therefore, it is one of the most difficult factors to specify. 

Much analytical and experimental work is continuing on the determination of values for mK . We will use the following equation for 

computing the value of the load-distribution factor: 

mapfm CCK  01.  

where:  

pfC   = pinion proportion factor is dependent on face width and pitch diameter 

maC   = mesh alignment factor. 

The dynamic factor, vK ,  accounts for the fact that the load is assumed by a tooth with some degree of impact and that the actual 

load subjected to the tooth is higher than the transmitted load alone. The value of vK  depends on the accuracy of tooth profile, the 

elastic properties of tooth, and the speed with which the teeth come into contact. AGMA Standard 2001-C95 gives recommended values 

for vK  based on the AGMA quality number, vQ , and the pitch line velocity. Gears in typical machine design would have AGMA quality 

ratings of 5 through 7, which are for gears made by hobbing or shaping with average to good tooling. If the teeth are finish-ground or 
shaved to improve the accuracy of the tooth profile and spacing, quality numbers in the 8 - 11 range should be used. Under very 
special conditions where teeth of high precision are used in applications where there is little chance of developing external dynamic 

loads, higher quality numbers can be used.  If the teeth are cut by form milling, factors lower than those found from VQ = 5 should be 

used. Note that the quality 5 gears should not be used at pitch line speed above 2500 ft/min. Note that the dynamic factors are 
approximate. 

Expected contact stress 

IFD
KKKKWCS

p
vmsot

pc   
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where:  

PC   = elastic coefficient that depends on the material of both the pinion and the gear. PC  = 2300 for two steel gears.  The 

program automatically selects the appropriate value after the user specifies the materials. 

Procedure for selecting materials for bending stress 

 
att

N
R SS
Y

SFK
  

where:  

RK   = reliability factor 

SF  = factor of safety 

NY   = stress cycle factor for bending. 

 

AGMA Standard 2001-C95 allows the determination of the life adjustment factor, NY , if the teeth of the gear being analyzed are 

expected to experience a number of cycles of loading much different from 710 . Note that the general type of material is a factor for 
the lower number of cycles. For the higher number of cycles, a range is indicated by a shaded area.  

 

Expected number of cycles of loading 

))()()(( qnLNc 60  

where:  

L  = design life in hours 

n  = rotational speed in rpm 

q  = number of load applications per revolution. 

 

Procedure for selecting materials for contact stress 

 
acc

N

R SS
Z

SFK
  

where:  

NZ   = pitting resistance stress cycle factor. 

 

AGMA Standard 2001-C95 specifies the determination of the stress cycle factor, NZ .  If the teeth of the gear being analyzed are 

expected to experience a number of cycles of loading much different from 710 , a factor should be used. The user specifies the desired 

life for the system in hours and the program computes the values for NY and NZ . 

After computing the values for allowable bending stress number, atS , and for allowable contact stress number, acS , you should go to 

the data in AGMA Standard 2001-C95, to select a suitable material. Consider first whether the material should be steel, cast iron, 
bronze, or plastic. Then consult the related tables of data. 
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Diametral pitch 
 

The most common pitch system used today is the diametral pitch system, the number of teeth per inch of pitch diameter. Its basic 
definition is 

p

p

G
G

d D
N

D
NP   

Gp NN ,  = number of teeth of the pinion and the gear; 

Gp DD ,  = pitch diameter of the pinion and the gear. 

 

Face width 
 

The face width can be specified once the diametral pitch is chosen. Although a wide range of face widths is possible, the following limits 
are used for general machine drive gears: 

dd P
F

P
168

  

Nominal value of 
dP

F 12
  

Notice that 002.
pD

F
 is recommended. 

 

Rim thickness 
The rim thickness factor, BK , accounts for a rim that may be too thin.  The basic analysis used to develop the Lewis equation ssumes 

that the gear tooth behaves as a cantilever attached to a perfectly rigid support structure at its base. If the rim of the gear is too thin, it 
can deform and cause the point of maximum stress to shift from the area of the gear-tooth fillet to a point within the rim. 

 

The key geometry parameter is called the backup ratio, Bm , where 

t

R
B h

t
m   

Rt  = rim thickness; 

th  = whole depth of the gear tooth. 

 

For Bm >1.2, the rim is sufficiently strong and stiff to support the tooth, and BK =1.0.  

 

For Bm <1.2, rim thickness factor determined:  











B
B m

K 242.2
ln6.1  

When a solid gear blank is used, input a large value (say tR > 1.0 inch) for rim thickness. The resulting value for  1BK . 
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Helical gear design 
 

 Actual output speed (gear) 

VR
n

n p
G   

Pn  = rotational speed of the pinion 

VR= Velocity Ratio ; VR= mg = gear ratio for speed reducers 

 

P
G

g N
Nm   

PG NN ,  = number of teeth on the gear, pinion 

The spreadsheet computes the approximate number of gear teeth to produce the desired speed from 
P

Gd
PG n

n
NN   ( Gdn  = 

desired output speed). But, of course, the number of teeth in any gear must be integer, and the actual value of GN  is selected by the 

designer. 

 

Helical gear geometry 
 

 Pitch diameter 

dP
ND   

 Outside diameter 

d
o P

ND 2  

 Addendum 

dnP
a 1
  

 Dedendum 

dnP
b 25.1
  

 Clearance 

dnP
c 25.0
  

 Root diameter 
bDDR 2  

 Base circle diameter 

tb DD  cos  

where:  

t = transverse pressure angle 












 
cos

tan
tan 1 n

t  
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 Circular pitch 

N

Dp    

 

 Normal circular pitch 
 cosppn  

 

 Diametral pitch 

D
NPd   

 Normal Diametral Pitch   




cos
d

nd
PP  

 Axial pitch 




tan

pPx  

 Whole depth 
baht   

 Working depth 
aahk   

 Tooth thickness 

dnP
t

2


  

 Center distance 

2
PG DD

C


  

 

Bending geometry factor, J, is dependent on the number of teeth on the gear and helix angle for which the geometry factor is desired 
and on the number of teeth in the mating gear. Values can be found from AGMA Standard 908-B89(R1995). 

Pitting geometry factor, I, is dependent on the number of teeth of gear and helix angle for which geometry factor is desired and on the 
number of teeth in mating gear. Values can be found from AGMA Standard 908-B89(R1995)AGMA Standard 218.01. 

 

Force and speed factors 
 

 Pitch line speed 

12
PP

t
nD

V


  

 Tangential force 
 

t
t V

PW )(


33000
 

        or 
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nD
PWt

126000  

where:  

P  = transmitted power 

 

 Radial force 

ttr WW  tan  

 Normal force 

n
t

n
WW




coscos
 

 Axial force 
 tantx WW  

 Expected bending stress 

VBmso
dt

t KKKKK
JF
PWS
 

  

where:  

oK   = overload factor 

sK   = size factor 

mK   = load-distribution factor 

BK   = rim thickness factor 

vK   = dynamic factor. 

 

The AGMA indicates that the size factor can be taken to be 1.00 for most gears. But for gears with large-size teeth or large face width 
F, a value greater than 1.00 recommended. The program computes the size factor automatically. 

The determination of load-distribution factor is based on many variables in the design of the gears themselves as well as in the shafts, 
bearings, housings, and the structure in which the gear drive is installed. Therefore, it is one of the most difficult factors to specify. 
Much analytical and experimental work is continuing of values for mK . We will use the following equation for computing the value of 

the load-distribution factor: 

mapfm CCK  0.1  

where:  

pfC   = pinion proportion factor is dependent on face width and pitch diameter 

maC   = mesh alignment factor. 

The dynamic factor, vK ,  accounts for the fact that the load is assumed by a tooth with some degree of impact and that the actual 

load subjected to the tooth is higher than the transmitted load alone. The value of vK  depends on the accuracy of tooth profile, the 

elastic properties of tooth, and the speed with which the teeth come into contact. AGMA Standard 2001-C95 gives recommended values 

for vK  based on the AGMA quality number, vQ , and the pitch line velocity. Gears in typical machine design would have AGMA quality 

ratings of 5 through 7, which are for gears made by hobbing or shaping with average to good tooling. If the teeth are finish-ground or 
shaved to improve the accuracy of the tooth profile and spacing, quality numbers in the 8 - 11 range should be used. Under very 
special conditions where teeth of high precision are used in applications where there is little chance of developing external dynamic 
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loads, higher quality numbers can be used.  If the teeth are cut by form milling, factors lower than those found from vQ = 5 should be 

used. Note that the quality 5 gears should not be used at pitch line speed above 2500 ft/min. Note that the dynamic factors are 
approximate. 

Expected contact stress 

IFD
KKKKWCS

p
vmsot

pc   

where:  

PC   = elastic coefficient that depends on the material of both the pinion and the gear. PC  = 2300 for two steel gears.  The 

program automatically selects the appropriate value after the user specifies the materials. 

 

Procedure for selecting materials for bending stress 

 
att

N
R SS
Y

SFK
  

where:  

RK   = reliability factor 

SF  = factor of safety 

NY   = stress cycle factor for bending. 

 

AGMA Standard 2001-C95 allows the determination of the life adjustment factor, NY , if the teeth of the gear being analyzed are 

expected to experience a number of cycles of loading much different from 710 . Note that the general type of material is a factor for 
the lower number of cycles. For the higher number of cycles, a range is indicated by a shaded area. 

 

Expected number of cycles of loading 

))()()(( qnLNc 60  

where:  

L  = design life in hours 

n  = rotational speed in rpm 

q  = number of load applications per revolution. 

 

Procedure for selecting materials for contact stress 

 
acc

N

R SS
Z

SFK
  

where:  

NZ   = pitting resistance stress cycle factor. 
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AGMA Standard 2001-C95 specifies the determination of the stress cycle factor, NZ .  If the teeth of the gear being analyzed are 

expected to experience a number of cycles of loading much different from 710 , a factor should be used. The user specifies the desired 

life for the system in hours and the program computes the values for NY and NZ . 

 

After computing the values for allowable bending stress number, atS , and for allowable contact stress number, acS , you should go to 

the data in AGMA Standard 2001-C95, to select a suitable material. Consider first whether the material should be steel, cast iron, 
bronze, or plastic. Then consult the related tables of data. 

 

Normal diametral pitch 
 

The most common pitch system used today is the diametral pitch system. Normal diametral pitch is the equivalent diametral pitch in the 
plane normal to the teeth: 




cos
d

dn
P

P  

where: 

dP  = diametral pitch 

p

p

G
G

d D
N

D
NP   

Gp NN ,  = number of teeth on the pinion and the gear; 

Gp DD ,  = pitch diameter of the pinion and the gear. 

 

Face width 
 

Nominal face width  

)( xPF  2  

where:  

xP   = axial pitch. 

If the number of axial pitches in the face width is less than 2.0 there won’t be full helical action. The program computes a suggested 
value of F = 2.0(Px) and calls for a user-supplied value.  A convenient size greater than the suggested value should be specified. 
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d

G
P
N

D   

 Pitch cone angles 
 

pinion 











 

G

p
N
N1tan  

gear 









 

Np
NG1tan  

 Outer cone distance 

 
sin

5.0
DAo  

 Nominal face width 
 . onom AF  30  

 Maximum face width 

d
max

o
max P

FAF 10

3
 or       (whichever is less) 

 Mean cone distance 
FAA om  50.  

Note: mA  is defined for the gear, also called mGA . 

 
 Mean circular pitch 

od
m

m AP
A

p



  

 Mean working depth 

od
m
AP

A
h





2

 

 Clearance 
hc  125.0  

 Mean whole depth 
chhm   

 Mean addendum factor 

 21
29.0

21.0
Gm

c   

 Gear mean addendum 
hcaG  1  

 Pinion mean addendum 

Gp aha   

 Gear mean dedendum 

GmG ahb   

 Pinion mean addendum 

pmp ahb   

 Gear dedendum angle 









 

mG

G
G A

b1tan  

 Pinion dedendum angle 
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









 

mG

p
p A

b1tan  

 Gear outer addendum 

pGoG Faa  tan5.0  

 Pinion outer addendum 

Gpop Faa  tan5.0  

 Gear outside diameter 
 cosoGo aDD 2  

 Pinion outside diameter 
 cos2 opo add  

 
Because of the conical shape of bevel gears and because of the involute-tooth form, a three-component set of forces acts on bevel gear 

teeth. Using notation similar to that for helical gears, we will compute the tangential force, tW ; radial force, rW ; and axial force, 

xW . It is assumed that the three forces act concurrently at the midface of the teeth and on the pitch cone. Also the actual of the 

resultant force is a little displaced from the middle, no serious error results. 
 
The tangential force acts tangential to the pitch cone and is the force that produces the torque on the pinion and the gear. The torque 
can be computed from the known power transmitted and the rotational speed: 

n
PT  63000

 

Then, using the pinion, for example, the transmitted load is 

m
t r

TW   

where:  

mr   = mean radius of the pinion 

22


 sinFdrm  

 
Remember that the pitch diameter, d, is measured to the pitch line of the tooth at its large end. 
 
The radial load acts towards the center of pinion, perpendicular to its axis, causing bending of the pinion shaft. Thus, 

 costantrp WW  

 
The axial load acts parallel to the axis of the pinion, tending to push it away from the mating. It causes a thrust load on the shaft 
bearings. It also produces a bending moment on the shaft because it acts at the distance from the axis equal to the mean radius of the 
gear. Thus, 
 

 sintantxp WW  

 
The stress analysis for bevel gear teeth is similar to that already presented for spur and helical gear teeth. The maximum bending 
stress occurs at the root of the tooth in the fillet.  This stress can be computed 
 

v

msodt
t K

KKK
JF
PW

S






  

where:  

oK   = overload factor; 

sK   = size factor 

mK   = load-distribution factor 

vK   = dynamic factor. 
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Factors affecting the dynamic factor include the accuracy of manufacture of gear teeth (quality number Q); the pitch line velocity, tV ; 

the tooth load; and the stiffness of teeth. AGMA Standard 2003-A86 recommends the following procedure for computing vK  for 

bending strength calculation 
u

tz

z
v

VK
KK
















 
 

where:  
















Gp
atQ EE

Su 125

2

8
5.0

 

uK z  1085  

 
Usually as a design decision, use two Grade 1 steel gears that are through-hardened at 300 HB with 36000 psi. The modulus of 

elasticity for both gears is 61030  psi. 

 
Bending geometry factor, J, is dependent on the number of teeth of gear for which geometry factor is desired and on the number of 
teeth in mating gear. Values can be found from AGMA Standard 6010-E88. 

 

The approach to design of bevel gears for pitting resistance is similar to that for spur gears. The failure mode is fatigue of the surface 
of the teeth under the influence of the contact stress between the mating gears. 
 

The contact stress, called the Hertz stress, cS , can be computed from 

v
mot

bpc K
KK

IdF
WCCS 




  

 
where:  

pC   = elastic coefficient; 

Using bC  = 0.634 allows the use of the same allowable contact stress as for spur and helical gears. 

 

Pitting geometry factor, I , is dependent on the number of teeth of gear and helix angle for which geometry factor is desired and on 
the number of teeth in mating gear. Values can be found from AGMA Standard 2003-A86. 
 

Procedure for selecting materials for bending stress 

 
att

N
R SS
Y

SFK
  

where:  

RK   = reliability factor 

SF  = factor of safety 

NY   = stress cycle factor. 

AGMA Standard 2001-C95 allows the determinations of the life adjustment factor, NY , if the teeth of the gear being analyzed are 

expected to experience a number of cycles of loading much different from 710 . Note that the general type of material is a factor for 
the lower number of cycles. For the higher number of cycles, a range is indicated by a shaded area. 

Expected number of cycles of loading 

))()()(( qnLNc 60  

where:  
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L  = design life in hours 

n  = rotational speed in rpm 

q  = number of load applications per revolution. 

 

Procedure for selecting materials for contact stress 

 
acc

N

R SS
Z

SFK
  

where:  

NZ   = pitting resistance stress cycle factor. 

AGMA Standard 2001-C95 allows the determinations of the life adjustment factor, NZ , if the teeth of the gear being analyzed are 

expected to experience a number of cycles of loading much different from 710 . Note that the general type of material is a factor for 
the lower number of cycles. For the higher number of cycles, a range is indicated by a shaded area. 

After computing the values for allowable bending stress number, atS , and for allowable contact stress number, acS , you should go to 

the data in AGMA Standard 2001-C95, to select a suitable material. Consider first whether the material should be steel, cast iron, 
bronze, or plastic. Then consult the related tables of data. 

 
Diametral pitch 
 

The most common pitch system used today is the diametral pitch system, the number of teeth per inch of pitch diameter. Its basic 
definition is 

p

p

G

G
d D

N

D
N

P   

Gp N,N  = number of teeth of the pinion and the gear; 

Gp D,D  = pitch diameter of the pinion and the gear. 

 

Number of pinion teeth 
For certain combinations of number of teeth in a gear pair, there is interference between the tip of the teeth on the pinion and the fillet 
root of the teeth on the gear. Obviously this cannot be tolerated because the gears simply will not mesh.  
 
It is the designer’s responsibility to ensure that interference does not occur in given application. The surest way to do this is to control 
the minimum number of teeth in the pinion. 

The minimum number of teeth for straight bevel gears is typically 13. The Gleason Works of Rochester, N.Y., has done an excellent job 
of standardizing the designs of these kinds of gears. The various Gleason systems have the amount of addendum for the gear and the 
pinion worked out so as to avoid undercut with low numbers of teeth and balance the strength of gear and pinion teeth. In each case, 
though, there is a limit to how far the system will go. Use the following values for the minimum number of gear teeth (for pressure 
angle 20 ). 

 
Number of pinion 
teeth 

Min. number of 
gear teeth 

13 31 
14 20 
15 17 
16 16 
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The diameter of the worm affects the lead angle, which in turn affects the efficiency of the set. For this reason, small diameters are 
desirable. But for practical reasons and proper proportion with respect to the wormgear, it is recommended that the worm diameter be 

approximately 228750 ./ .C , where C  is the center distance between the worm and the wormgear. Variation of about 30% is 
allowed. Thus, the worm diameter should fall in the range 

 

0361
8750

..
.


wD

C
 

 
 
 Addendum 
 

dP
a 1
  

 Whole depth 
 

d
t P

h 1572.
  

 
 Working depth 
 

d
k P

h 2
  

 
 Dedendum 
 

dP
b 1571.
  

 
 Root diameter of worm 
 

bDD wrw 2  

 
 Outside diameter of worm 
 

aDD wow 2  

 
 Root diameter of gear 
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 Throat diameter of gear 

 
aDD Gt 2  

 The recommended face width for the wormgear is 
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For maximum load sharing, the worm face length should extend to at least the point where the outside diameter of the worm intersects 
the throat diameter of the wormgear. This length is 
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In most design problems for wormgear drives, the output torque and the rotating speed of the output shaft will be known from the 
requirements of the driven machine. Torque and speed are related to the output power by 
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xGtw WW   

 Axial force on a wormgear 
 

tGxw WW   

 
 Radial force on a wormgear 

 

rGrw WW   

 
The friction force, fW , acts parallel to the face of the worm threads and the gear teeth and depends on the tangential force on the 

gear, the coefficient of friction, and the geometry of the teeth: 
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The AGMA, in its Standard 6034-A87, does not include a method of analyzing wormgears for strength. Only the wormgear teeth are 
analyzed because the worm threads are inherently stronger and are typically made from a stronger material. 
The stress in the gear teeth can be computed from 
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where: 

dW   = dynamic load on the gear teeth 

v
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y  = Lewis form factor 

 
Only one value is given for the Lewis form factor for a given pressure angle because the actual value is very difficult to calculate 
precisely and does not vary much with the number of teeth. The actual face width should be used, up to the limit of two-thirds of the 
pitch diameter of the worm. 
 

 

 n 
y

14.5 0.100 

20 0.125 

25 0.150 

30 0.175 

 

np   = normal circular pitch 
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The computed value of tooth bending stress from Equation (10-25) can be compared with the fatigue strength of the material of the 
gear. For manganese gear bronze, use a fatigue strength of 17 000 psi; for phosphor gear bronze, use 24 000 psi. For cast iron, use 
approximately 0.35 times the ultimate strength, unless specific data are available for fatigue strength. 
 
AGMA Standard 6034-A87 gives a method for rating the surface durability of hardened steel worms operating with bronze gears. The 
ratings are based on the ability of the gears to operate without significant damage from pitting or wear. 
The procedure calls for the calculation of a rated tangential load, tRW , from 

 

VmeGstR CCFDCW  80.  

where:  

sC   = materials factor; 

eF  = effective face width, in inches. Use the actual face width of the wormgear up to a maximum of wD0.67 ; 

mC   = ratio correction factor; 
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 costantan tn  

 

Diametral pitch 
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where:  

GD   = pitch diameter of the gear 

GN   = number of teeth on the gear. 

 
Some wormgears are made according to the circular pitch convention. But, as noted with spur gears, commercially available wormgear 
sets are usually made to a diametral pitch convention with the following pitches readily available: 48, 32, 24, 16, 12, 10, 8, 6, 5, 4, and 
3. The diametral pitch is defined for the gear as 
 

G

G
d D

N
P   

 
The conversion from diametral pitch to circular pitch can be made from the following equation: 
 

 pPd  

 

Output power 

Torque = power/rotational speed = 
n
P
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The input power is the sum of the output power and the power loss due to friction: 

Loi PPP   

Efficiency is defined as the ratio of the output power to the input power: 
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