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Abstract 

This dissertation is undertaken under the auspices of both the CSIR , Division of 

M.i ning Technology and the University of Natal, School of Mechanical 

Engineering . The CSLR have out lined two fundamental objectives of the 

dissertation. Firstly. the need for competent design engineers has become 

increasingly evident. To this end, an evaluation and research il1to the science of 

design methodology has been conducted and regarded as a signi ficant component 

of the thesis. T he rationale behind this aim is that the subject of design has been 

pract iced for thousands of years, but an understanding of the process is 

comparably in its infancy. The importance of the steps involved in the mechanical 

design process can in no uncertain terms be overemphas ized as the adherence 

thereto results in. designs that are least likely prone to fai lure as well as the 

attainment of higbly efficient product design time scales. This is vitally important 

more especially when the drive towards multifunctional multidisciplinary tcams is 

rapid ly developing in the global market place. Secondly, the CSfR, having done 

the app rop riate market research, have defined the need for the design of a timber 

handl ing system to be implemented in a deep level mining environment. It is t he 

authors expressed intent not to separate the theory from the design at hand but 

rather to allow this thesis to become, for the reader, forum where a holistic and 

integrated approach to design can be presented. 
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Chapter 1 

Introduction 

The objectives of this postgraduate undertaking are fi rstly to obtain an 

understanding of the des ign process in a broad context and secondly to allow for a 

manifestation of this process into the design ora timber handling system. 

1.1. Engineering and Design 

In the contex t of today's global market, design is a sophisticated process resulting 

in the manufacture of products, the deve lopment o f processes, systems and 

subsystems. To understand the ro le of engineering design, a logical foundation 

would be the di rreren ti ation between science, society and engineering. Thi s 

understanding of the differences should in itself highlight the interaction between 

them. 

The Oxford Dictionary defines science as that branch of study which is concerned 

either with a connected body of demonstrated truths or with observed facts 

systemat ically classified and more or less coll igated by being brought under 

general laws. From th is defin ition one can ded uce that the nature of science is to 

investigate the true nature of our surrounding and the mechanisms of change from 

one fonn to another. The scientist attempts to fonnulate theory which explains the 

observed facts and predicts the outcome of situations. 

The scientific method depicted in Figure 1.1 consists of a repet ition of 

observat ion, hypothesis and test eventually lead ing to the proposal of a general 

law. According to Chambers Encyclopedia Society is defined as the total system 

of reculTcnl actions, perfon11cd by an aggregate of human beings, who are 

differenti ated by sex, age, ro le or status, variously linked to tics of kinship, 

sharing submissions to common authorities, distributed over a more or less 



contiguous and boundary territory; and possessing continuity through time by 

virtue of biological reproduction and transmission of bel iefs. The nature of human 

geography, history. climate, economy and psychology are the factors that are 

characteristic of a society. 

observatioll 

r1T'ee sST-1=========::s:: 11 JP 0 t 11 e si s 

law 

Figure 1.1. The Scientific Method (after Svensson, 1976) 

It is the fluctuating balances between these factors in space and time that cause 

society to change from place to place and from time to time. Engineering is an 

iterative decision-making activity that generates plans to make optimum 

consumption of resources in order to satis fy human needs. Engineering as an 

activity is intended to benefit society. To this end, the needs of society should be 

understood. Crudely put, people desire food, shelter, transportation and recreation 

to li ve complete lives. The objective of engineering is to utilize scientific 

principles in order to develop practical solutions that are of value to society. The 

engineer must satisfy these said needs within the limitations imposed by social, 

economic and time constraints. 

Marc than ever before, engmeenng IS engaged in rapid development rarely 

matched by any other profession. To keep apace with engineering advances the 

engineer must devote much attention to technical journals and 10 make a study of 
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patents which concern himself. He must endeavor to apply fo r copies of catalogues 

and leafl ets for information purposes. Engi neers are also act ively involved in 

research, writing theory and develo ping theoretical models. Therefore the work of 

the engineer does overlap into the science activity coini ng the term engineering 

SCience. 

It is, however, the des ign discipl ine of engineering which exemplifies engineering in 

action. An important quality of an engineer is the abil ity to dichotomize problems. 

In this spiri t, the definition of engineering given above has been broken down to 

obtain a clearer understanding. 

Iteration 

Decision Making 

Conversion of 

Resources 

A satisfactory conclusion is achieved afte r several 

repeated attempts: infunnation devcloped during the 

preliminary study is used in a second trial , and so 

on. 

The engineer is frequently faced with o ne or more 

alternatives. This compels him to decide which of 

the many alternatives he must accept in o rder to 

solve the problem. The decision is based upon 

various work ing cri teria and various end s or values 

which are exchanged from case to casc. These 

exchanges are known as " trade offs." 

Time, money, natu ral resources and abi lity are the 

important factors that need to be monitored to 

ensure effective and efficient modification of a 

resource into useful goods. These resources are 

always finite , and their nature and availability varies 

from situation to situation. 

3 



The word design comes from the Latin word designate, which means to designate 

or mark out. Pugh, 1990, defines design as the ' total activity necessary to provide 

a product or process to meet a market need.' Engineering design according to 

Asimow, 1962, is a purposeful activity directed toward the goal of fulfi ll ing the 

needs of mankind. In the light of the worldwide drive for designs to be ecologically 

and environmentally friendly the author suggests a modification to Asimow' s 

definition. Design is a purposeful process directed toward the attainment of 

practical solutions that sat isfY the needs of the living world. It is involved with the 

total situation embracing science and society. 

Lt is the authors belief that engineering design is intellectually challenging. As a 

discip line it demands clear mindedness, creativity and logical thought. Somewhat 

paradoxical as it may seem -creativity and logical thought but it is here that the 

challenge lies. The design process requires the manifestation of creative thoughts 

into logical solutions. It rewards those who practice it with the opportunity to 

continually stimulate and enhance their creative problem solving ability and 

increase their knowledge on a daily basis. 

I ,,,,,,,oh« I 

~ . - ~ de;g1~ ~-. ~ "9_ ~ 

j 

Figure 1.2. The engineering designer (after Pahl and Beitz, 1988) 
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Pahl and 8eitz, 1988, have placed the role of the designer as the central sphere 

across the societal spectrum as shown in Figure 1.2. [-le must incorporate artistic 

and creative ability and be highly sensitive to the needs of the society in which he 

functions (the vertical spectrum, Figure 1.2). He musl possess an inquiring mind 

ever ready to support and research his assertions, be practical in thought and 

numerate in hi s endeavors always seeking the most optimum solution, (horizontal 

spectrum, Figure 1.2). 

An ac ti vity as important as design does, therefore, make great demands of those 

who undertake to practice it. It is not without justification that it is written, of the 

'sweat and toil' of designing ~ indeed the persistent unremitting struggle with the 

matter can call for the most strenuous efforts of which the human mind is capable. 

At the same time it demands the utmost concentration on detail and the 

understanding of wide ranging interrelations. 

Design work forces the designer to give the most carefu l consideration to 

problems, to test, to compare and to make decisions - always with the realization 

that he or she may be making a mistake. Design calls, furthelmore, for knowledge 

whi ch is not confined to a narrow speciality but which ranges far into other fie lds. 

As a result of the aforement ioned arguments key words that come into play when 

engineering design is mentioned should be : Goal Orientated; Variform; 

Constrained; Evolutive; Probabilistic; Value Comparative; Compromising. 

1.2. Why the Need to Study the Design Method 

The February 2000 edit ion of the Engineering Management 10umal reported on a 

survey indicating that between 35 % and 44 % of all products launched fail in 

the market place. These arc catastrophic figures when one considers the waste 

5 



of time, money and resources associated with them. These figures on ly represent 

the products that are launched and not the products that fail to even make it to the 

production stage because of lack of foresight or poor designing practice. 

Companies are therefore in need of a method for the development of new and 

existing products and / or processes. 

The design method presented here is not a far cry from what designers have been 

doing ever since the design of the pottcrs wheel over five thousand years ago. 

What it does do, is that it replaces inconsistent, time consum ing off the cuff 

decisions and practices with a structured approach. "B lind Designs" are no longer 

effect ive as products have become more sophisticated, consumer driven, 

govemment illnuenced and an increasing number of concepts are protected by 

patcnting. The success of blind designs are therefore len to chance. Success in 

today's engineering world means highly efficient design to market time scales as 

well as the delivery of a working, reliable product to the market. 

Sustai ned success requires systematic thoroughness and meticulous attention to 

detai l from the bcgilUling to the end of the design process. Design methodology is 

a framework wi thin which the designer can practice with thoroughness. As 

mentioned already, design is the essence of engineering for it is an amalgam of 

technological ski lls, insight and the ever present need and desire to improve. To 

practice design successfu lly in today's fast paced, highly competitive market a 

fonna) method is fast becoming an industry demand. 

To further entrench the dire need for a f0n11al method associated with the design 

process one needs to consider that products have become so complex that most 

require a team of people with a multidisciplinary ski lls base to take a product from 

need through to design and production. In addition giving the design process a 

sense of direction is in itself an incentive to spur the designer to get on with the 

task at hand . 
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1.3. Creativity and the Design Engineer 

Onc must feel that there must be some sort of creative activity In evolving a 

technical product. Something genuinely new occurs in design, when that which 

has never been seen, known or thought of before - i.e. a clear picture, backed up 

by drawings and perhaps by models as well, of a certain object with a certai n 

shape, size and other characteristics, first comes into existence through intellectual 

effort. 

Creativity can be defined as the successful step across the borderline of 

knowledge. The creative person has a driving curiosity, a willingness to explore 

the unconventional , la emphasize the unique as opposed to the traditional , to 

continually seek out the Ileed for a device or product, and he believes that a tru ly 

unique solution ex ists to the problem at hand. Creative discoveries are more likely 

to occur when onc lets onc's imagination soar and then engineers it back to earth. 

It is now the authors intention to fonnally list the ideal characteristics of an 

engineering designer. It should be bome in mind that ifall designers possessed all 

the qualities listed below we would live in a perfectly engineered wor ld. Rather 

every design is a manifestation of the designer's or design team 's aspirations and 

personal skills. 

1.3.1. Ability to identify problems 

One of the basic charactorial requi rements ofa success ful designer is the abil ity to 

identify the problem at hand. Very often correct solutions are found to the wrong 

problem. Correct identilicat ion of the real problem is paramount in sett ing the 

project heading toward the right goal. 
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\.3.2. Imaginative 

Strongly allied to this word is foresight. The designer must imagine or foresee the 

project from an understanding of what he has on paper to the stage when the 

product will be used and what could happen to the product in its operating 

environment. He must predict the changes in this environment and the 

consequences of the use of the product by both skilled and unskilled people. 

1.3.3. Sense of U rgency 

The designer must be able to think and act quickly but without losing his 

effectiveness by panic. He must also maintain a sense of balance between what is 

what is ideal and what is attainable within the restriction of time and finance. To 

this end, his skills mll st be awakened as reliab le and quick judgment will allow his 

design to sustain and or acquire an often predetermined target market share. 

1.3.4. Ability to Simplify Problems 

Many situations lead more often than 110t to quite complicated analysis which 

needs to be carried out for predicting the performance of the product. Even with 

the drive that has made computers and engineering software an indispensable task 

simplification tool to the modern designer, he must guard against using the tool as 

a black box without understanding the logic and theory behind the electronic 

so lution. The model that the designer submits for electronic analysis is very often a 

simpl ified one. Such simplification is coupled wi th the recognition of major facts 

and understanding, that is, the engineer must understand the consequences of his 

simplification. He must substantiate and account for the possible variation in 
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the solution to the simpli ri ed model and be ever ready to make adjustments if the 

answers seem unreasonable. 

1.3.5. Numerate 

Sinee there is a considerable amount of analysis of concepts in design, it is 

essential that the designer be adept at mathematical analysis. He must be capable 

of developing appropriate mathematical and computational procedures to solve 

equations which develop during the analysis. The use of high speed computers 

only means that the designers understanding of the Ilumerical output, as 

mentioned above, should be heightened. 

1.3.6. Decisive 

The decision activity occurs at all stages of the design process. The designer must 

be psychologically capab le of making a decision and have the courage to pursue 

the choices made. An absolute embargo should be placed on indecision and steps 

shou ld be taken to avoid being overly conservative. The engineer at all times 

shou ld be able to support his decision with calculations, tests, sound engineering 

principles and relevant case studies. 

1.3.7. Open Minded 

The design engtneer must at all times be aware that he functi ons in a society 

where the only constant is change. Technology is advancing at an unprecedented 

rate and one cannot conceive new solutions i f the mind is closed to the receptance 

of new things. He must be willing and able to have an open mind when his 

des igns are crit icized with properly supported arguments. 
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1.4. Overview of the Design Process 

The purpose of this section is to set the stage for the chapters to follow . Points 

highlighted here have been treated and examined in greater depth later. Crudely 

put, design consists of examining a need and the development of a solution through 

sketches, models. bra instormi ng, calculat ions, working on the appropriate styl ing, 

ensuri ng that the product is suited to its working environment , that it as a 

sub-component or assembly is compatible with its parent and or co-systems. 

Further, care must be taken to ensure that the product can be manufactured and 

the costs incurred for the design are within the financial constraints. 

The process of design can be represented schematically to levels of increasing 

forma lity and complexity in Figure 1.3 and Figure l A below. Figure 1.3 represents 

the t radi tional approach associated wi th lone designers compri sing of the 

generation of 'bright ideas' drawings and calculations - giving form to the idea, 

judgment of the design and reevaluation if necessary, resulting in the generation of 

the end product. Figure lA shows a more formal description of the design process 

which might be associated with the designer operating as part of a design or 

management team. The fo llowing is a preview of the design process. 

1.4.1. Recognit ion of need 

Design is sometimes ignited with a simple idea that fulfills or satisfi es a need and 

can be ident ified by any individual in an organization or a team of people dedicated 

to market research. As a direct implication of the aforementioned statement , design 

can begin when a potential market is identi fied for a product, device or process. 

Alternatively the ' need ' can be estab lished when a company decides to re-engineer 

one of its existi ng products. 

10 



idea 

sketches and 
calcu lations 

evaluation 

Final solution 

Figure 1.3. The traditional designers approach 

(after Childs, 1998) 

Market 

Conceptual 
Design 

Deta iled 
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Figure 1.4. The total design core (after Pugh, 1990) 
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1.4.2. Problem definition 

This stage encompasses and lists the characteristics desired of the product. It 

should include inputs and outputs, qualit ies, preliminary dimensions and 

limitations on quantities. In short it is that stage which results in the initial product 

specification . 

1.4.3. Synthesis 

This is that part of the design process in which ideas are generated and developed 

into a concept which offers a potentia) solution to the problem at hand. The 

potential solution la the problem should identify itself as closely as possible to the 

product specification. 

1.4.4. Analysis 

This is the truly technical stage of the des ign. [t involves the application of 

engmeenng technology in eamest. The engineering tools, solid and fluid 

mechanics, dynamics, electrical tcclmology and the like, are used to exam ine the 

design. Invariably analysis and synthesis go hand in hand. 

1.4.5. Optimization 

This is the process of repetitively refining a set of often conflicting criteria to 

achieve the best pCrf0n11ance. 
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Chapter 2 - Part A 

Methods of Problem Identification and 

Specification Development 

2.1. Identifying the need 

As highlighted in the previous chapter, the onset of design is more oftcn than not 

ignited with the ident ification of a need or requirement which when given voice. 

will manifest itself in the design of a product or process unique to the established 

need. 

rt is important that as a foundation to the discussion and development of a 

rationa le behind the 'needs identification of society', onc must be aware of the 

total production-consumption cycle of mans socio-economic system. Figure 2.1. 

depicts the stages that material goods pass through in their cycling from raw 

materials to raw materials again. after it has served its intended function and been 

discarded. 

Human beings as a result of urbanization and industrialization have managed to 

dissociate themselves in some instances from the cycle of the natural world. One 

such example is the case of inefficient recovery resulting in waste. In the natural 

world, this cycle is closed since waste material becomes raw material. 

In Figure 2.1. goods now counterclockwise while the infonnation necessary for 

the production cycle generally flow clockwise. Design is a part of planning which 

is a part of production and the infom1ation about the needs of everyone involved 

in the cycle is of paramount importance to the des ign team or engineer. The four 

operating groups (production, distribution, consumption and recovery) are in fact 
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made up of sub· groups. The li st in Table 2. 1 is by no means exhaustive and 

a particular product, device or process w ill extract its own unique assembly of 

subgroups from the li st. 

1 
Production I-

I 
Goods Manuf. Resources _I 

.j. 

I Distribution I Recovery 

Goods Sold Scrap J 
L-------~.rl--(c:.o~n~s~u~m~p~t1io~uO-~~---,r--~t 

waste 

Figure 2.1. The production consumption cycle (after Woodson, 1966) 

Table 2.1. Operating groups and their sub groups (after Woodson, 1966) 

Production Distribution Consumption Recovery 
Planners and Whole Sale Trade Mass Consumers Salvage 
designers Indirt:ct-

Consumption 
Raw Retail Trade Individual Collection 
Material Consumers-
Supp liers D irect 

Consumption 
Component Transportation Conversion 
Suppliers 
Capital Finance 
Equ ipment 
Suppl iers 
Fabricators Product Service 
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Each individual group receives money for the effort made to ensure the 

perpetuation of the cycle but the fundamental drive for this said perpetuation 

comes from the consumer. He alone inputs money for goods supplied or services 

·rendered. The other operating groups extract money and input effort. The entire 

motive power for the production cycle therefore comes from the consumer who 

may be an individual citizen, some govenunental group, a company or some 

combination of these. 

The design team management and or the marketing department may possibly 

provide the motivation for product design or re-engineering from endeavors made 

by competitors to increase their market share and hence threaten the survival of 

the existing product. In fact, the perceived need may be presented to a design team 

by anyone who has a vested interest in a soluti on to a particular problem. Market 

researchers and information scientists are sometimes referred to as front cnd 

designers as they have the responsibility of having a heightened awareness of 

consumer needs and they must present this infomlation to the product designers. 

2.2. Defining the Problem 

The needs of the consumer more often than not are presented to those responsible 

for the technical development in simple (non technical) and sometimes ambiguous 

statement/so These words become for the designer the "Primitive Statement Of 

Need". They must be scrutinized removing al\ ambiguity and in doing so the 

engineer must address all viable meanings. The Primitive Statement is therefore a 

mere starting point for the engineer since, until they are examined and validated, 

can lhe designer or design team proceed with reasonable surety that the product to 

be developed will be onc that the consumer wants badly enough to pay for. 
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[t Illust be clearly understood tbat when the primitive statement is presented for 

development from a source other than a reliable market study, it is merely an 

expression of opinion and may in fact be based on extremely tenuous observations. 

There is no merit in providing a correct solution to a poody defined problem. rn 

effect, the des igner is solving the wrong problem resulting in wasted time, money 

and effort. In this case, no monetary power will be provided by the consumer to 

sustain the production cycle resulting in the ultimate failure of the product in the 

market place. 

To begin exammmg the problem the engineer must begin his thinking at the 

" Pri mi tive Statement of Need". The engineer must be aware of the variability that 

may arise in the analysis that concerns the injtial statement. These variations may 

be in descript ion, interpretation and assessment. This said statement must be 

examined as fo llows : 

- Where did it come from ? (its origin) 

- Why is it deemed to be a need? 

- Whose need is it ? 

- When does the need have to be satisfied ? 

- For how long wi ll it be desired? 

- Does it affect other needs of society and possibly the environment ? 

- What were the observations that inspi red the expression of the need? 

The answers to these questions wi ll allow the need statement to be somewhat 

formalized having more substance than its original form. A very important part of 

the problem defi ni tion involves the careful definition of each word that appears in 

the statement. In this manner, trigger words promote inquiry and one question 

leads to another unt il the problem is defined sufficiently well to generate the 

technical specifications . The specification list must only be attempted once all 

uncertainty has been removed from the pri mitive statement. 
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2.3. The Product Design Specification 

The justified and unambiguous need shou ld be formally documented in the fonn 

of a brief. Having done this a next step would be to develop the technical 

specifications or the product blue print. This is referred to as the Product Design 

Specification (PDS). It is vitally important for the designer to utilize this 

document thoroughly throughout the design. Hence no alllount of emphasis can be 

placed on the effort and time spent on the generat ion of this document. 

The PDS acts as the controlling mechanism, mantle or envelope for the total 

design activity. Whatever the des igner is concerned with, this document is his 

tem1S of reference. The PDS is a working document and is very often described as 

being a dynamic document because if at any time the occasion ari ses for change to 

the original PDS everyone concerned will be informed of the change, the proper 

justification thereof and the consequences of the change. 

There are various format s for this document and it may be very much unique to a 

specific company. Pugh, 1990, suggests the format as shown in Fi gure 2.2. Figure 

2.3. shows the aspects of infonnation content of a PDS. 

Date' Product· 

Competition Current This design World Class 
Best Model (ours) (intent) (target) 

Performance 

(descript ion) 

Safety 

(deseription) 

Figure 2.2. PDS suggested format (after Pugh, 1990) 
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Environment 
Patents Materials 

Testing Costs 

Reliabilty Installation 
Storage Life Time 

Performance Sufety 

Shel f Life ~ ~ 
Aesthetics 

Design Core 
Standards 

Packagmg 

Ipplllg Quant ity Market 
Weight Size 

Maint enancc Ergonomics 

Timesc;:"c!!lo""-;:-= __ ="",,,,,:;::-;::::--'=---
Qualit y Politics 

Disposal 
Liabi lit ies 

Legal Competition Manufacture 
Processc 

Figure 2.3. Possible aspects of the PDS (after Childs, 1998) 

The fonnat put forward by Pahl and Beitz (1988) is very similar to the one 

presented by Pugh (1990), however, they make it a point to distinguish between 

those items which arc described as a wanl and those items that are a demand. A 

demand is that aspec t of the design which under all circumstances should be 

satisfied. a want is an aspect that is desired of the product which are on ly met 

within the design constraints if possi ble. The di fferences between wants and 

demands are highlighted by the Kono Model O/Customer Satisfllction. 

Accordi ng to this model developed by Dr. Noriaki Kano in the early 1980's, there 

are three ways, or more preci sely, three types o f product qualities which sat isfy 

the customer: Basic quality. Perfonnance Quality and Excitement Quali ty. 

Basic Quality refers to customers requi rements that are not verbalized as they 

specify assumed functions or product quality. The only time a customer will 

mention it is when it is absent from the product or process. 

18 



Performance Quality makes reference to those requirements that are verbalized in 

the fann that the better the perfOnllanCe the better the quali ty. The customer wi ll 

notice the change. if you wi ll , and allow a mental differentiation between similar 

products to take place. 

Excitement Quality are those qualities that are unspoken of by the customer in 

requesting such a product as he or she does not expect them to be met by the 

particular des ign. Ir they are absent, the customer is neutral but at the very least 

surprised at the add itional functionality of the product. 

The methods presented above to document the PDS are useful for small project 

teams as it makes the compilation of the technical specifications slightly simp ler, 

as there are less people involved in the process. The method out lined below is 

greatly successful when applied to rnultifunctional multidisciplinary teams. The 

author has found (and shown in Part B) that some of the techniques allied to the 

process below, could also be used quite successfully in smaller teams or lone 

design efforts. 

2.4. The Quality Function Deployment 

It is in this light that the Quali ty Function Deployment (QFD) is used worldwide 

as a too l to generate engineering specifications. It is fast becoming the most 

popular tool used for design process teams. Surveys show that poor problem and 

specification definition is a factor in 80% of all time to market delays. In addition 

to th is sent iment, gctt ing a product to market later than the competitors can 

sometimes be more costly to a company than being over cost or having less than 

optimal perfonnance. 
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The fo llowing is some factual infonnation from a US survey of 150 companies. 

69% of these companies used the QFD method. (7 1 % have begun during the 

nineties). 83% said that the use of the method improved customer satisfaction, 

76% felt that it facilitated rational decision making. It is well documented, 

according to the Engineering Management Journal, that development time can be 

reduced by 50% and start up and engineering costs by 30%. 

The QFD automatically documents this stage o f the design process. The house of 

quality, Figure 2.4. serves as a design record and makes for an excellent 

comprehensive and annotated communication tool. A complex problem can be 

decomposed into simpler sub-problems for which a house can be constructed for 

each s ub-problem. The QFD is a working document and since it is a people 

systen.1 the starti ng point is the voice of the customer. 

how vs. how 

who I I how I I now 

who what now 
what vs. vs. vs. 

what how what 

how much 

Figure 2.4 The QFD house of quality 
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Figure 2.4 . can be explained by outlining several steps regarding the employment 

of this tool. 

Slep I : Idenlify Ihe c/lstomers : Who are Ihey 7 (the ' who ' box - Figure 2.4.) 

The goal in understand ing the design problem is to translate customer requirements 

into a technical description of what needs to be designed . The customer for the 

purposes of compiling the QFD may be regarded as anyo ne in contact with the 

device from conception through to operation as intended. 

Step 2 .- Determine Customer Requirements : What do they want ? (the 'what ' box 

- Figure 2.4.) 

Time magazine conducted a survey regard ing consumer desires and published it in 

the November 1989 issue. The results oftll e survey appear in Table 2.2. 

Table 2.2. Results of a consumer survey on product quality 

What? Essential Not Essential Unsure 
Works as it should 98 1 1 
Lasts a long Time 95 3 2 
Easy to maintain 93 6 1 
Looks Attractive 58 39 3 
Incorporates latest 57 39 4 
technology 
Has many 48 47 5 
Features 

Customer requirements can be broadly listed as : 

Functional Performance 

Human factors 
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Physical Requirements 

Reliability 

Time Requi rements 

Cost Requirements 

Standards 

Environmental Concerns 

Manufacturing! Assembly Requirements 

Step 3 : Generating Quanlitative Valu.es of 'he Requirements: Who Vs. What (the 

'who vs. what' box - Figure 2.4) 

The generation of a weighting factor, will give a qualitat ive indication of how 

much time and effort to invest for a certain requirement. 

Step 4 : Is the Competition Satisfying the customer (the 'now (competiti on) vs. 

what') 

For each of the customer requi rements the existing designs are assigned a number 

as follows 

I . The design does not meet the requirement at all 

2. The design meets the requirement slightly 

3. The design meets the requirement somewhat 

4. The design meets the requirement mostly 

5. The design meets the requirement completely 

Step 5 : Generate Engineering Specifications: How will the requirements be met? 

(The ' how' box - Figure 2.4.) 
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These specificat ions are the restatement of the design problem In tenns of 

parameters that can be measured and have target values. 

Step 6 : Relate the Customer Requirements to Engineering Specifications: 

flow vs. What (the 'how vs. what' box - Figure 2.4.) 

The following numerical values may be adopted to give the required relationship. 

3 strong re lationship 

2 

Blank 

medium relationship 

weak relationship 

no re lationship 

Step 7 : Relate ElIg;neermg Specifications lu each other (the ' how vs. how' 

triangle -Figure 2.4.) 

This step also makes use of the 3-2-1 number system as outlined above 

Step 8 : Set target Values (The 'how much' box - Figure 2.4.) 

These values define an ideal product and must be based on what is tangible. 
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Chapter 2 

Part B 

The Timber Handling Problem Analysis 

2.5. Identifying the Need 

As a prelude to the needs identification a brief outline of mining is provided 

highlighting the use of support systems. The author is of the opinion that an 

understanding of basic concepts behind mining is imperative to the understanding 

of subsequent sections. 

2.5.1. Preamble: Mining at a glance 

Manki nd has found uses for minerals found in the earth since prehistoric times. 

Materials like nint , for making fire, and pigment-bearing minerals like ochre and 

manganese ore were probably the first substances that people mined. The common 

names of archaeological periods like the Bronze Age and the Iron Age indi cate 

significant use orlllase metals. 

2.5.1.1. Locating Minerals in the Earth 

Modem mining is a costly and complicated business. It begins with the locat ing of 

probable mineral ve ins that can produce enough of the desired substance to justify 

the high cost of extraction. Prospecting and exp loration require a vast body of 

knowledge in the earth sciences to find likely mining locations. Geological 

evidence relates the age of sample rocks to the long-term mineralization processes 

of the Earth's crust. Geochem ical evaluat ions are made as well as seismi c tests, 
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magnetic analyses, and electrical studies to detemline the geophysical character of 

a section of earth. 

2.S.1 .2. The Layout and Structure of a Mine 

Once the approximate location and size of a vein or deposit are dctennined, 

mining engi neers decide the best way to mine it. The fami li ar type of mine 

opening direct ly into the base of a hill or mountain on a horizontal plane is called 

all ad it or crosscut tunnel. A straight ve rtical shaft may be drilled to one side of a 

large deposit, with horizontal tunnels running at periodic levels into the deposit. 

The cavernous openings where minerals are excavated are called stopes. Many 

times a vein of ore will run from the surface, where it appears as an outcrop, deep 

into the ground on a diagonal. An inclined shaft runs parallel to the ve in with 

horizontal levels connected to the vei n at intervals. Ore that is found at the surface 

is mined from an open pit or from long strip excavations in a process called strip 

I11l11l11g. 

2.S.1.3. The Process of Mine Excavation and Mineral Extraction 

Excavat ing a mine and extracting mineral substances involves different 

combinations of drilling, blasting, hoisting, and hauling. Drilling a shaft itself may 

involve using a large circular bit that has a serics of grinding wheels for cutting 

into rock. Drills are also commonly used for placing explosives. Drag-bit rotary 

drills use an abras ive, shaving action from diamond blades or steel shot, and the 

percussion drill pounds at the rock with a tungsten cutting edge that rotates at the 

same time. By carefully setting explosives in drilled holes, mining engineers can 

now use blast ing agents of ammonium nitrate, which is effective at 40 percent the 

st rength of dynamite. In some hard rocks, heat applied through a flame-jet or 

jet-piercing drill causes the rock surface to chip or spall. 
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Figure 2,5, A hypothetical mine layout 
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2.5.1.4. Support Systems Employed in a Mining Environment 

Careful consideration is given to the nature of the excavated sections to detem1ine 

what support is needed in the mine. In some, the ceil ing on an inclined shaft may 

not need support because of the lower ground weight from above in such a shaft . 

The cei lings of open stopes, the large cavities dug in the middle of deposits, may 

only need support from pillars of ore or waste rock. Rock ceilings with faults and 

fissures may be covered with shotcrete, a sprayed concrete that sets in and 

reinforces the cracks. Elsewhere, steel rods may be imbedded in the rock with 

large nuts threaded on the exposed end to hold up weakened segments of the 

ceiling. 

Where the span of the ceiling and the ground weight above dictate, structural 

support is provided . This may range from a variety of timber supports to 

collapsible steel arches. Timber arrangements include simple beams, or stulls, 

with diagonal supports into the side walls and a wood ceiling; an inclined beam 

against the hanging wall and wedged against the opposing foot wall with another 

beam; a four-piece set that consists of a complete beam frame (top, bottom, and 

sides); the timber square set linking frames together; and a post that supports the 

ceiling. [n loose ground, ceiling sections are short and built at angles, and at the 

digging face a top sect ion of planking called the breast boards keeps the earth 

from sliding backward. Supported stopes like these move slowly and produce a 

lower volume of ore. In unsupported stopes a number of methods help speed up 

production. These include slicing broad sections from the stope ceiling and also 

allowing large sections to cave in. 

2.5.1.S. Horizontal Transport 

Removal of minerals from mines usually depends on trains of steel boxes drawn 

along tracks by an electric locomotive; vehicles running on treads or rubber 
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wheels are a lso used. In some mines, large hoe-like scrapers pu ll rubble out by 

cable. Hand carrying, or mucking. is still practiced where mechanical means 

cannot be used. The author also completed a comprehensive study involving 

horizontal and vertical transport systems as a sub- project in conjunction with the 

CS IR and Anglo American Technical Division. 

2.5. 1.6. M in e Vent ilation 

A vital consideration in mining is how to vent ilate the underground tunnels and 

cavems, not on ly to provide fresh air to miners but a lso to disperse hannful gases. 

Some mines become unbearably hot and need cooling. Sometimes ventilation 

ducts arranged in certain combinations can create natural drafting of air; usually, 

powerful fans are necessary. 

2.6. The T ask 

S ugges t a Solu t ion To the Problem of In efficient Handlin g of T imber in 3n 

Underground M inin g E nvironment. 

Taking into account that the dissertation is part of the Deepmine initi at ive, which 

is characterized by its endeavor to develop guidelines and practices for the Ideal 

Mine oflhe Future designed for a depth of 5000m, the discussion that will follow 

has been provided for the purpose of answering the following questions: 

- Where did il come from? 

- Why is il deemed to be a Ileed ? 

- Wh ose need is it ? 

- When does the need have 10 be satisfied? 

- For how long will it be desired? 

28 



- Does it aJJecl other needs a/society and possibly the ellvirollmelll ? 

- What were the observations ,hat inspired the expression a/the Need ? 

The Council for Scicntific and Indust rial Research have identified impediments 

regarding the present system of handling timber used for the hanging wall (roof) 

support . This need is based on actual observations (outlined below) of the present 

handling system. It is also based on interviews with various mine managers and 

miners who are invo lved directly with the handling. 

Timber is brought to the relevant horizontal tunnel via a vertical shaft and the 

horizontal transport of the timber along the lUnnel is by Oat car (see Figure 2.6 

and Figure 2.7). A number of flat cars are joined to fonn a train driven by the 

appropriate locomotive. 

The timber is stored in timber bays. Timber bays are 'rooms ' used for the 

temporary storage of the timber until they are utilized for the aforement ioned 

purpose. These bays are fomled by blasting a cavity into the sidewall of the 

tunnel. The length of the Future Mine timber bay is assumed to be 20 m and the 

breadth 3 to 3.2 m. the depth of the bay is the same as the depth of the crosscut 

wh ich is 3.5 11l. The tunnel breadth is 6 m. Figure 2.8. is a representation of this 

description. 

... .. If J_------ ... 

! f ·1) ~ 

" 

Figure 2.6. The side elevation of a fiat car 
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Timber is supplied by Sappi , Mondi, and HS & L in quantities that are determined 

by mining engineer to suit the needs of a particular mine. The timber is 

manufactured as unit blocks of rectangular / square sect ion and arranged as a pack 

consisting of a number of these blocks wi th altemate layers of timber blocks 

arranged at 90 degrees. 

I 

I 
r :f ~~ _1 -

I f'-
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r ~ 
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Figure 2.7. The end of the flat car 

Whilst these suppliers do prepare packs in standard sizes they are not opposed to 

preparing the timber pack in sizes specified by a mining engineer as required and 

detennined by the need of his particular mine. 

Need less to say it is more time efficient (paper work, delivery time and the like) 

and cost efficient to order timber in substantial quantities and to store it . An 

added advantage of thi s is that the supplier (Sappi, Mondi, and HS & L) would be 

more suscept ible to catering for the specific needs (timber pack sizes and quantity) 

when the order is substant ial as this wou ld make economic sense to them. 

30 



-0000- 1 --r -
! ... bt>~ , 
'" I , 

I , 

I 
i 

Figure 2_8_ Layout in plan view of tunnel and timber bay 

These advantages are, however, overshadowed by the disadvantages imposed by 

present method of offloading the timber from the flat car into the timber bay. 

Presently, manual labor is employed to ofnoad the timber. For manual labor to 

ofnoad 12 flat cars (the usual amount) , this would entai l the following : 

If it was assumed for the purpose of this analysis that 1 laborer could lift one 

block of timber, taking its size and weight into account, he will lift it off the car 

callY it a minimum distance of 3m to the bay and 'place' it there, he then 

proceeds to back to the car and repeats the procedure. Presently, this exercise is 

conducted by 2 (possibly 3) I.borers_ Even with 3 laborers the process is gross ly 

time consuming. It was fUl1her assumed for the purpose of this argument that the 

train was stationaJY during the off loading of all 12 cars. This would inval;ably 

mean that the track could not be used whilst offloading. Mining operations at the 

development end would bear the brunt as laborers , materials, rock and equipment / 

machinery that need to be transpol1ed to and from the development ends on a 

regular basis would have wait until the timber was offioaded. 
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One could possibly argue that , a quick fi x to the solution would be to increase the 

labor input. This brought with it a host of probl ems. The transportati on o f more 

men down to the tunnel to assist the o fnoading was one concem , as the skip 

(mining 'elevator!) can hold only a certain number of personnel and only travels at 

set times. Increase in the labor force increases the heat content o f the mine 

exaccrbated by the labor intensive nature of the task which would mean a possible 

revision of the air cooling system. In addition the Deepmine project is in tent upon 

reducing the total labor force and at the same time increasing the amount of rock 

that would be mi ned. Thi s serves only to lend itself to mechani zed mining. Taking 

into account that the task was one of menial labor, no particular skill was 

involved, and that the added labor input would be needed only when the timber 

was required to be o m oaded (timber is required at development ends in much 

smaller quantities at anyone part icular time), there would be no nt::ed for the 

personnel after the requi red period of omoading. 

In addition to the aforementioned poin ts, as a South Afri can Engineer one needs to 

embrace the African Renaissance, and seek to upli ft personnel th rough skills 

development and training. Increasing personnel numbers for the aforementioned 

task is in contradiction to this sentiment. Running parallel to thi s sentiment is the 

dri ve for the South African Mining community to become technically competitive 

with other mining giants world wide. The optimal use of our inherent primary 

resources, in South Africa, would be a step in the direct ion of improving exports 

and the exchange rate. Therefore some degree o f urgency may be attached to the 

a forementioned drive. In light of these statements, it was desired to design a 

system that will aid in the handling o f the timber and would allow the 

development of personnel so that it can be operated and or supervised . 

The Deepmine Project intends to mine to depths of 5000 m. As a project it is in 

itself in it 's conceptualization stage. The ethos behind the proj ect is to develop 

optimum solutions regarding the mine layout, material handling, men handling 

32 



and ventilation. Development of techniques, methods and personnel is the present 

stage of the Deepmine project. 

The next appropria te step was the scrutiny of the UPrimitive Statement", 

Suggest a Solution To the Problem of /lIefficielll Handling of Timber In an 

Underground Mining Environment. 

The definition of the ita licized words were listed and honed down until ambiguity 

had as far as possible been removed, so as to obtain the definitions as presented in 

simple english. 

Solwion 

Problem 

Inefficient 

Handling 

Handling 

(material) 

the act or process of solving a problem 

a maUer of difficulty 

not able to produce an effect without waste of time and! or 

energy and! or cost. 

(i) denoting grasping by hand 

(ii) dealing with a part, component, device or problem 

the movement of material from where it is to where it is 

needed. 
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2.7. The Development of Specifications 

The author sought to harness some aspects orlhe QFD method in the compilation 

or lhe design specifications. 

2.7.1. Who are the Customers ? 

This was a fundamental step in the development of the specifications. As 

ment ioned the consumer is the all important dri vi ng force for the production 

consumption cycle. However, it was not uncommon in the past for the marketing 

department to carry out their required task and simply pass on the report to the 

technical department for the technical development who in turn would pass it on 

to the drawing office who would pass the resu lt of thei r cndcavor to the 

manu facturers without any real interaction between all of these functions. This 

type of practice has been tcnned 'over the fence' design and a total embargo has 

to be placed on its practice. For successful designs the compi lation of sound 

specification lists Illust address the needs of all parties involved wi th the project 

so that ultimately the end consumer wi ll be motivated enough to sustain the 

production consumption cycle. 

With this in mind the customers wi ll be rega rded, for the purposes of compiling a 

specifi cations list, as all the functions involved in the design process. The 

functions that were considered to be the ClIstomers were: 

The Mine Manager 

The Manufacturer 

who would ultimately purchase the product 

would include the vendors, the fabricators of 

components, those involved in assembly (on 

and off site) 
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Marketing 

The Operator 

who identified the in itial des ire fo r the 

design and would be responsible for it sale 

to the mines 

who would be involved in the maintenance 

and operation (the degree of interaction 

depending on the degree of autonomy) 

These were the functions whose needs had to have been satis fi ed by the product 

speci fi cation so that they would have been ab le to carry out their individual tasks 

effect ive ly. 

2.7.2. What do the Customers Want? 

In order to ascertain what customers wanted the author dichotomized the needs as 

the functional perfonnance, the human factors, the phys ical requi rements, the 

reliab ility, the life cycle, the costs and the time scales. The following table 

represents the li st of specifications used in the design. together with a qualitative 

va lue o f its importance. 

Table 2.3. The qualitative description of customer needs 

Move sizable amount of timber A 10 

Leas t time to complete movement B 10 

Minimize the operation input (complexi ty) C 8 

Use minimal number of operators D 7 

Handle load sa fel y E 10 

Make the device visible F 7 

Easy to manufacture G 8 
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- Purchased components easi ly assemb led 

- Assembly and fabricat ion off site 

Look operable and safe H 6 

Easi ly maintained I 8 

Ease in transport ing to site J 7 

Include fault indication and protection K 8 

Design to be easily disposed of L 6 

Design to be rugged and st rong M 10 

Minimize weight N 9 

Corrosion resistant 0 8 

Wear resistant P 8 

Work within the specified envelope Q 9 

Design for fatigue R 9 

Use reliable off the shelf components S 9 

Reasonable purchase price T 6 

Minimi ze capi tal investment in design U 6 

Minimize des ign time - development time V 7 

Easi ly assembled (weld, bolt, etc.) and installed on site W 8 

Easi ly transported to timber bay from surface X 7 

Reasonable costs to - install Y 7 

- operate 

- maintain 

Minimize intemlption of other mining activities Z 8 

The word reasonable was used to describe the costs above as the Deepmine 

Project endeavors to be more oppex (operation) sensitive than cappex (capital) 

sensitive. Thi s sentiment was due to the serious capital repercussions that are 

present ly experienced as a resu lt of projects of yesteryear being cappex sensit ive 

at the expense of its operation. 
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Each of the customer requirements were rated as to how important the 

requirement was to that part icular function (customer). A 3-2-1-0 system was used 

to quantify thi s, with a va lue of 3 indicating a strong demand. The cumulative 

effect of each desire is expressed in the ri ghtmost column. The maximum value 

that cou ld have been ascribed to each specification was (3+3+3+3) 12. 

2.7.3. The Engineering Specifications 

A g lance at the items in the previous table. Table 2.3 .• would convey that these 

items were qualitative desc ript ions of what the product was to do. This was of 

litt le use in the design of the system unless quantification of these descriptions 

were carried out. The fo llowing are a li st of the measurab le parameters that arose 

from the description. 

Table 2.4. The measurable quantities for the specification 

I Load N 

2 Average ope rating speed m/s 

3 Total operation time hrs 

4 Operator tasks # 

5 Subsystems I Sub-components # 

6 Number of operators # 

7 Time to install on site hrs 

8 Number of s teps to install on si te # 

9 Labor needed to install on site # 

10 Time to assemble (weld, bolt, etc.) on si te hrs 

11 Number of steps to assemb le on si te # 

12 Labor needed to assemble on site # 

13 Cost to install on s ite R 
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14 Cost of purchased parts R 

15 Cost of fabrication R 

16 Time to manu facture, fabricate (if not purchased) hrs 

17 Number of steps to manufacture, fabricate # 

18 Number of manufacturing, fabricating processes # 

19 Maintenance cost R 

20 Maintenance Time hrs 

21 Number o f steps to maintain # 

22 Ductility % elongation 

23 Stress MP. 

24 Corrosion resistance % Cr IZn depth 

25 Mass Kg 
-

26 Compactness rn' 

27 Number of cycles # 

28 Height of tunnel m 

29 Width of bay m 

30 Life yrs 

31 Transport type 

As this was very much a working document throughout the design of the system 

the author has opted 11 0t to include the final specifications at thi s point hut to 

allow the reader to see how the design process allows for the speci ficalion 

evolution. The author sought not to specify all o f the items in the initial 

specification as complete li sts were compiled during the conceptual design phases 

since each concept naturally offered different va lue ranges, advantages and 

disadvantages. This served to illustrate that the specification brier was indeed a 

working document and the design process highly iterative. The rollowing table is 

a list or the initial spcci fi cation. 
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Table 2.5. Initial specifications 

Load Approx. 2000 kg 

Average operating speed The average speed 15 - 25 ml min 

Total operation lime Offloading of Twelve cars in < 2hrs 

Operator tasks Dependent on concept: to be minimum 

Subsystems I Sub-components Dependent on concept: to be minimum 

Number of operators Dependent on concept: to be minimum 

Time to install on site < 5 hrs 

Number of steps to install 011 site Dependent on concept: to be minimum 

Labor needed to install on site Qualified and trained personnel 

Time to assemble (weld, bolt, < 5 hrs 

etc.) on site 

Number of steps to assemble on Dependent on concept: to be minimum 

site 

Labor needed to assemble on site Dependent on concept: to be minimum 

Cost to insta ll on site Operation minimally cappex sensitive 

Cost of purchased parts Operation minimally cappex sensitive 

Cost of fabrication Operation minimally cappex sensit ive 

Number of steps to manufacture, Dependant on concept: to be minimum 

Number of manufacturing, Dependent on concept; to be minimum 

fabricating processes 

Maintenance cost Minimum 

Maintenance time < I hr 

Number of steps to maintain Dependent on concept: to be minimum 

Ductility % elongation > 5 % 

Stress Dependent on concept: to be appropriately 

chosen with suitable safety factors 
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Corrosion res istance Galvanized steel work, 

Non corrosive materials 

Mass Yz - I ton 

Compactness To faci litate transportat ion, handling 

Number of cycles - 10' - 10' 

Height of tunnel 3.5 m 

W idth of bay 3111 

Life 15 yrs 

T ransport Standard transport vehicles to transport to 

site, able to be transported to bay along 

tunnel 
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Chapter 3 - Part A 

The Theory and Methods behind 

Concept Genesis 

3.1. Introduction 

Conceptual design has different meanings to different peop le. To some it may 

represent the description of all subsystems and component pal1s which go up to 

make the system as a whole. To others it may be an idea that has been sufficiently 

developed to evaluate the physical principles that govem its behavior, confinning 

that the product will satisfy the customer need. 

Another way to define conceptual design would be to describe it as an iterative 

process comprising of a series of generative and evaluative stages which converge 

to the preferred solution. Whilst there is much merit in each of the above 

definitions the author is of the opinion that the following simple statement best 

describes conceptual design 

Conceptual design IS the generation of solutions 10 meet the specified 

requireme" ts. 

3.2. Concept Genesis 

It is or paramount importance that as many ideas and concepts as is economically 

expedient, are generated. An absolute rest raint should be placed on accepting the 

first seemingly promising solution and thereafter proceeding to its design and 

development. Whilst the possibi lity that this design could very well be the one 

chosen ror rurther development, that is exactly what it is - a possibility. 1n order to 
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II1crease the odds against the design fai ling in the market, designers and or 

design teams simp ly cannot afford the lU xury of such chances. 

McGrath, 1984 states that concepts are most efficiently generated by working 

indi vidually and then regrouping with other members of a design team in order to 

evaluate the cumulati ve efforts. Each concept wanants scrutiny and the 

advantages weighed against the disadvantages so that the bes t concept may be 

sel ected. Upon having done this should the designer or team decide that the 

concepts as presented do not sati sfy the need sufricicntly well , the process may be 

repeated and new concepts generated. Altemati vely, the advantages or strengths 

of several concepts could be combined giving ri se to an amalgamated concept. 

The latter has much merit as taking into account that different designers could 

have placed s lightly more emphasis on different aspects of the design. In thi s way 

ideas and concepts that fulfill as many requirements of the product as possible 

can be combined into one workable concept. 

The author has fo und that it is good practice to list the diverse techniques 

avai lab le in a tab le according 10 the manner in which they assi st memory scan. 

The techniques listed under problem recognition are used most effecti vely when 

they follow d irec tly from the probl em definition phase as they are focused on the 

fonlla tion of the first layer on top of the foundation (problem defin it ion). 

Table 3. 1. Conceptualization techniques 

Problem Recognition Idea Simulation Groups 
Att ribute Listing Fert ile Words Brain Stonn ing 
Input-Output Analogy Synet ics 
Morpho logical Analysis Empathy Authors Suggestion 

Conceptual Invcntory 
Morphological Analysis 
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3.2.1. Problem I~ecognition 

3.2. J. J. Attribute Listing 

The attributes of;) design are those qualities and or quantities that distinguishes 

the product from others. By identifying these attributes the designer will empower 

himself with the ability to focus on a particular aspect of the product. Having 

stated that, the attribute listing method can be most appropriately diagnosed for 

projects cOllcemed with product enhancement where the basic concept of the 

product has already been established and the enhancement is required to eliminate 

defects or the optimization with respect to product economics, functional 

operat ion, material expenditure or clari ficatiol1 and expansion of market potential. 

It is quite possible and sometimes an abso lute necessity for repetition of the 

attribute listing procedure until the fundamental features which characterize every 

feature of the product are known. By doing this the product may be dichotolllized 

into more comprehensible aspects. The attribute listing method forces the designer 

to expand his horizons and thereby stimu late the creation of alternative ideas. 

3.2.1.2. Input - Output Analysis 

This technique attempts to erect a bridge to link the system input to the system 

output with the freedom to chose the means by which the input may be 

transfonned into the output. In other words there is no prepossessed solution to 

the problem. 

As a technique it is was originally fonnalized for the design and development of 

products which perfonn as physical task or function. As mentioned above, the 

method embraces three abstract aspects o f a product viz. input (in going power or 
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force), Olllput (corresponding action or force), .~pecificatioll (add ition information 

that may govern the nature of the input and output). 

The input-output analysis method has been developed considerably slllce its 

conception. The philosophy behi nd the refined technique is that st ructure fo llows 

function . At this point, it is important to understand what the term function means 

in a design context and to differentiate it from the form of the design. FlInction 

communicates what the product should do and not how it is to be done. The /01'111 

of a product will be a disclosure of how it wi ll be designed to fulfill what it must 

do 

For a complete understand ing of the technique it must be understood that fun ct ion 

can also be described as the logical tlow of energy, material and or information. 

Those funct io ns associated with energy fl ow can be described by both energy type 

and by the effect that it has on the system. Energy flowing though a system may be 

stored, transformed, conducted, supplied and dissipated. With this in mind the 

words used to describe the flow of energy are verbs. 

The fl ow of material may be best described by defining its subdivis ions. Through 

flow is a material conserving process, divergillgflow can be descri bed as dividing 

the material into two or more components, converging flow is an assembly or 

joining of materials . The functions associated wi th information flow can embody 

mechanical, electrical and or fluid signals. 

As a technique the input output analysis can be used for the genesIs of new 

concepts and the enhancement of existing ones. To give direct ion to the uti lizat ion 

of this technique the four steps li sted below need to be followed . 

Step J : Find the overall fimcl ioll that need\' 10 be accomplished 

Be aware of the system bou ndaries 
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Slep 2 : 

Slep 3 : 

Slep 4 : 

Remember that energy and materials are conserved 

All objects that interface with the sys tem must be li sted 

The information nows may be incl uded in the d iagram by 

ask ing the question : How wi ll one know if the system is 

perfomling? 

Creale sub jUll ction descriptions 

consider what and not how! 

break down the function as finely as possible 

consider the operational sequence 

li st alternative functions 

include the function box or function table; the action word 

(verb); the object on which the verb acts; the known 

material, energy and information. 

Order the sub fimcrioll 

the now should follow a logical or temporal order 

redundant functions should be identified and 

eliminated or combined. 

Refine Sub fUllctiolls 

decipher whethe.r the functions listed above are 

truly basic functions i.e. in their simplest fonn 

make sure that all assumptions regarding the product 

are documented and properly voiced. 

make sure that the function is directed at what and 

not how unless the how was assumed at the onset 

ensure that the domain of knowledge required of the 

product is sufficient. 
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3.2.1.3. Morphological Analysis 

This technique entails firstly the listing of the all the parameters involving what 

the product should do, in other words the listing of the device functions, and 

second ly the list ing of ways and means of fulfi lling these required functions. It is 

important that these said ways and means arc of the same level of abstraction as 

different levels would place this technique under different sub-catergorics 

accord ing to which concepts are generated. For examp le. if the task at hand was to 

lift an object from point A to point B, then if one offered potential solutions as 

being fluid power, e lectrical power, or possibly using a mechanical advantage 

these items would be on the same level of abstraction falling under the 

sub-catcrgory of problem recognition. A hydraulic motor, a hoist or mechanical 

linkages would be a list of the same abstract ion level and would fa ll under the 

category of idea simulation. The author has found that in practice a listing similar 

to the latter of the two is a simpler means ofvisuaJi zing the final device, provided 

that a val id general and functional abstraction has been carried out. 

The morphological chart is presented as a tabular matrix vertically list ing the 

req uired functions on the extreme left and each one in tUnl followed by a 

horizontal listing of the possibilities available in conceptual fulfillment of the 

product. It follows sequentially from the effort invested in the input output 

technique, however takes it to the next level by considering the methods avai lable 

to achieve the required funct ion. A morphological analysis wi ll prompt the mind 

into considering the total problem at one time. 

The value of this technique lies in the fact that numerous sol utions to the problems 

become immediately available with the number of solutions limited only by the 

number of alternatives available in fulfillment of the function. The draw back of 

the technique is oddly enough the same as its advantage. The generation of too 
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many solutions might in fact be bewildering. It takes good engineering insight to 

decipher the practicality o f a possible so lution. The designer should ask himself 

whether or not the combi nation as put forward can gel together as a working unit. 

He should also be aware of the implications of gelling such sub systems. 

3.2.2. Idea Stimulation 

3.2.2.1 . Fertile Words 

This method entai ls the listing of onc word relevant to the problem and following 

it up by words that have similar meaning. The method re lies on the abi lity of the 

human brai n to atlach an idea to a word or series of words. The ideas however 

abstract shou ld be documented. Often the 1110st successful designs have been 

rooted in abstract ideas, afler suffic ient refinement, of course. The range and 

number of ideas arc limited only by the human imagination and is therefore 

boundless. This is one of the simplest and most effective techniques available. 

3.2.2.2. Analogy 

This method is similar to the method outlined in section 3.2.2. 1. with the 

difference that instead of extracting ideas from words wi th similar connotations, 

ideas are stimu lated by extracting infomlation from previous experience and 

observation that have bearing on the problem at hand. A common fu el for the 

analogy technique is often found in other designs whether simi lar in c lassification 

or not to the task at hand. One of the richest sources of the analogy method is 

nature. There is an immeasurable number o f principles, practices, structures and 

mechanisms in nature. 

In order to develop the facility for the application of analogies to cngllleenng 

design a heightened awareness is desired. That is to say that it is required that the 

47 



power of observation and the intensity of interest which enables the designer to 

recognize and understand the principles governing objects, whether natural or man 

made, must be brought to the fore. The designers' inquisitive and inquiring ability 

is required here. His ability to ask why? how? where? what? about the situation 

he is faced with will fonn the basis for the inexhaustible reservoir of knowledge 

that he will possess when he is faced with the opportunity to design and 

conceptualize. 

3.2.2.3. Empathy 

This is a method of idea development by considering a personal involvement in 

the project. By definition empathy is the "power of projecting ones personality 

into the task". The essential characteristic of the approach is to imagine that one is 

a part of the device or some phenomenon innuencing its development. This 

method is sometimes useful when one examines the effort that would be invested 

by a human (thought, motion and control) in carrying out a specific task. The next 

question that wou ld require answering would be, how can this effort be carried out 

by a machine or what product would make this task more pleasant and simpler. 

3.2.2.4. COllceptuallnventory 

The conceptual inventory method as is also known as thc check list method is 

used as a means to stimulate creativity. The ethos behind the method is based on 

the adage that ill order to get the right answers one must ask the right questions. 

With this in mind one can define the method as being a means of examining ideas 

and rearranging thoughts in an effort to expand or optimize the concept. The 

process is closely allied to the method of boundary Shifting in which the 

constraints and parameters as identified in the Product Design Specification are 

challenged in order to proceed with reasonable surety to the next stage. 
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The suggested list of questions follows: 

I. PilI illto otiter uses? 

2. Adapt? 

3. MagllifY? 

4. Modify? 

5. MillifY? 

6. Substitute? 

7. Rearrange? 

8. Reverse? 

In what way can an ex isting product or material be 

used differently- either as it is or after modification? 

What othcr product ei ther man made or of nature 

sati sfies a similar prob lem? 

What are the conseq uences if the product was 

designed to be stronger, higher, faster, with greater 

frequency, extra value, etc. 

Can the shape, calor, motion, odor, soum.! be 

changed. What are the consequences. 

The effort made to limit quantities or parameters 

possibly to the extent of e liminating them . 

Replacement of parts, processes energy method 

de livery methods which are ab le to pcrfonn similar 

tasks. 

Can one interchange components, temporal orders, 

transpose cause and effect? 

Can the process, machine, device run backwards, 

upside down, stop the moving, move the fixed? 

Implicat ions thereof? 
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Y. Combine? Ln what way can products, devices, portions of 

concepts be combined? 

These are examples of quest ions that one could ask. The intention is to force the 

mind into a situation where the memory has a direction in which to act. Once the 

mind is opened a whole new vista may appear and vast changes in the design 

concept become evident. 

3.2.3. O.oganizcd Group Activiti es 

These methods can be applied when there is a group o f people gathered to confer, 

contribute, develop and stimulate ideas. Anyone involved in group activity of any 

ki nd will be aware that organizat ion and direction are not desires but absolute 

musts. Seeing as how the move toward group activity or group orientated product 

development is rife in industry these methods allow the efficient employing of such 

activity. The justification behind this drive is that a much greater memory store is 

available with more than one person and when managed and practiced adequately 

wi ll prove to be beneficial to the total design process. The fo llowing two 

techniques were developed with the intention to organize the group acti vity. 

3.2.3. 1. Bnlinstonn ing 

A gathering of persons with knowledge about the problem at hand is desi red. 

In the authors opinion it is not necessary that all of persons involved have the 

facility, training or education to develop the product, as long as they have the 

insight into the si tuation, abil ity to think quickly, open minded ly and without 

inhibition. At the same time persons with technical and marketing insight are of 

indispensable value to the team when it comes to the engineering of the ideas into 
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feasible solutions. There are strict guidelines which shou ld be adhered to ensure 

success of the method. 

lay down an a lready sufficiently defined problem 

a total restriction is to be placed on the criticism or passing of judgment on 

ideas during the ideation phase, as the goal of the group becomes side 

tracked if the atlacked ideas are ridicu led or have to be de fended. Often 

people are reluctant to express their ideas at the expense of them bei ng 

scoffed at for them. 

it must be well known that all ideas are welcome and documented. Often 

wi ld ideas ignite another thought or line of thought which leads to a 

successful solution, even though original idea may have been rooted on a 

tangent to the problem. 

the development of as many ideas as possible is prudent as the number of 

ideas are proportional to the probability of obtaining ideas warranting 

further development. 

combi nat ion of ideas should be investigated and is encouraged since it is 

here that wild ideas may prove useful. 

3.2.3.2. Synetics 

This technique involves a slightly more rigid agenda as compared to the preceding 

one. For this technique the members of the group must have particular knowledge 

and skill s in a particular area. The members are invited by the chairperson of the 
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meeting because they posses these abi li ties. The method hinges on the fact that at 

the outset only the chairperson is aware o f the problem in its entirety. 

The steps governing synetics are: 

the chainnen leads a broad general disclIssion on a topic central to the 

problem. 

he then provides some guidance and stimulation for further discussion by 

qllestioning the statementslideas and or declaring significant but not 

problem revealing infomlation. 

when the chairman is satisfied that the discussion has led to or at least 

close enough to a lucrative solution, he reveals the prob lem to the team. In 

this way the many 'loose' ideas generated prior to thi s will be given a 

subst rate and furth er discuss ion will allow a finn rooting o f these ideas so 

that the finali zation of the concept can be realized. 

3.2.4. Suggestion of the Author: Assessment of Group Activity 

The advantages, as mentioned above, of a group effort over that of the lone 

designer are indeed important, especially in present engineering design 

environments. However this requires the proper coordination and managemem to 

ensure success. It could very well be the case that a group discussion may go 

round in circles with people trying to voice their opinions and beliefs rather than 

attempting to direct their thought process toward the attainment of the goal. This 

could be because in group activity the pressure to speak and be heard could be 

greater than the pressure to th ink. This could also be because some people think 

best when they are alone and purposeful ideas flow more easily when in isolation. 
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It might very well be that there are some who in fact have a lot to share, but prefer 

to give it more thought before vol unteering the information. Does this mean that 

these persons should not function at the conceptual design level or at any level 

requiring group activity? The reality is that there is wi thout a doubt more memory 

store and abil ity availab le in a group of people. The following method, suggested 

by the author, embraces the advantages of group activity and attempts to bias the 

intention of group acti vity towards constructive thought followed by presentation 

of them to a group. 

having identified and defined the problem the design team manager 

informs his team of the problem possibly by memorandum or by a fomm l 

meeting for which the sole purpose is to present the learn with a formal 

representation of the problem. Thi s should take the fbml of the PDS. 

at this stage there should be a no questions asked policy adopted as the 

manager shou ld see to it that all the necessary infommtion is presented in 

the PDS. It the onus of the manager and possibl y his superiorls to decide 

0 11 how open to leave the problem. 

he should inform his team that, on a predetermined date, each one should 

have a document prepared containing many off the cuff ideas or one or 

two ideas that the member has chosen to expand sl ightly. This is left to 

tcam members disgrcss ion . The author is identifying the possibility that 

some people may prefer to choose I or 2 ideas and develop them to the 

next level of abstract ion and some may prefer to generate many ideas on 

some lesser level. 

further each member must be prepared to present his document to the 

team. The team members have the freedom to choose from the list of 

techniques above as to how they will generate ideas. 
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on the day of presentation, each member should have in front of them a 

copy of tile other members document and should make notes while 

someone is presenting. 

there is to be no verbal criticism of ideas at any point. 

at this point the members may disband until the next meeting or the next 

step may in fact occur at the same meeting. 

the manager or coordinator must ask each member to select wi th 

motivation one concept other than their own, or seek to combine one or 

more ideas into a new concept. It is also important that if one opts to select 

an off the cuITidea that they would be obl iged to make suggestions for the 

next abstraction level. 

this again should be completed in documented fonn at and presented to the 

team . This document should also list the criteria lIscd by the team 

member in selecting the ideas of the others. 

The onus is then upon the coordinator to drafi a selection table containing 

the ideas selected by the members together with a set of criteria against 

which they can be further scrut inized. 

this preliminary selection table is presented to the team, where further 

input is requested for the selection criteria and thereafter each member is 

asked to complete the selection table. 

the next step would enta il the finalizing orlhc concept by discussion from 

the resulls obtained from the selection matrix. 
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Chapter 3 - Part B 

Conceptualization Techniques Applied to the 

Design of a Timber Handling System 

3.3. Introduction 

It is important that the designer be well aware o f the techniques presented in the 

theory section of this chapter and with this awareness he may possibly seek to 

harness certain aspects of some techniques and order the techniques at his 

disgress ion for a particular si tuation. With this in mind the following method has 

been presented at the discretion orlhe writer as being appropriate for the design at 

hand, to carry out conceptual design. 

It is important to li st at the onset of conceptual design all assumptions that wi ll 

have a bearing on the conceptualization process. It 15 reasonable to make 

assumptions provided that there is an awareness that the assumption is being 

made. 

3.4. Product Function 

3.4.1. What should the device do ? 

Simply put the dev ice had to move timber from a nat car into the limber bay, The 

initial assumpt ions were that the timber arrives at the timber bay on a rai l driven 

Oat car. the dimensions of the tunnel and bay were as stated in chapter two. A 

further assumption was that the timber will be moved as a unit comprising of 

many blocks. This is often known as the unit load principle of material handling 

55 



and is considered good practice when items have to be moved in large quantities 

in short time spaces. The use of a pa llet for the handling would seem appropriate 

given the block nature of the constituent material bei ng moved . 

.---;,r "ocate withdraw 
shift thrust 

launch transfer dri ve drag 
haul maneuver propel 
lug ro ll push 
dump motori ze 
slide convey manipulate 
pull turn lift 

Figure 3.1. Application of the fertile word technique 

Upon examination of th is simple statement the verb, move, in the statement 

deserved scrutiny. A list of allied words was compiled and appears in Figure 3. 1. 

Reference is made to the fert ile word technique. The next step was the compilation 

of va rious scenarios on a somewhat superficial level that were ident ified as being 

potential solu tions to the problem. These scenarios attempted to embrace the 

meanings of some of the words in Figure 3. 1. 
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3.5. Subsequent Attempts at Conceptuaiization 

This section is presented only for the purpose of illustrating the conceptual design 

process. The true nature of the iterative process of conceptualization for the sake 

of brevity could not adequately presented, as the ideas, however feasible or 

unfeasible, were indeed numerous. The scenarios presented here arc in fact second 

and third stage iterations and may list more than one idea that were grouped and in 

some instances modified 10 be incorporated into a single scenario. 

3.5.1. Scenario One 

Have a rolli ng mechanism filted onto the flat car or possibly use a detachable 

ro lling system that could be placed on the flat car. The system may have been 

manually, electrically, mechanically or fluid actuated . It cou ld have had a braking 

system incorporated. The system could have been automated . There would have 

been a roller system in the timber bay so that the palletized timber could be moved 

along in the bay. Some modification could have been made to the path of the flat 

car rail so that it passed closely enough to the bay to allow for the transfer of the 

pallet from the rollers on the cart to the rollers in the bay . 
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Figure 3.2. Flat car shown in plan view with roilers 
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3.5.2. Scenario Two 

Set up a gantry system to work within the specified envelope. Have some sort of 

manipulator to raise and support the load off the cart and place it in the bay. 

Various options of control and degree of autonomy wou ld be avai lable for the 

purpose. Cartesian path options would be x-on ly, x-y, or x-y-z. This wou ld 

include gant ry cranes, si ngle and double gi rder opt ions for cranes on runways. 

Options for gantry sys tems range from runway cranes, overhead gantry systems 

and gant ry cranes. An overhead runway x-y-z gant ry is shown be low. 

Figure 3.3. An overhead gantry - one of the gantry options 

3.5.3. Scenario Three 

Have a custom designed milling low lift ' truck ' to raise the loaded pallet 

sumciently off the cart, transport it horizontally to the timber bay and place it. 

This could have manifested itself as a manually operated and propelled pallet 

' truck' that would possibly incorporate some means of lifting the large load. The 

altemat ive being a motorized version equipped to raise the load wi th nuid or 

electrical power. The power supply, for Idling and traversing, could have been on 
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board the truck. Thi s truck would have had to be steered appropriately and cou ld 

have been designed to be either walk along or rider operated. 

, \ 

L 
, 

Figure 3.4. A driven pallet ca r 

3.5.4. Scenario Four 

Used the idea in scenario one to alter the path of the track so that it passed the bay 

very closely. The car could be modified to dump the load into the bay by either 

elevating the entire car or a platfonn on the car to some angle so that the load can 

slide off or ro le off the car into the bay. 

Figure 3.5. The elevating platform car 

59 



3.5.5. Scenario Five 

Used the idea in scenario one which made use of ro llers. Thi s scenario made use 

of a conveyor concepl. However, instead of changing the path of the track, it 

cou ld have been des igned such that the conveyor reaches the track. The timber 

bay would have had a conveyor system so that, from the time the pallets leave the 

Oat car o n arriva l, through storage in the bay, and finally d ispatch back onto a car, 

they would be on a system of rollers. The system could have been automated or 

dri ven by an operator. In addition, for fl ex ibility the conveyor could incorporate a 

track switch so that some pallets could have been diverted to a secondary line. 
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Figure 3.6. The foot wall conveyor 

3.5.6. Scenario Six 

Allied to scenario five and scenario two an overhead conveyor system could have 

been implemented with some device equipped for l'ifiing and supporting the load 

travelillg along the path. The supply could have employed electric. fluid or 

mechanical power. This could consist of a series of tro lleys or wheels supported 

from or within an overhead track and connected by an end less propelling means

possibly chain. cable or some other linkages. 
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Figure 3.7. Overhead conveyor system 

3.5.7. Scenario Seven 

Similar to the pallet truck idea above, this idea embraces the capability of the truck 

to be designed for path guidance on the fl oor. The degree of automation could 

have been pronounced in the design and would fall under the sub-catergory of 

guided pallet trucks o f the automatic guided vehicle fam ily. As an implication the 

vehicle would be driverless. Guidance for the vehicle could have been effected 

electrically or magnetica lly or possibly optically. 

3.5.8. Scenll rio Eight 

Would have consisted of a pivoted post and a carrying boom. on which some 

device for lifting and supporting the load could travel. The post could have been 

attached to a column so that it could swing through approximately 270°, The 
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dimensions of the bay would have possibly dictated the Ileed for two such 

assemblies. 

-

Figure 3.8. The cant ilever arm concept Uib crane) 

3.6. Scenario Evaluation 

The scenarios above were evaluated using a tabular matrix. This table is essent ially 

a series of criteria against which the concepts are scored. The tabular matrix is a 

structured technique of evaluation as the significance of the criteria is numerically 

weighted and the most suitab le concept is chosen as the one that has scored the 

highest. This only served as a pivot point fo r the conceptual design process as the 

concept that was chosen underwent furt her conceptual design as is evident in 

sections to follow. The scenarios were highl ighted under the broad headings of 

functional performance (operation), human facto rs, physical requirements, life 

cycle, the costs, and handl ing (assembly, installation, implementation). The values 

were obtained by multiplying the rated score (a score out of ten) by the percentage 

value. 
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Table 3.2 . The concept selection matrix 

SI S2 S3 S4 SS S6 S7 S8 

Crite..-i~l Wt score score score score score score score score 

% 

functional 22 6 8 7 4 6 7 6 5 

human 17 5 6 5 5 5 6 6 6 

physical 18 5 7 7 5 5 7 5 4 

lire cycle 12 5 6 3 6 5 6 4 6 

cost 12 3 5 4 4 5 3 4 5 

handling 19 2 7 6 3 6 5 5 6 

score 4.41 6.69 5.63 4.40 5.4 1 5.85 5. 15 5.30 

rank I 3 2 

The criteria li sted in Tab le 3.2. were weighted according to the initial 

specification. Each of the options were evaluated and the merit of each, with 

respect la the criteria listed, was given a numerical value. A final score for a 

particular option was obtained by summing the indi vidual products of the criteria 

weighted percelllage and the correspond ing numerical rating orthe option. 
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3.7. Streamlining the Best Concept 

3.7.1. What should the Gantry System do? 

The Gantry should move the largest amount of timber possible off a nat car and 

into the timber bay in the shortest space of time. 

I. Locate the corroct timber pallet on the cart 

2. Move to the pallet 

3. Stop the at an appropriate position. 

4. Actuate to hold pal/el 

5. Secure pallet 

6. Clear pallet off cart 

7. Stop at adequate clearance 

8. Locate position in limber bay 

9. Move pallet to this position 

10. Stop at an appropriate posi tion 

11. Actuate to release pallet 

12. Clear pal/el 

I . Locate the next correct timber pal/et 011 the cart 

3.7.2. Functional Input Output Analysis 

The followin g table, Table 3.3. is provided in lieu of providing a structured effort 

for functional decomposition. Even though there might be tendency to scofTat it's 

simplicity, there is indeed merit in stating and documenting what may seem 

obvious so that the conceptualization to follow will have not only a solid 

foundation hut a strong sense of direction. The author has opted to present this 
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initial s tage of the conceptualization process in tabulated form as opposed to 

presenting the functions in block diagram fonn . 

Table 3.3. Functional decomposition of tasks 

Verb Energy Energy Material Material Infor- Infor-

Input Output Input Output mation mation 

Input Output 

locate optical, optical , limber limber pallet pallet 

electrical electrical located located 

? ! 

move electTical, mechanical device device posit ion position 

mechanical , obtained obtained 

fluid ? ! 

stop electrical , mechanical device device stopped stopped 

mechanical ? ! 

act- elec tri cal, mechanical device device actuated actuated 

uate mechanical , ? ! 

fluid 

secure electr ical, mechanical limber, timber, secured secured 

mechanica l, pallet , pa llet, ? ! 

fluid device device 

clear I electrical , mechanical timber, timber, cleared cleared 

lift mechanical , pallet, pallet, ? r 

fl uid device device 
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3.7.3. Scenarios for Gantry Systems 

The scenanos presented in this section are of level two possibly level three 

abstraction and have followed from an initial inspection and evaluation of level 

one abstractions. To rei terate, a level one abstraction are the physical laws and or 

phenomenon governing a task. Thi s is very general. Level two abstraction would 

be the developed or tangibl e com ponents ava ilable for the realization of a level 

onc abstraction . Level three wou ld describe a specific component or devi ce type. 

It is however possible for the levels to overlap into each other in some cases. 

Table 3.4. Level two morphological chart 

Support Track Wheels Air Slides Ped i- Beam 

cushi on pu lator 

Prop- Dri ven Air thrust Moving Linear Hand 

ulsion wheels cable induction Chain 

Power Electric Diesel or Hydraulic S ottled Steam Man-

Petrol Gas ual 

force 

Trans- S elts Chains Gears and Hydraulic Flexible 

mission shafts cable 

Stopping Brakes Reverse Ratchet 

Thrust 

Lifting Hyd- Pneumatic Rack and Chain Or Link-

raulic Ram Pinion Rope age 

Ram Hoist 

Locate Photo Proximity Human 

Sensor Switch Vision 
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Using Table 3.4. above together design handbooks the following gantry concepts 

have been presented. 

3.7.3.1. Single Girder Overhead Runway Cranes 

This consisted of an f-beam supported by four wheels attached to a carnage 

travel ing on a runway. The trolley traveling on the lower nanges carri es the 

electric chai n hoist, fOfllling the lifting unit. The crane could have been moved by 

hand chai n tUfIling a sprocket wheel, which is keyed to a shaft . The pinions on the 

shaft cou ld bc designed to mesh with gears, keyed to the ax les of two wheels. An 

under slung construction could have also been used wi th the pairs of wheels at 

each comer which riding on the lower Oange of the I-beam rails as shown above. 

One wheel axle on each carriage could be coupled directly to a shaft which 

transmits power from a gear reducer. Or each of the two sets of wheels on 

opposite ends of the girders could be driven by a separate motor accompanied by 

the appropriate gearboxes and braking systems. Figure 3.9 below shows a crane 

gi rder and traveling unit that travels on and is supported by an erected runway. 

The travcling unit concept is depicted in Figure 3. 10. 

1 , 

r I 
I 

[ 

Figure 3.9. Single girder runway crane 
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Figure 3.10, The traveting unit concept 

3.7.3.2. Double Girder Cnllles 

This scenario consisted of two bridge girders, as opposed to une in Figure 3.9, 

traveling on parallel runways, on top of which were rails on which the self 

contained hoisting unit, called the trolley, traveled, see Figure 3 . 11 . The girders 

were supported at the ends by trucks (carriages) with two wheels. The crane 

would be designed to move along the track by a motor, through shafting and 

gearing to the truck wheels. The bridge gi rders could be of the I-beam or box 

section, with the latter bei ng employed to give torsional and lateral stiffness for 

long spans. 

- 950.0 

! 
700.0 

I W - 350.0 

--i ~~ 120.0 

Figure 3.11. The trolley for a double girder gantry 

(standard dimensions-mm) 
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The girders were designed for rigid attachment to the carriage, which carried/ 

housed double nangcd wheels for supporti ng the bridge. As a measure of safety 

the girders would project over the rail so that in the case of a broken wheel or 

axle, the girder wou ld rest on the rail. The wheels could be driven as outlined in 

the preceding section. 

The trolley would consist of a frame which carried the hoisting machinery and is 

supported on wheels for travel along the bri dge the bridge ra ils. The wheels are 

coupled to the trolley traverse motor through suitable gear reduction. The hoi sting 

machinery would consist of a motor, motor brake, load brake, gear reduction, and 

rope drum. 

Wire rope winding in helical grooves on the drum could be designed to be reeved 

over sheaves in the upper block and lower hook block for additional mechanical 

advantage. Limit switches could be provided to stop the motor when the limits of 

travel are reached. 

3.7.3.3. The clcct rics involved for the Double and Single girders 

Current could be brought to the crane by sliding or ro lling collectors in contact 

wi th the conductors attached to or running parallel to the runway. Current to the 

trolley could be effected in a simi lar manner. Festooned multiconductor cables 

were also available as an option for the transfer of current. 

The motors, either altemating or direct current, lIsed for the application would be 

those intended and designed for crane applicat ion. Direct current motors would 

probably be of the series wound type and alternating current could be of the 

wound rotor or squirrel cage type. 
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3.7.3.4. Gantry Cranes 

This scenario was a modi ficaliol1 of the travcling cranes orthe single and double 

girder type. It could find appli cation were there would be difficulty in erecting an 

overhead runway. The bridge/s would be carried at the ends by legs, supported by 

carriages on wheel at either end at ei ther cnd so that the crane could traverse. As 

with options above the hoi sting unit would be attached to the lower nange in the 

case of a single girder and attached to a trolley in the case of a double girder. The 

crane cou ld be driven by a motor through gear reduction to shall, wh ich drives 

vert ical shafts th rough bevel gears. Bevel and spur gear reductions connect the 

ax les orthe wheels with the vertical shafls. As an alternative, the crane could have 

been built without the cross shaft , using separate motors, brakes and gear reducers 

at each end of the crane. The carriage travel unit concept for the gantry crane was 

essentially the same as that depicted in Figure 3. 10. 
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Figure 3.12. The gantry crane 

FEM analysis. prelim inary calculations and consulting with material suppliers and 

catalogues revealed firstly that , there was no need for a double girder set uP. as the 

load was under 3 t. Secondly that the denection was directly proportional to the 

length of the girder. The runway crane girder Figure 3.9 extended from the timber 
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bay right across the tunnel to the opposite side. There was little rool11 for 

experimentation except perhaps to consider the use of stiffcners to decrease the 

dellection. As mentioned the gantry crane in Figure 3. 12 was to be implemented 

when it became inconvenient to erect an overhead runway. 

Wh ilst it would not be entirely impossible to do design and erect a runway on the 

side wall , one would have a host of constraints to contend with. Amongst which 

were the vibrat ion and stresses associated with rock masses. The gantry crane had 

the Ilexib ility to have it's length modified as it cou ld have been designed to 

extend into the tunnel by a distance fitting for it's purpose. A track cou ld be layed 

alongside the main track to facilitate the operation of this structure. Therefore the 

gantry crane was chosen for development. 

3.8. Handling the pallet 

The options selected and discussed under the single girder gantry system were 

chosen for further development and design. The s ingle girder handling system 

employed a lifl unit and a special purpose handlin g unit. The question that was 

addressed was how to attach / handle the pallet and timber on it. 

The words grab, grip,jork , clasp. clutch. clench, seize were words that were used 

to generate the concept for a device that would have been able to operate with a 

minimum amount of operator input. The design would have had to provide for the 

attachment to the lin unit. It would have to had to have made provision for the 

clasping movement desired and perfoml the tasks outlined already within 

specified constraints. 

The aforementioned functional input output analysis and the morphological charts 

allowed for the generation of the following general concepts ofa gantry grab unit 
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and a fork lil1 unit both of which had manifested wi thin them a number of 

possibilities. 

c· L' 

1 
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Figure 3.13. A grab unit concept 

Figure 3.14 A fork lift concept 

The general grab unit concept maximized the use of the two degree of freedom 

gantry system with its addition of the a third degree in the vertical direction. The 

fork lift system required a rotat ional degree. That is to say, as soon as the pallet 

had been forked, the loaded fork had to rotate by 180' so Ihat the pallet could have 

been deli vered to the bay. From a technical point of view, preliminary calculations 

revealed that the moment associated with the fork at cri tical points were 

undesirable. Whi lst this design could have been made practicable its design would 
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have been compli cated by trolley acceleration, misalignment of wheels and 

skewing. It was considered that the grab if properly designed wou ld transmit a 

uni fonn dynamic (movi ng) load to the trolley moving along the girder and 

therefore to the girder. 

The author. after much consideration. then listed the following blue print, 

reference is made to Figure 3. 15 . The arms would be those members that would 

make direct contact with the pallet. They had 10 be des igned adequately for 

strength and fom,. The optimization of the st rength to weight ratio was also an 

important factor. Functionality. fabrication, assembly and cost were key criteria. 

The member onto which the anns were fixed was the shaft. The shaft would have 

had to function in the support of the ann and the actuation of the am,s to effect the 

grabbing action. The shaft had to be designed for weight, strength, functionality, 

displacement, assembly and fabrication. 

The chassis, was that structural member which would house the two shafts, with 

two amlS on either side. The chassis also had to provide for the attachment to 

lining unit and attachment of the actuating mechanism. Its design for 

functionality, fabrication and assembly were of great importance. 

The actuation of the anns was a key design aspect and is treated in Chapter 5. The 

lining unit utilized was, after much consultation with suppliers of industrial 

cranes, to be an electric rope hoi st for actuation in the vertical direction. The 

selection orlhe vel1ical actuating unit is also treated in Chapter 5. 
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Figure 3.15. The 4 Arm Gripper 
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Chapter 4 

Aspects of Design Theory and 

Elements of Mechanical Design 

4.1. Overview of Structural Computer Modeling 

4.1.1. The Finite Element Technique 

The computer modeling technique most often used for the analysis of structures is 

that o f finit e element analys is. In th is technique the geometry of a structure is 

de fi ned by a series of elements. the shape of which is detennined by the foml of 

the structure. For each condition of loading - fo r example static, dynamic o r 

themlal - the behavior of each of the indi vidual e lements can be de fined by a set 

o f simultaneous differential equations. These equations are solved by the 

computer using a series ofm31rix operations through which the behavior of all the 

individual elements are combined to g ive de foml ations and stresses within the 

structure. The results obtained can be displayed as colored images identifying 

areas of high and low stress. 

As in any analysis, the results are only as good as the model and must be checked 

by either using a verifi cation model or by phys ical testing to confinn their 

va lidity. 

4.1.2. The NASTRAN Finite Element Software 

The MacNeal·Schwendler Corporation (MSC) has been supplying sophisticated 

engineering tools s ince 1963. MSC is the developer, distributor and supporter of 
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the most complete and widely used structural analysis program In the world, 

MSCINASTRAN. 

4.1.3. Introduction to Finite Element Theory 

Two different finite clement approaches to analyzing structures are the force 

method and the displacement method. In both methods, eq uilibrium, compatib il ity 

and stress-strain relations are used to generate a system of equations that represent 

the behavior of the structure. 

4.1.3.1. The Force Method 

The member forces are the basic unknowns in the system of equations. 

4.1.3.2. The Displacement Method 

The nodal dispiacements are the basic unknowns in the system of equations. Both 

methods can be used to solve structural problems. The disp lacement method is 

easier to adapt to electronic computations. MSC/NASTRAN uses the 

displacement method approach l a finite element analysis. 

4.1.4. Fundamental Structural Analysis Requirements 

All structural engineering analysis must satisfy the following three general 

conditions: 

(i) Equilibrium of forces and moments: 

"LF= O,"LM= 0 (4.1 ) 
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(ii) Strain-Displaccment Relations: (also known as compatibi lity of 

defonnalions) Ensure that the displacement field in a defonl1cd 

continuous structure is free of voids or discontinuities 

(iii) Stress-Strain relations: (also called constitutive relations) for a linear 

material , the generalized Hooke's Law slates: 

where: 

(q) = [E){£} 

{U} = {u.ruyu= Tor),Ty:T=.r} 

(e) = k, e,. e, Yx)' Y,. Ye<) 

[E] = 6 x 6 Matrix of elastic constants 

(4.2) 

A homogenous, isotropic material [E] reduces to two independent material 

constants E and v 

For such a material under uniaxial load, 

(4.3) 

These three condit ions can be used to generate a system of equations in which the 

displacements are unknown (the displacement method). 

4.1.5. Basic Equation Of the displacement Method 

The basic eq uation of the di splacement method are derived fTom : 

the equi librium of nodal forces; 

the compatibility of displacements (at grid points and 

within elements); 

the force-displacement relationship. 
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where 

The compatibility condition correlates the external grid point 

disp lacement to end deformat ions of the elements. 

The force disp lacement relat ionship is established between the member 

end forces and displacements, and between the grid point forces and 

displacements. 

The stiffness matrix [K] is used to relate the forces acting on 

the st ructure and the displacements resu lting from these 

forces in the fo llowing manner : 

{F} = [K]{II} (4.3) 

{F} = forces acting on the st ructure 

[K] = stiffness matrix [kiiJ where each k'J term is 

the force of a constraint at coordinate i due 

to a unit disp lacement atj with all other 

displacements set equal to zero 

t u} = displacements resulting from (F) 

Boundary conditions are app lied to prevent rigid body motions, and the 

system of linear equations is solved fo r the unknown {u}. 

4.1.6. Interpretation of Elemental Stiffness Matrix IKI and 
Stiffness Coefficients (k;j) 

Physica lly, [K] describes how force is transmitted through the element. 

for elast ic problems, Maxwell 's Law requires that the stiffness 

matrix is symmetnc. 
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a single ten11 of the stiffness matrix k' j is called a st iffness 

coefficient. The units ofk jj are load I displacement. 

4.1. 7. Discretization of Continuous Structures 

A continuous structure may be divided into discrete grid points connected 

by elements. 

each grid point has six independent degrees of freedom (OOFs). A 

degree of freedom is defined as an independent component of 

translation or rotation at a grid point 

{u} = vector ofdisplacements = {u~ uy Ut. OK Oy Ot. }, where the term 

displacement is a general tenn describing a component of translation or 

rotation. 

4.1.8. Constraining the Structure - Rigid Body Motion 

The solution of the structural equation 

{F) = [K]{u} 

requires inversion of the [K] matrix 

{II } = [Kr' [F] 

(4.4 a) 

(4.4 b) 

inversion of the [K] matrix requires that [K] be square and that [K] have a 

nonsingular detenninant. 

l rthe rigid body motion or mechanisms are not constrained, the structure 

is unstable and the stiffness matrix will be singular. 
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4.2. Defining Systems of Stress 

Stress can be defin ed as the force per unit area, and is usually expressed for 

engineering purposes in Illcgapascals (MPa). When a component is loaded every 

e lement , however small , could possibly experi ence di Crerenl stresses at the any 

onc time. 

Serving the purpose of thi s discussion these 'small ' elements could be described 

as being vani shingly small cubes. Nonnal stresses ac t at 900 to the face or the cube 

in either tension or compression. Shear stresses act in the planes of the faces as 

couples on opposite faces. 

These l10nnai and shear stresses that act perpendicular and parallel to the faces 

make up nine values of the 3-D stress tensor orthe second order. 

(4.5) 

where 

a = the non1131 stress 

T = the shear stress 

The first o f the subscripts denotes the direction of a nom1al to indicate the surface 

and the second the di rection in which it is acting. 
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Figure 4.1. Stress on an elemental cube ( after Gere and Timoshenko, 

1991 ) 

Figure 4.1. is a representation of the infinitesimally small element whose faces are 

chosen he parallel to the planes generated by an arhitrari ly chosen xyz coordinate 

frame. For illustration purposes the stresses on the z face are depicted. The 

components depicted arc shown in the positive direction. 

For combined loading conditions, there is hound to be a continuous distribution of 

stress around a point chosen for analysis. The nonnal and shear stresses at this 

said point varies with direction. The planes 011 which the shear stresses are zero 

are defined as being the principle planes of a system, and the stresses acting 

normal to these planes are designated as principle stresses. Principle axes are 

defined as the directions of the surface nonnals to the principle planes. 

The axes that are set orthogonally to the principle axes are those axes along which 

the shear stresses are maximum. The planes on which the principle shear stresses 

act are set at 45° to the planes of the principle nonnal stresses. The subj ect of 

much of the work presented in this dissertation is concemed with designing 

against failure. Failure will occur when the a component is stressed past some 

value which is a property of the component material. It is therefore of the utmost 

importance to find out what the maximum stresses in the material, and to take the 

appropriate design measures to minimize the possibility of failure of this type. 
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The matrix equation re lating the applied stresses to the princip le stresses given by 

[

a , -a 
r Y.f 

Tu 

(4.6) 

u = the principle st resses magnitude and I1x, ny, 11 7. are the direction cosi nes of the 

unit vector n , which is n0n11al to the principle plane. 

In order to calculate the principle stresses the following steps are undertaken. 

Find the determinant of the coefficient matrix 

Set it equal to zero and solve 

Having expanded this said determinant the following polynomial of the third 

degree is obtained. 

where 

C2 = O",'C+uy +u;: 

Cl = r i)' + 7:;0: + r~ - O"x O"y - O"f,(1;: - (1 ;: 0".'l 

Co = (1.'l a y U ;: + 2rxy t yz t z.'C - er,l t;t;; - er y r ;.'l - er t T .~y 

(4.7. I) 

(4.7.2.) 

(4.7.3.) 

(4.7.4.) 

The roots of the polynomial are the principle nomlal stresses erl. (12. (1 3 and are 

ordered in algebraic magnitude as listed from largest to smallest. 

The principle shear are calculated from the values obtained for (11 , (12,0" 3 , 
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la, - a, 1 
(4 .8) II 3 :;::::: 

2 

la, - a,1 
(4 .9) I2l = 2 

la,- a, 1 
(4. 10) I 32 = 2 

Ln cases where the structure can be analyzed in a two dimensional coordina te frame 

the stress tensor in 2D is given by 

(4.11) 

with the equations in (4.7) reducing to 

ax+ay (((lx- ay)' , 
GIP)= 2 ±, 2 + rxy (4. 12) 

w here 

G] is the largest algebra ic principle stress, 

0") is the smaJlest algebraic principle stress, maintaini ng the notat ion had the va lues 

been calcu lated from equations (4 .7) . 
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4.3. Static Failure Theories 

Material properties are usually detcnnined from tests in which specimens arc 

subjected to sim ple stresses under static or fluctuating loads. This section has 

been reserved only as an outline for the presentation of the theories used when a 

material fails under static conditions. 

Attempts to apply the strength properties of a material to three dimensional and 

two dimensional states of stress fields has spurred engineers to postulate various 

theories which could use the results of the simple tests to predict with reasonable 

accuracy whether or not failure will occur. 

The following symbols appear in the sub sect ions to follow 

Ud = the energy due to distortion 

(I1I1 = the ultimate tensile stress 

(JIIC = the ultimate compressive stress 

ay = the yield stress 

J1 = poissons ratio 

E = Young's Elastic Modulus 

4.3.1. Maximum Stress Theory (Rankine) 

This theory assumes that failure occurs when the largest principle stress reaches 

the yield stress of tension or compression specimen. 

For tension 

(4.13 a) 

for compression 

at = - ay (4.13b) 

84 



4.3.2. Maximum Shear Theory (Coulomb) 

AsslImes that y ie lding occurs when the maximum shearing stress equals that in a 

s imple tension or compression specimen at the point of yie lding. 

(4.14) 

4.3.3. Maximum Strain Energy Theory (Beitrami) 

This theory postu lates that failure occurs when the energy absorbed per unit 

volume equals the strai n energy per unit volume in a tension (or compression) 

spec imen at yield. This can be mathematically expressed by the following 

equation . 

(4.15) 

4.3.4. Maximum Distortion Energy Theory (von Mises) 

The theory predicts that yie lding occurs when the di stortion energy equals that in 

s imple tension at yield. The distortion energy, which can be defined as that 

portion of the total energy which causes di stortion rather than volume change is 

(4.16) 

And failure can be defined by 

(4. 17.1) 
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This is oa cn conveniently expressed in tenns of the appl ied st resses. 

(4.1 7.2.) 

4.3.5. Internal Friction Theory (Mohr) 

Experimenta l data proves the di stortion-energy theory best for ductile materials 

where the strength in tension and compression is highly comparable. However, for 

brittle materials, when the compress ive strength exceeds the tensile strength by a 

considerable amoullt , the internal fri ction theory best predicts the behavior o f the 

materia l at static fa ilure. It is worth noting that when the tensi le and compressive 

strengths are comparable for a brittle material the internal friction theory reduces 

to that of the maximum shear theory. The theory contends that : 

For principle stresses of opposite sign failure is defin ed by : 

(4.18) 

If the signs are the same 

UI = (1/11 O r - (1ue (4.19) 

If the pri nciple stresses are both either tension or compression . then the larger one 

say the fi rst principle stress must equal the ultimate tensile stress when this stress 

is in tension or it must equal the ultimate compressive stress when the stress is in 

compression. 
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4.4. Aspects Of Fatigue Failure Theory 

According to Fuch and Slcphcns, 1980, between 50 % and 80 % of a ll mechanical 

failures are fatigue failures. This challenges the engineer to consider fatigue at the 

design stage. Fatigue can be defined as the sudden failure of a part , component or 

structure due it being cycl ica lly loaded. Fatigue can be described as consisting of 

three stages: crack initiation, crack propagation and component failure. 

Figure 4.2. Fatigue crack propagation (after Coli ins, 1981) 

A highly localized region where slip cycli ng is prominent has the tendency to 

develop sub microscopic cracks. The growth of these tiny cracks give rise to 

bigger ones until fracture occurs. The three distinct regions shown in Figure 4.2. 

characterize what has become known as the progressive failure phenomenon of 

fatigue failure. Before any further discussion oflhe topic the following terms need 

10 be defined. 

87 



Endurance Limit is that strength or stress level below which the component can be 

cycled to infinity without failure by the mechani sm of fatigue. It is denoted by Se. 

Fatigue Strength is that stress level corresponding to a particular number of load 

cycles. It is denoted by Sf. 

Many low strength steels and alloy steels some stainless steels exhibit the fatigue 

behavior as depicted in Figure 4.3. and Figure 4.4. The fi gures are a piot with the 

fati gue strength plotted on the y-ax is and the number of cycles p lotted as the 

independent variable on the on the x-axis. The Figure 4.3. shows that the fatigue 

strength of the materials mentioned, drops linearly, when a log scale or semi log 

scale is used, until a Icveling offofthe curve occurs. For most steels, thi s lcvcling 

off occurs between onc and 10 million cycles. The stress level corresponding to 

this leveling off is known as the endurance limit. 
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Figure 4 .3. Characteristic stress cycle diagram for ferrous metals loaded in 

reverse bending (after Lipson and Juvinall , 1963) 
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The best infonnation on the fatigue characteristics of a material is based on the 

actua l testing of the component in the desired envi ronment (or at least simulated 

as closely as possible). However, as it is not always possible to achieve thi s, 

laboratory tests carried out on test specimens of a particular material may be used 

to estimate the fatigue properties/ability of a component when it is placed in the 

desi red environmcnt. 

strength 

knee 

L-------"r;u"nm't:.r of cycles 

Figure 4.4 . A typical strength cycle diagram for various steels 

The endurance limit for steels can be estimated by the following equation: 

(4.20) 

This is valid whcn the ultimate tensile strength is less than 1400 MPa. When the 

Ultimate tensile strength is greater than or equal to 1400 MPa, the endurance limit 

is taken as 700 M Pa. 

As the test is usually conducted on a small polished 8 mm diameter specimen 

subjected to a bending load. the endurance limit given by equation 4.20 needs to 

be modified to account for the difference in loading conditions, d ifferent size of 

component, the difference in surface roughness, different operating temperature 

and the difference in the rel iabi lity warranted by the application. 
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The modified endurance limit is given by 

where 

C'oad "" the loading correction fac tor 

CSlU · = the size correction factor 

Csurf = the surface correct ion factor 

Canp = the temperature correction factor 

Crel = the reliability correction factor 

(4.2 1) 

The re levant charts required for the attainment of these va lues are listed 111 

appendix B. 

Fatigue loading may be broadly subdivided into fu Uy reversed and fluctuating cases 

of loading. The nuctuat ing case may be further divided into the case when the 

mean stress is equal to the alternating stress and when it is e ither greater or less 

than the alternating stress. The cases are depicted in Figure 4. 5. 

tiJre er ... 

(3) F~ ~ (b) Fluctuating 
CJ,=~ 

tiJre 

(c) Fluctuating 

Figure 4.5. The types of fatigue loads (after Norton, 1998) 
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Equation 4.21 . provides information about the materials fatigue strenf:,rt h in the 

high cycle region of the st ress cycle diagram. To const ruct a diagram of this nature 

one would require information about the materials behavior in the low cycle 

region . Experimental data revel that the st rength at approximately 103 cycles, 

denoted by S,n, correlates extremely well to the fo llowing equations. 

Sill = 0.9S1l1 for bending (422a) 

s'" = 0.75S1l1 for axia l loading (4.22b) 

To reiterate, most ferrous metals exhibit a knee point at approxi mately 106 cycles. 

With this in mind the esti mated S-N diagram may be plotted on log-log axis, and 

the line from Srn to S"rn is a st raight li ne joining the two points and extending to 

infinity ( sometimes taken to be I 09 cycles) as a line from S"rn parallel to the x-axis. 

This situation is depicted in Figure 4.6. 

Stress 

S ," 

S.'" 

Cycles 

Figure 4.6. The estimated S-N curve (log-log axes) for materials with knee 

characteristic 

The equation for the line joining Srn to Scm expressed in logarithmic form is 
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logS" = loga + b logN (4.23) 

With a and b, regarded as constants defined by the boundary conditions, defined 

as follows : 

b = ~ IOg( S,., ) 
SCIII 

(4.24) 

with, 

z = logN, - logN, (4.25) 

and, 

loga = log(S,.,) - 3b (4.26) 

92 



4.5. OVCI"view of Form Design 

4.5. I. The general principle of form design 

Desigll to obtain 11Il~r(}rlll .\"fres.\", 

The mechanical loading of a component wi ll have direct repercussions on its stress 

and hence its life, that is until the point offailure. This loading is the designers first 

refe rence in deciphering the form of the component. Every part of a machine or 

piece of equipment transmits forces which largely dependent on the layout. The 

ethos ofform design is that geometrical form influences strength. 

The following steps may assist the designer in establishing the geometrical fOfm of 

his design. 

Try to secure a simple force transmission arrangement which avoids 

region of high stress. 

Place the material so that it follows the same direction as the lines offorce 

through the component . 

Where possible use shapes that can be expected to result in low conditions 

of stress. 

Determine the external and internal forces present. As far as poss ible, g ive 

cognizance to additional inertia forces, elastic deformations, impact or 

shock loads that act w ithin an already established system boundary. 

Design a component from the inside outwards. 
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Calculate and d imension using elassical theories o f materia l mechanics. 

Very often the theory is used to verify the coherence and consistency o f 

advanced computational tools ava ilable for thi s purpose. 

Identify Max imum Stresses on the model. 

Inquire as to what material could be used to sustain these stress levels. 

This question should be asked iteratively with those inquiring as to how 

these stress levels could be altered (reduced) by altering the geometry. 

Having placed the required emphasis on static and dynamic model studies 

the fin al model should emerge as the best trade off as identi fied by the 

designer or design team . 

4.5.2. Corollaries to the general principle of form design 

4.5.2 .1. The Tetrahedron-Triangle Principle 

The use o f tetrahedron and triangle shapes results in unifonn stresses in tension 

and compression. 

4.5.2.2. Uniform Shear or Hollow Shaft Principle 

Unifonn shear is obtained with a hollow shaft or tube, which allows for the 

transmission of greater torsion loads with less weight. 

4.5.2.3. The Force Loading Principle 

Certain portions o f the component may ex ist for the purpose o f forcing other 

portions to be loaded essentially on tension, compression or unifonn shear. For 
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example webs in I-beams and C-channels force the nanges to be loaded 

essentia lly in tension and compression. 

4.5.2.4. The Mating Surface Principle 

Matching the surface of contacting surfaces of mating parts produces a more 

efficient transmission of force between parts. 

4.5.3. Optimizing Strength to Weight Ratio 

Components with unifonn stress throughout may often be improved by selecting 

the optimum strength to weight ratio. Consider, for example, the case of bending 

where the moment can be expressed as 

where 

M = the bending moment 

= the moment of inertia 

c = the distance fTom the neutral axis to the point of interest 

O'rnalt = the maximum bending stress 

(4.27) 

For a given stress,O'malt, the bending moment strength is proportional to the section 

modllllls,( ~). FlIrthennore the weight 0 f a element is directly proportional to it's 

cross sectional area. Thus the ratio of section modulus to area is an accurate 

indication of the e lements strength to weight ratio. With all this in the designers 

minds eye, iteration in calculation may yield a highly lucrative solution with 

respect to the uniformity of stress and good strength to weight ratios. 

95 



4.6. Material Selection in Mechanical Design 

4.6.1. Overview Of Material Selection 

Material selection should in no uncertain tenns be a task that is rclro fitted to the 

designed component. Rather the design engineer is challenged to keep abreast of 

the factors involved in material select ion during the enti re design process of 

designing his com ponent. He may make certain assumptions provided that these 

assumptions are warranted and or justified. 

At all times the engineer should have candidate materials for hi s design in his 

minds eye. As a logical conclusion onc would therefore be able to say that the 

designer 111USt be aware ofmiligat ing factors and properties of his materials. To do 

this the design engineer must have somewhat of a personal repertoire of 

engineering materials so that he may effectively select the best material for the 

task at hand. 

The author has presented the following section In lieu of providing such a 

repertoire and to highli ght the factors that should be borne in mind when selecting 

engineering material s. The reader should appreciate that the infonnation 

presented is simply an example of such a repenoire. chosen by the author, and 

every such listing whi lst similar in many respects will depend very much on the 

individual designer. 

4.6.2. Factors Affecting Material Selection 

The author sought to list some of the questions that should run through the mind 

of the designer. The author felt that it was worth stating that whilst the answers to 

these questions may change over the design process the initial answers will be of 
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great benefit to the design engmeer as they will manifest themselves as the 

selection terms of re ference. 

The questions are: 

What is the components general shape and size? 

Is the mass critical ? Is a high density or low density material better ? 

Does the component need to have good thennal or e lectrical conductivity? 

Does the component need to have anti corrosive properties? 

What dimensional accuracy is required of the component? 

What are the quant ities in which the product wi ll be produced ? 

If the operating temperature of the product will vary - Will expansion or 

contraction of the material present problems? 

Does the component need to be hardened to prevent wear or indentation ? 

Is the component subject to stati c and or fatigue loads? 

What mechanical strength is required of the component ? Is hi gh tensile / 

compressive strength required? 

What are the intended methods of fabri cation ? 
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What are the time scales of the project ? Is the candidate material 

available within this constraint? 

What are the project economic issues? How much or a constraint is this ? 

These questions have arisen from four basic sub headings, namely, properties, 

availability, economics and miscellaneous issues. The author has opted to brieny 

discuss each of these in turn. 

4.6.2. 1. Availab ili ty 

It is important that candidate materials are available within the time frame of the 

project. Whether the material is avai lable on hand or it must be obtained within a 

sti pulated period is certainly worth considering. The number of suppliers from 

whom the product is available is also important. Taking in to account that a 

product/s may be manufactured over a period to fo llow, obtaining a material that 

is exclusive to one supplier, wi ll place the designer at the mercy of the supplier fo r 

cost and possibly del ivery. 

It is therefore prudent to use materials that are read ily available, if t he des ign 

permits, as this would help to ensure efficient time to market scales. It is a li tt le 

known fact in the commercial world that the producer who has int roduced his 

product to the market before his competitors will have the initial sales burst 

necessary to balance the usually high cost of development. 

4.6.2.2. Economics 

Ln order to discuss th is topic, one must understand that the relative price of raw 

mate rials varies from count ry to country. This is because different countries have 
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different materials in abundance and different amounts in which the 'shortages' 

occur. Taking the aforementioned statement into account and thc variabil ity of the 

economy both on a world wide scalc and a intra govemmcntal scale, it is quite a 

difficult task to compile a price li st that would be of any value over even a short 

period of time. What the author recommends is that the designer make frequent 

contact with suppliers via e ither personal calls or through design publications 

pertinent to a specific country. The electron ic media available on the subject is of 

great help in this regard. 

There may be cases where the product requires to function in a part icular way that 

may only be fulfilled by a material with a particular . special or rare quality. In 

this case the designer must be able to justify that the usual added cost associated 

with this special material will be ultimately of benefit to the consumer and that 

this added functional ity will add value to the product that the customer is willing 

(0 pay for. 

The other points worth discussing is the quantities in which the material will be 

required and the time for which the product will be in service. If only a few 

products are required, the design of the project may therefore be considered to be 

oppex sensi ti ve as opposed to being cappex sensi tive. If a substantial quantity is 

required the selection of a material should be influenced by a comprehensive cost 

study using current material costs. 

Cost is allied also to the cost of treatment processes associated with some 

materials. It may be the case that a cheaper material that has to be treated will 

ultimately end in up being more costly than select ing a more expensive material 

which has the property that the cheaper one was treated for. A cost analys is in this 

respect is not just useful but necessary. 
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4.6.2.3. Material Properties 

Fundame ntally. the properti es that a material possesses detennine its viability for 

a specific application. A materials properties may be broken down into 

mechanical properties. physical properties, chemical properties and d imensional 

propert ies. Each of these headings may be even further subdivided. Some of the 

latter sub headings are exp lored but again the list is by no means exhaustive. 

4.6.2.3.1 . Mechanical Properties 

Strength 

Hardness 

Elastici ty 

Stiffness 

Plasticity 

Malleability 

Ductility 

Is the abi lity of a material to resist fracture under load. 

Is the ability of a material to resist scratching and 

indentation 

Is the ability to return to its original shape and dimension 

after being subjected to a load that caused or tended to 

cause, its defonnalion. 

Is the measure of how well a malerial resists defonnation. 

The ability of a solid material to undergo permanent 

deforn13tion without rupture. 

Is the ability of a material to be defomled by predominantly 

compressive stresses. 

The ability of a material to be plastically deformed by 

predominately tensi le stresses. 
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4.6.2.3.2. Physical Properties 

Density 

Conductivity -

Conduct ivity -

Melting Point -

Is defined, serving all useful needs, as the ratio of a 

matcrials mass to its volulllc. 

Is the affinity of a material to provide [or the 

process of (electrical) charge trans fer through it. 

Is the affinity of a material to provide [or the internal 

(thennal) transfer of energy frol11 particle to particle. 

the temperature at which the material state changes. 

4.6.2.3.3. Chemical Properties 

Environmental Resistance, Composition, Bonding and Structure: 

The elemcntal, atomic and sub atomic makeup and behavior oflhe material that 

provides for its suitabi lity to a particular environmcnl. 

4.6.2.3.4. Dimensional Properlies 

Flatness, Surface Finish, Stability, Tolerances 

These tern1S refer either to a materials 'raw property' or its susceptibility to 

undergo fabrication or treatment to attain such a state. 
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4.6.2.4. Miscellaneous Properties 

This heading shou ld be reserved for those Issues which cannot be categorized 

above but nonetheless must be bome in mind during the material selection 

process. 

Recyclability 

Heallh hazards (Carcinogens, Tox ic, Flammable) 

Emissions (Heavy metals, Volatile solvents, Ozone depletion) 

Waste Disposal (Bum, Lando ll) 

Product Liability 

Code Compl iance 

4.7. Application of Safety Factors 

There are several ways in which a factor of safety is applied to a design. However 

it is important to provide a definition for the safety factor before the methods arc 

discussed. Ideally designers must design their components or products to resist 

failure during its designated life. Thi s means that the loads a structure or 

component will support during its working or service life should be less than the 

capacity for wh ich the component is designed. With this in mind we relate the 

actual strength, the required strcngth and the factor of safety according to the 

following fonnula. 

_.;c{/..:C..:Il..:"..:"-,s"·'_re"I"lg,,,..:"-;-filctor or sarety = . 
'.I 'J' reqUIred strength (4.28) 

It is common to: 

define a factor of safety for a particular appl ication ; 
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detennine whether or not the material used in the application is ductile or 

brittle; 

defin e a working stress or an allowable stress based on the yield strength 

in the case of duct ile materials and the ultimate tensile 

strength in the case of a brittle material ; 

utilize this working stress to compute appropriate gcomctry for the 

applied load. 

It is also possible to : 

identi fy areas of maximum stress; 

calcu late thi s maxi mum stress value hascd 0 11 the actua l load on the 

structure; 

choose an appropriate factor of safety based on the c ircumstances of the 

applicat ion ; 

multiply the maximum stress obtained by the factor of safety and 

the resultant st ress value should be just less than or at least equal to the 

st rength of the material selected; 

again the ductility or absence thereof must be taken into account when 

specifying a material. 

There is much merit in both approaches and a designer should be familiar with 

both of them. The au thor has used both methods (independent ly) in the design of 

the 4 Ann Gripper and Gantry System. 
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Chapter 5 

The Design of a Four Arm Gripper and 

Gantry System 

5.1. The Method of Computational Modeling Employed 

Before the analysis on the actual models could be conducted, a preliminary test 

was carried out using MSC/NASTRAN. 

5.1.1. Summary 

A simple computer prototype test specimen was used to investi gate whether 

modeling different strengths of a material, keeping all other mode l parameters 

the same namely: mesh size, geometry, loading and constraints, had any effect on 

the va lue and paltem of the stresses in the material as computed by the software. 

This test w ill serve to verify the latter o f the two approaches in section 4 .8 and 

illust rate the Nastran Illodcling process step by step, us ing this mod el for 

simpl ic ity. 

This was benefi cia l to the structural design process, as the geometry could be 

experimented with and thereafter a suitable material strength selected for that 

spec i fic geometry provided that the material chosen had essentially the same 

elast ic modulus, density and Poisons ratio. The breakdown of the modeling 

process serves as a foundation for the various models analysis to follow. 
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5.1.2. Model Description 

A rectangular bar with length* breadth· depth = 400* 40*40 is depicted in Figure 

5.1.1. 

Figure 5.1.1. Test specimen 

5.1.3. The Method of Finite Element Modeling 

The geometry (in mm) was defined as a rectangle with corners (0,0,0) and 

(400,40,0). The rectangle defined as a boundary surface. The boundary surface 

was then extruded to a depth of 40 mm so as to define the solid , The materials as 

listed in Table 5.1.1. were saved to the Nastran material library. 

The so lid meshing process cou ld be broadly subdivided into 3 steps. The selection 

of the hex meshing option, the designation of the element size as 10 which 

determines the degree of mesh coarseness and consequent ly the result accuracy. 

The actual meshing of the model which was preceded by the assignment of a 

material. The fonner 2 steps constitute the mesh control and were responsible for 

the setting of the mesh seeds. This resulted in the creation of the elements and 

1025 nodes. 
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The bar was loaded as depicted in Figure 5.1.2. The hex mesh resulted in the 

creation of 25 nodes on each side face. A 50 KN load was applied to the model as 

shown using the load - nodal - on surface command. The bar was constrained as 

shown in Figure 5. 1.2. The hex mesh produced 205 nodes on each of the four 

lateral surfaces. Two of these surfaces were assigned fixed , i.e. no rotation and 

no translation, constraints. 

Figure 5.1.2. Loaded and constrained model 

With reference to Figure 5.1.2. the blue colour represents the fixed constraints 

and the green the applied load. The hex meshed, loaded and constrained solid 

model was submitted for a static analysis. The resulting output set was opened. 

The Maximum solid von Mises stress option was selected and resultant value 

recorded. The change in material and associated properties had no effect on the 

stress contour and deflection. The stress contour is available in Figure 5.1.3 . The 

software does, however, have the ability to display elements that fai l, i.e. elements 

were the yield stress (for a ductile material) specified for the analysis was 

exceeded by the applied stress, this however is not included in the stress contour. 

The explanation is that all alloys of the same base metal have essentially the same 

modulus of elasticity, the same density and poisons ratio. The bar was loaded in 
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tension. The tensile stress was constant due to the constant load and area used on 

all models. Onc can conclude that higher strength alloys typically only provide 

higher yie ld or break strengths as stress is dependent on loading and geometry. A 

deflection analysis has the modu lus of elastic ity as the on ly material parameter 

included in the analysis. 

Table 5.1.1 . Materials selected for preliminary test and the resulting 

maximum stress 

Test Material Elastic Ultimte Condition Max. Density 

Number Modulus Stress Stress 

(GPa) (MPa) (MPa) (kg/m' ) 

Ca rbon 

steels 

la En 8 206 540 nonnalizcd 1342 7849 

Ib En 9 206 700 nonnalized 1342 7849 

le En 9(T) 206 850 Hand T 1342 7849 

Alloy 

steels 

Id En 12 203 540 nomlalized 1342 7849 

le En 24(T) 203 850 Hand T 1342 7849 

If En 203 1000 Hand T 1342 7849 

IUO(V) 

Case 

hardened 

steels 

Ig En 33 203 • • 1342 7849 

Ih En 39A 203 • • 1342 7849 

I i En 57 208 850 Hand T 1342 7849 
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MSC Nastran was also able to produce deformation plots. An exaggerated 

example of this type of plot is depicted in Figure 5.1.4. Even though the model 

seems grossly distorted the actual displacement was ofthe order of 1O.7mm. 
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Figure 5.1.3. The maximum von Mises stress contours (Megapascals) 
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Figure 5.1.4. The deformation plot of the model (millimetres) 

5.2. Arm Design 

Stress, Displacement and Mass Investigation of the Arm 

: a basis for optimum geometrical selection and form design 
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5.2.1. Summary 

, 

+ I -
I 

Figure 5.2.1. A general arm geomelry 

The central theme of 1110St design work is the minimization of weight and at the 

same time the prevention of failure by designing a suitab ly strong component or 

machine. With this in mind, the selection of optimum geometri cal and load 

bearing configurations cannot be overemphasized. The genera) ann scheme 

appears in Figure 5.2.1. together with what was deemed to be an initially suitable 

set o f variables, taking into account the iniatial size specification o f the timber 

pack. 

5.2.2. Arm Design Considerations 

5.2.2.1. The Arm Model 

Using MSC Naslran as the tool of analys is, displacements and areas of stress 

concentration were obtained. The models were used as a qualitative and 

quantitative reference so that redesign could have been effected if necessary. 

Simplicity of the arm geometry accompanied by the fact that the ratio of the 
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parameter LI to the parameter t being equal to 15, lent itself to the modeling of 

the arm using plate elements. Whilst this would provide an elegant FEM solution 

to the problem as finer mesh could be obtained leading to a more accurate result 

the author has also decided to provide a model using solid elements and to use the 

opportunity to draw a parallel between the plate and solid modeling options. A 

typical model submitted for analysis is depicted in Figure 5.2.2. This Figure 

showing the depth of the model can be obtained using both plate and solid 

elements. Fixed constraints were placed at the desired mating contact area 

between the shaft and arm. This was a reasonable assumption as no relative 

movement was to be permitted between the shaft and the arm. The load was 

intended to act over the load bearing length L2 (see Figure 5.2.1.) as this was 

intended to be the mating contact area between tJle palette and the arm. 

Figure 5.2.2. Model submitted for analysis 

5.2.2.2. Loading 

As mentioned the timber pack will be handled using a pallet with a length of2 m 

and a width of 1.1 rn . For an ann height of 1.5 rn , timber can be stacked to a height 
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of 1. 3m. The stack of timber on the pallet was specified initially to have the 

fo llowing dimension : 1.3 by I by 1.8 meters. The hard woods used for mine 

support have an approximate density of 800 kg/m3
. The load on the pallet is 

therefore 1872 kg. In an attempt to apply reasonable safety factors in to the load, 

the author sought first to investigate the conditions arising when the load was 2.5 

ton and when a few models were eliminated loads of 3 ton and 3.5 ton were 

applied. T he reason fo r investigat ing the appl icat ion of the loads listed above will 

become apparent when the parameter L I is experimented with later 0 11 . A 

reduction in thi s parameter would lend itself to a decrease in the actual load as 

dictated by the subsequent decrease in the stack height. With this in mind, design 

loads with in the range of2.5 t and 3.5 t would be used comfortably with a safety 

facto r of 2. Therefore in lieu of consistency and accurat e comparison the 

aforementioned loads are lIsed in tests 5.2. 1. to follow. The use of this safety 

factor is justified by the lI se of a computer stress modeling process as well as a 

cont ro l calculation. 

5.2.3. The tests 

5.2.3. 1. Test 5.2.1 (:1) 

For the initi al test , a load of 2.5 tons was borne by a length of L2 = ISO mm . The 

thickness of the geometry in Figure 5.2. I . was varied and the subsequent result s 

recorded in Table 5.2. 1. This initial test is herei nafter referred to as test S.2. 1. 

It should be noted that the plate mesh quality is fa r superior to the solid mesh 

quality more especially in the regions of the lower fill et rad ii and the upper hole. 

This is not to say that the solid mesh would be an inadequate representation of the 

model. The so lid mesh would have to be made finer (i .e. more nodes especially in 

I1I 



regions of geometrical di scontinuity) wh ich wou ld invariably mean a greater 

analysis / solution time. 

Table 5.2.1. Stresses, masses and displacements obtained for test 

5.2 .1. using solid elements and plate elements 

Thickncss Stress Mass Maximum 

(mm) (Mpa) (kg) Displacement 

(mm) 

5.0 174.779 6.555 14.000 

18 1.234 14.000 

10.000 87.642 13.1 I I 7.320 

93.339 7.530 

15.000 58.300 19.665 4.680 

60.413 4.880 

20.000 43.725 26.22 1 3.5 10 

45.310 3.660 

25.000 35.237 32.777 2.8 10 

36.248 2.930 

30.000 29. 149 39.330 2.340 

30.207 2.440 

40.000 21.786 52.440 1.750 

22.655 1.830 

50.000 17.396 65 .550 1.400 

18.124 1.460 

Note. where two val ues appear III a block, the upper value represents the sohd element model 

result and the bottom the plate element model result . 

112 



It was realized that some orthe models tested in test 5.2.I.(a) cou ld be omitted as 

viable contenders for the ann geometry. The mating surface area between the arm 

and shaft was g iven voice as the models with 5 mm and possibly the 10 mm 

wh ilst displaying stress patterns that could be accommodated, the cost factor 

as ide, by using a mater ial with the relevant yield stress, provided for an 

insufficient contact area which in nlrn could have very well lead to fulcrum type 

rocking at the joint even if the joint was only sl ightly imperfect. 

J 

o 1lO4!l1 • 
o lIl.6 . 

)0130 III 
)~1°7(, • 

1 ·,1" . '. [11:4 . 

000153 . 
0,00123 . 

0000921 . 
0001);14 • 
0000307. 

o 

Figure 5.2.3. An exaggerated deflected model (unit : metres) 

For clari fi cation, a magnified view of the maximum arm deflection in Figure 

5.2.3. has been shown in Figure 5.2.4. If the mass for the 30 mm thick model is 

noted, one would immediately become aware that 4 of these arms would 

constitute a mass of approximate ly 160 kg. This is unsuitable in terms of the 

initial specification regarding the design mass as masses for the shafts, the chassis 

and actuators had at that point yet to be included. Needless to say, the 40 mm and 
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50 mm thick models would be negated for the same reason even though the stress 

values seemed highly lucrat ive. 

5.2.3.2. Test 5.2.1. (b) and Test 5.2.l.(c) 

It was desired to increase the load from 2.5t to 3t and 3.5t and inves tigate the 

effect of this change all the stress and maximum disp lacement. The results of the 3t 

and 3.51 load test appear in Table 5.2.2. and Table 5.2.3. respectively. 

Tabl e 5.2.2. Output obtained by increasing load to 3t : an extension of 

test 5.2.1 

Thickness Stress Mass Maximum 

(mm) (MP.) (kg) Displacement 

(mm) 

10.000 108.744 13 . ] I I 8.780 

15.000 72.496 19.665 5.850 

20.000 54.372 26 .22 1 4 .390 

25 .000 43.497 32 .777 3.5 10 

The concern over mating contact area allows not only the arm-shaft contact area 

problem to surface but also the mating contact area between the arm and the pallet, 

which also fo r stability, safety and the prevention of fulcrum rocking needed to be 

somewhat substantial. As from economic point of view, i.e. cost of the material 

and the manifestat ion of this ri se per size in actuation costs, providi ng a chunky 

depth for the geometry in Figure 5.2. 1, after having given credence to the masses 

in Table 5.2 . 1, would have not been feasible unless some geometrical compromi se 

could have been attained . 
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Table 5.2.3. Output obtained by increasing load to 3.5t : an extension of 

test 5.2.1 

Th ickness Stress Mass Maximum 

(mm) (MPa) (kg) Displacement 

(mm) 

10.000 126.868 13.1 11 10.200 

15.000 84.578 19.665 6.830 

20.000 63 .434 26.221 5. 120 

25.000 50.470 32.777 4.100 

5.2.3.3. Test 5.2.2. - Parameter t 

The geometry was firs tly modified by changing the parameter ' t' in Figure 5.2.1. 

from 100 mm to 70 mm. This necessitated a change in the parameter 'L3' from 

300 mm to 270 mm so that the mating contact area between the ann and the pallet 

along with all other parameters wou ld have been kept constant. The anns were 

loaded by a 3t force. The values for test 5.2.2 ( t ~ 70 mm ) are tabulated in Table 

5 .2.4. As the reduction in the parameter t lent itse lf to a reduct ion in mass, the 30 

mm th ick model came back into contention. 

The results of test 5.2.2. showed a distinct reduction in mass as compared to the 

models in test 5.2. 1. fo r the 31 load. However, endeavors to possibly reduce the 

models with 25 and 30 mm depths to masses of under 20 kg had to be made. 
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Table 5.2.4. Reduction in parameter 't' : results of test 5.2.2 

Thickness Stress Mass Maximum 

(mm) (MPa) (kg) Displacement 

(mm) 

15.000 117.137 13.779 15.200 

20.000 87.853 18.372 11.400 

25 .000 70.9 15 22.965 9.090 

30.000 61.579 27.559 7.880 

5.2.3.4. Test 5.2.3. - Parameter Ll 

It was desired to investigate the effect of reducing the parameter L 1 to 1.2 m 011 

the outputs discussed thus far. The reason for choosing 1.5 m as an initial length 

for L t was that a greater timber stacking height of the timber on the pallet could 

have been achieved. The justification for the reduction is twofold. Fi rstly, the 

costs (material and actuation would be have been reduced), and second ly the 

vertical spatial constrai nt of a mining tunnel, 3.5m as speci fied, impinged on the 

allowable design height of the gantry. The results are available in Table 5.2.5 and 

designated as test 5.2.3. The reduction in thi s parameter allows the timber to be 

stacked to a height of I m. So a load of 1440 kg was expected and w ith a safety 

factor of2, the design load of3 t was justified. The employment ofa safety factor 

of 2 can be explained by the use of a finite element package for the modelling as 

well as a verification calculation. 
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Table 5.2.5. Arm length reduction to 1.2 m : the results of test 5.2.3 

Thickness Stress Mass Maximum 

(mm) (MPa) (kg) Displacement 

(mm) 

15.000 117.410 11.306 9,780 

20.000 88.057 15,076 7.340 

25.000 70,802 18.845 5.870 

30.000 59.045 22.614 4,890 

40,000 44, 03 1 30,152 3.670 

The mass of the am1S that were investigated up to that point were cause for 

concern. A mass per anTI 0[20 kg or less, as mentioned earl ier, would be suitab le. 

Attention to Table 5.2.5, rendered models with depths 15, 20 and 25 mm more or 

less suitable based on the aforementioned criteria. However, as is also evident 

from Table 5.2.5, thickness is proportional to the mass and inversely proportional 

to stress and displacement. Having stated this, the author has chosen to use the 25 

mm thick model for the advantage of the shaft ann mating contact area and the 

pallet am1 gripping surface. 

5.2.3 .5. Test 5.2.4. - Parameter L3 

It should be noted that the 25 mm thick model has a displacement of 5.87 mm for 

which attempts at minimizat ion had to be looked into. A closer inspection at the 

deformation model at the points of maximum defonnation appear in Figure 5.2.4. 

It is apparent from Figure 5.2.4. That the maximum displacement value, indicated 

by the red displacement contour, occurs towards the end of length L3. An attempt 
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was made to lessen the local maxi mum displacement. An investigat ion whereby the 

length L3 was modified, was undertaken keeping the parameters t and R2 equal to 

70 mm and 50 mm respectively. 

Regarding to the statement made above, the length L3 was reduced to 220 mm, 

allowing the mating contact area between the arm and pallet to have a length of 

100 mm. The result of the stress-mass-displacement invest igat ion was that the 

stress was reduced to 59 .798 MPa, the mass to 18. 157 kg and the displacement to 

4 .8 \ mill . 

5.2.3.6. Test 5.2.5. - Parameter R2 

The nastran tests carried out on the ann in order to obtain the optimum geometric 

configuration could have not been brought to a frui tful conclusion without having 

experimented with the parameter R2. The parameter was reduced from 50 mm 

to 30 mm and thereafter increased to 70 mm. In order to obtai n a result that could 

be compared to the tests conducted up to that point, the effective ann pallet 

mating contact area had to be kept constant. To this end, the parameter L3 had to 

be altered. The reader should be aware that the relat ionship between the 

parameters L3 . L2, R2 and t is 

L3 = L2 + R2+t 

The parameters together with the resu lting outputs appear in Table 5.2.6. 
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Figure 5.2.4. The maximum arm deflection (exaggerated) 

Figure 5.2.4 . which shows clearly the maximum deflection, is a magnification of 

the relevant area. The scale is available in Figure 5.2.3 . 

Table 5.2.6. EfTect oCParameter R2 on Stress, Displacement and Mass 

R2 L3 L2 t Stress Displacement Mass 

(mm) (mm) (mm) (mm) (MPa) (mm) (mm) 

30.000 200.000 100.000 70.000 47.983 4.070 17.880 

50.000 220.000 100.000 70.000 59.798 4.810 18.157 

70.000 240.000 100.000 70.000 68.200 5.570 18.433 
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5.2.3. T he Arm Geometry 

'" 

\..~ 

l~OO 

.~ 

,.J 
l.L ---70 

~ 

Figure 5.2.5. A geometrical manifestation of the parameter 

Experimentation (dimensions: mm) 

Even though extensive experimentatio n has been carried out o n the arm geometry, 

the autho r has opted to resist the temptation to include furt her, albeit slight 

changes that had to be made to the arm in light of the shaft design as thi s would 

not serve to illustrate the real ity of the iterat ive process ofa design. Figure 5.2.5 is 

a manifestation of the fo rm design investigatio n ou tl ined above. 

5.2.4. The Control Calculation For Arm Stresses 

An attempt was made to verify the result provided by the NASTRAN computer 

simulation. To this end the fo llowing st ress calculation is presented. 

Title 

Calculati o n of Arm Stress 

Given : 

The geometry in Figure 5.2.5 . The model simpl ified as in Figure 5.2.6. and a stress 

element po int D identified as the point of examination. The arm is loaded and 
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and modeled for the purpose of the stress calculation as in Figure 5.2.7. The aml 

is assumed to be rigidly attached to the shaft 

Calculation: 

A 3 ton load design load, as justified in the preceding discussion regarding the 

ann design, will be carried by the 4 arms. Each arm will therefore carry a fo rce of 

7357.5N. It is assumed that the force acts at the cent er oflhe load bearing surface 

of the ann. 

Referenee to Figure 5.2.7. (b) 

at A: 

I Fy = 0 ~ R"A = 7357.5 N (5.2.2) 

IF, = 0 ~ RXA = 0 (5.2.3) 

I M, = 0 ~ MA = 7357.5 x 0. 115 = 846. 11 25 NIII (5.2.4) 

Re ference to Figure 5.2.7. (c) 

at D : 

I Fy = 0 ~ R YA = R YD = 7357.5 N (5.2.5) 

~ F;{ = 0 -I' RXI) = 0 (5.2.6) 

IM, = 0 ~ MD = 846.1125 NIII (5.2.7) 

where 

~ F, = the sum of forces in the i di rection 

~ Mi = the sum of moments in the i direction 
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Figure 5.2.6 . Simplified Model For Calculation 

Figure 5.2.7. Arm Model for Calculation 

on AD 

ay = CIAD =: (Juxia/ + Uhendillg 

ay = ; + NJc = 45.647 MPa 

where 
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ay = the stress on element at 0 in the direction of the yaxis 

p ~ the axia l force ~ 7357.5 N 

A = the cross sectional area orthe modeled beam = 0.07 * 0.025 m2 

M = the moment at point 0 = 846.1 125 Nm 

c = the distance fr0111 the neutral axis to point 0 = 0.035 In 

I = the moment o f inertia of the cross sect ion = bhJ/ 12 = 7 .14583e-7 1114 

Reference to Figure 5.2.7.(d) 

at D: 

Where 

~Fy ~ 0 - F ~ RYI) ~ 7357.5 N (5.2. 10) 

~ F., ~ 0 - R XI) ~ 0 (5.2. 11 ) 

L M ;: = 0 -+ M D = load x length from load pOint to pOifll D 

~ 7357.5 X 0.08 ~ 588.6NIII 

(5.2.12) 

Ri} = the reaction force in the i direction at point j 

onCD: 

a x = a CD = a bemfillg (5.2.13) 

(J, ~ ~c ~ 28.829 MPa (5.2.14) 

T xy = T bending (5.2.15) 
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3V r.". = 2A = 6.306 MP" (5.2.16) 

where 

0"-.; = the stress on element at D in the direction orthe x axis 

M = maximum bending moment a long CD = 7357.5 * 0.08 = 588.6 Nm 

c = the distance from the neutra l axis to point 0 = 0.035 m 

I = the moment of inertia or the cross section = 7.14583e-7 1114 

L\}'= the bending shear stress acting in the yz plane in the direction orlhe y 

aXIs 

v = the shear force at D 

A = the cross sectional area of the l110deled beam 

Combination of Stresses: Accordi ng To The Maximum Distortion Energy Theory 

(MDET) the equivalent stress 

, 
U e = (0'; + 0'; - a.luy + 3r;)')"2" = 42 MPa (5.2. 17) 

The resu lt calculated was excepted, s ince the va lue produced by the finite element 

software was computed to be 48 Mpa. The difference could however be attributed 

to the fact the the software employed a numerical method for the solution. In 

addition to this the geomtry of the mode1 employed for the verification calcu lation 

was simplified at point D. 
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5.3. Theoretical Approach to Shaft Design 

5.3.1. Shaft Design in the Context of the 4 Arm Gripper Design 

The detail desi gn phase of the desi gn process was carriecl oul as layed out in this 

thesis. With the design of the aml preceding the design of the shafi which was 

succeeded by the design of the chassis. As should be evident at this point, the 

parameters o rlhe ann were available for experimentation and this experimentation 

mani rested itsel f in the geometri cal configuration selected. 

The shafts purpose or functionality was twofold. First ly to pennit the rigid 

attachment and support of the anns and secondly to rolate or more correct ly to 

undergo some prcdetennincd angular d isplacement so as to provide for the 

gripping action. 

The author approached the detail design of the shafi in somewhat of a different 

ligh t to that of the ann. The reason being, that firstly, few geometric parameters 

were available to be experimented with and second ly the design of a simple shaft, 

need not be analyzed using an FEM package such as NASTRAN as the theory 

goveming the design of this machine element is covered both extensively and 

sufficient ly well in text books and in any undergraduate mechanical engineering 

degree. 

Options for hollow or solid shafls were indeed given voice. The dimension of the 

hole in the ann, which has a direct relationship to the s hafi diameter, was in no 

uncertain temlS an arbitrary choice. It bore testimony and was therefore reserved 

for discllssion under the design of the shafl to illust rate the iterative or "back and 

forth" process that is a benchmark characteristic of the design methodology 

already outlined. 
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Figure 5.3.1. A 3 dimensional layout of the shaft 

• I • 
Figure 5.3.2. Shaft arm arrangement 

As is evident from the Figure 5.3.1. the shaft has two slepped diameters. From a 

practical standpoint the shaft had 10 be stepped as th.is would provide a surface for 

the abutment of the arms as well as the bearings. This is important more especially 

since attempts made to minimize mass of the ann resulted in a compromised arm 

thickness and shaft arm mating contact area. 
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5.3.2.1. Shaft Loading Assessment 

Figure 5.3.2. depicts a preliminary shaft and loaded arm configuration. The shaft 

supported by bearings housed in the chassis is not depicted in the figure. The 

bearings provide the reaction force to the load transmitted along the ann length 

and the due to the designated ann shape and the position of the load on the aml, 

the shafl is subject to a torsional moment along its longitudina l ax is. In order to 

conduct a deflection analysis on the shaH the shaft was modeled as in Figure 

5.3.3. 

I' p 

2 
x 

Figure 5.3.3. Shaft model for calcu lation 

In genera l any bending load will cause the beam to deflect since it is made of an 

e lastic material. Il is assumed that the transverse-shear component is small 

compared to that due to bending seeing as how the beams length to depth rat io 

was designed to be less than 10. 

Let; the distance between RI and R2 

the distance between RI ,R2 and P 

~ L 

~ a 

Summing forces in the vertical direct ion (reference to Figures 5.3.2. and 5.3.3.) it 

is round that P ~ 7357.5 N. 
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The torsional moment on the shaft is as calcu lated by multiplying the 

perpend icular distance between the load line and the cent er of the hole on the arm 

by the val ue of the load. Therefore the torsional moment, 

M, ~ 7357.5 * O.1 1 5~ 846.1 125 *2 ror two anllS on a shaft ~ 1692.225 Nm. 

5.3.2.2 . Hollow shaft vs. solid shaft 

Up to this point no mention has been made as to whether the section should be 

hollow or solid. A qualitative look at th is aspect was of great sign ificance to 

further analys is. 

The maximum shear st ress of a shaft 

M, ro 
!max = -j-

For a solid section the polar moment oCi nertia is 

nr4 

j " solid = 2 

For a ho llow section the polar moment of inel1i a is 

n(,.' - ,.') 
j o ! 

hollow = 2 

where 

T max = the maximum shear stress 

Mt = the torsiona l moment 

ro = the outer radius 
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r, = the inner radi us 

J = the polar moment of inertia 

For the situation above pennit the torsional moment as well as the outer radius to 

remain constant. So that the relationship between the polar moment of inertia and 

the maximum s hear stress is one of inverse proportion. 

The shafl as depicted in preceding fi gures has two stepped diameters. For the 

scenari o of the solid shaf1 the smallest of these diameters had been considered 

and was taken as twice ro. For the hollow shaft. thc inside diameter was d; and had 

been taken as twice rl' The outside diametef of the hollow shaft was twice ro. 

Further both hollow and so lid shalls are made from the same material and were of 

the same length. 

For r, =0.5 ro 

(5.3.4) 

Thefefore the rati o fOf the max imum shear stress in the hollow shall to the solid 

shaf1 was found to be 

T 110110'" I 
< .. lid - 0.9375 = 1.06667 (5.3.5) 

Similarly whcn f, =0.8 fo, r, =0.75 ro,f, =0.7 To and when 1'; =0.6 ro 

<:;::~~ = 1.6938, 1.4629, 1.3 160, 1.1489 (5.3.6) 

respec tively. This means that fOT 1'; = 0.5 To; 1'; = 0.6 To; Tj =0.7 To Ti =0.75 To and 
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r, =0.8 ro the stress increase for solid shaft to ho llow shaft was 7%, 15 %,3 1%, 

46% and 69 % respectively. The mass of the shafts in both scenarios had been 

given atte ntion. Mass is equal to the product of density and volume. Seeing as how 

the material and by impl icat ion the density had together wit h the shafts lengths 

been equal , the relationship between mass and the area of the cross section was 

one of direct proportion . 

With the area for a hollow shaft given by 

(537) 

And that of a solid shaft 

A = nr6 (5.3.8) 

Therefore for : 

r, = 0.5 ro; r, = 0.6 ro; r, =0.7 ro; r, =0 .75 ro and r, =0.8 ro the weight of the ho llow 

shaft was 75%. 64 %, 5 1%, 43.75 % and 36% of the weight of the solid shaft 

respect ively. 

5.3.2.3. Preliminal"y Layout and Material Selection 

In selecting a preliminary layout for the shaft , stress calculations performed prior to 

that w hich is presented in the dissertation dictated that the smallest stepped 

diameter had to be over 30 mm, as this together with smaller diameters produced 

very high stresses. A leading factor in the selection of the preliminary layout was 

an appreciation of what is commercia lly avai lab le. For the task at hand, that is of a 

shaft with two steps, the range of shaft dimensions and materials available were 

extremely limited . After preliminary calculations, a 63 mm outside diameter and 
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32 mm ins ide diameter bar was commercia lly available. The steel, readily 

available locally. was sourced from overseas markets and had a yield strength in 

the region o f 5 10 MPa to 6 10 MPa depending 011 the chemical composition of 

which it was composed. The chemical composit ion of the steel was such that it 

contained a max imum of 0.2 % Carbon, 1.5 % Manganese and 0.5 Silicon. 

the stepped di ameters = d I , d2, d3 

where d 1 <d2<d3 

correspondi ng to moments of inerti a's I I , 12, 13 

with in temal di ameter d, = O.Bd 1 

For the calculations to follow let [d, dl d2 d3] = [32 40 50 63]. The selection of 

the step from 40 111111 to 50 mm was based on an initial es timate o f 5 mill for the 

abutment height required by a bearing. The author was well aware at the time that 

the layout and subsequent calculations were susceptible to reiteration and has 

attempted to illustrate this in sections to fo llow. 

5.3.2.4. Shart Stresses 

For the calculation o f shaft stresses the investigation inc luded the shafl being 

loaded in both bending and to rsion. The load di stributions over the shafls length 

were determined and manifested themselves in the drawing of shear, bending 

IlIo mc nt , and to rs io na l mo ment di agrams for the shaft. 

Reference is made to Figure 5.3 .3, with a = O.05 m, L = 0.7111 : 

The max imum shear force 

The max imum bending moment 

The torque the shafl 

13 1 

Vo~ = 73 57. 500 N 

Mo,,, = 367.875 Nm 

M , or T = 1692.225 Nm 



As was evident frol11 Figure 5.3.4. the 1110st heavily loaded cross sections are at F 

and G, To this end, a section has been taken at F corresponding to maximum 

combi nations o r torsional moment and shear fo rce and at G corresponding to 

maximum combinations of bending moment, torsional moment and shear force 

and the stresses that existed by virtue of the interrerence fi t between the shall and 

the arm . 

For the calculations that rollow, the following notation was used, reference is 

made to Figure 5.3.4, Eu which is read as follows: a stress e lement 'E' at the 

point T on a cross section taken at ' i', 

l 1 1 J 

D 

(a) Bending Moment Diagram (b) Shear Force Diagram 

(c) Torsional Moment Diagram 

Figure 5.3.4 . Shaft loading diagrams 
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The shear .\·Iress due 10 /orsiOIl is proporliollullO IIIe radills alld is =ero fh e cell/er alld a 
maximum at all poillls Oil the ollter slIIface. The bending .I'tres~; magI/ill/de is proportiol/al 
10 rhe dis({/lIce y from the nelllml plane (lJI(I is maximum (11 Oll/Y lop (llld bollOIll of the 
sec/iOIl. The shear sires!>' due 10 due 10 lral/sverse loading is (l1II(lxillllll11 a/ all poill/s ill 
Ihe nelllml plane and is zero allhe OIl1erjibres. 

B 

(a) torsion shC;tr StTl..'% distribution aoO$S SCClIon (b) 1,,1) poinlS of inlcrest ror Sire:;:; 

(cl normal bending st ress distibUlion (d) tranSye"" shear stress distribution 

Figure 5.3.5. Stress distribution on cross sections 

Four points of interest were selected for computation of stresses. Two points for 

the section at F and two points for the section at G (see Figure 5.3 .5. Cb». 

For a sect ion at F the first point under considerati on was an e lement at A i.e. EFA • 

At this element both the bending stress and the transverse shear stress are zero so 

the e lement is SUbjected to a to rs ional stress. T his was calculated as 

where 

M,ro 
r 110111 = T loni oll = --J-

1692.225 X 0.02 
1.4838x 10 7 

= 228.0877 MPa 
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T 110111 = is the nominal shear stress for the element 

[ fOrS/Oil = is the torsional shear stress on the elemem 

M\ = is the torsional moment as calculated in section 5.2.3.2 

ro = is the distance of the element in question from the neutral axis 

J = the polar moment of inert ia of the first step = 3][2 (0.044 - 0.032 4) 

Also for a section at F, an element at B (see Figure 5.3.5. (b» was considered . 

Thi s element was subj ected to a transverse shear stress and the to rsional st ress as 

calculated above. For El's: 

41 " 
T 1I0m = T fOTS/OII + T trallsvcrse shear = T forS/Oil + 3A 

4 X 7357.5 
= 228.0877 + 3 X 4.5239 X 10-4 

= 228 .0877 + 2 1.6848 

= 249.7725 MPa 

where 

r 11011/ = is the nominal shear stress for the element 

T torSIon = is the torsional shear stress on the element 

I. trQn8wrSe sheor - is lht: lransvt:rst: shear stress for the element 

A is the cross sectional area = ~ (0.042 - 0.0322) m2 

V is the shear force = 7357.5 N 

(5 .3 . 10) 

For the section at G, an element at A is subjected to a combination of bending, 

tors ional as well as stresses due the interference fit see section 5.3.2. 
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The bending st ress had been calculated with the followi ng fomlUia. 

For EGA 

where 

MbY Pay 
Ufx>mfing = -}- ~ - } -

(7357.5 x 0.05)0.025 
2.5532 x 10 7 

~ 36.0203 MP" 

Mb = the bending moment 

P = the extemal transverse load on the shafl 

a = the distance between the load and the support 

y = the distance from the neulrallo the point A 

= the section moment of inertia = 6714 (0.05 4 
- 0.0324) 1114 

(5.3. 11 ) 

The torsio nal stress at all cross sections on the 50 mm OD was calcu lated as 

where: 

meanll1g 

M, ro 
T 110111 = T fOr~io/l = -J-

1692 .225 x 0.025 
~ 5.106487x 10 7 

~ 82.8468 MP" 

(5 .3.12) 

unless otherwise stated below the symbols have their usual 

as have been previously defined 

J ~ 3; (0.05 4 
- 0.032') m' 
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Eeu ex periences torsional shear, transverse shear and the st resses that ex ist by 

virtue ortlle interference fit (d iscussed in sect ion 5.2.3.8.) 

The shear stresses on the c lement have been computed as follo ws: 

4 V 
T"ol1l = Twrsion + Tbenillllg = T'orsio" + 3A 

4 x 7357. 5 
= 82.8468+ 3x 1.1592 x 10 3 

= 82.8468 + 8.4623 

= 91.3091 MPa 

(5 .3 .13) 

where : unless mentioned below all values have the same meaning and 

assume the same properti es as previously defined . 

A = ~ (0.05' - 0.032') 

Looking at the st resses calculated in perspective, or more speci ficall y the shear 

s tresses, computed are very high. Realizing that a stress concentrat ion factor had 

yet to be app lied and that the material had a minimum yie ld strength o f 5 t 0 MPa 

for which the shear yie ld st rength was 0.58 of the yield strength, an allempl had to 

be made to reduce the st ress. The author sought to increase the moment of inertia 

by increasi ng the outside diameter if the shall at the bearing-shall step surface to 

45 mm as this is the next standard bearing inller diameter availab le commercially. 

The shear stress on EI'A was reassessed as follows: 

M,ro 
r "om = T /Qrsion = - }-

= 1692.225 x 0.0225 
2.99963 x 10 7 

= 127.07 18 MPa 

136 

(5.3.14) 



where 

T nom = is the nominal shear stress for the clement 

IOrslonal = is the torsional shear stress on the element 

MI = is the torsional moment as calculated in sect ion 5.2.3.2 

ro = is the distance orthe element in question from the neutral axis 

J = the polar moment of inertia of the first step = 37r2 (0.045 4 - 0.0324) m4 

The shear state of Em was recalculated as follows: 

4V 
"f,wm = "fIQrsiQn + "fbc"ding = "ffQ"sion + 3A 

4 x 7357.5 
= 127.0718 + 3 x 7.86 18 x 10-4 (5.3. 15) 

= 127.0718+ 12.4780 

= 139.5498 MP" 

where: unless stated or recalcu lated below the symbols have thei r usual meaning 

A = ~ (0.045' - 0.032') 

In order to have calculated the stresses on the next step the diameter of the next 

step had to be detennined. The step height and by implication the diameter was 

directly influenced by the bearing that was selected which would have dictated a 

minimum abutment height. As a first step toward the bearing selection the shaft 

deflection and angular displacement had to be computed as this was deemed to be 

an indispensable step in selecting the type of bearing that would be used for a 

given misalignment. The loading capacity, the other vi tal aspect of concern when 

selecting a specific bearing type of bearing has been discussed in sect ion 5.3.2.6. 
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5.3.2.5. Application of Castigliano's Theorem for Shaft Deflections 

The Strain Energy, U, in a straight beam subject to bending moment, M, is 

S 
M 2dx 

u= 2EI (5.3. 16) 

Casli gliano's stra in energy equation can be appli ed to problems involving shafts 

o f non-constant sec ti on. 

Reference to Figure 5.3.3. 

The tota l strain energy due to bending is 

where 

U1 is the energy from x = 0 to a 

U2 is the energy from x = a to L-a 

Ul is the energy from x = L-a to L 

The st rain energy is considered for each section of the shaft 

Resolving vert ical loads 

Taking moments about the left hand bearing 
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(5.3.19) 

Splitting the beam between x = 0 and x = a, the moment can be expressed as Px. 

_ f" (Px) ' _ P'a' 
VI - 0 2EI, - 6EI, (5 .3.20) 

Splitting the beam between x = a and x = L-a, the moment can he expressed as Pa. 

_ fL-" (Pa) ' 
V, -" 2EI, 

p 2a 2 

= 6EI, (L - 2a) (5.3.21 ) 

Splitting the beam between x - L-a anti L, the moment call be ex prt:sst:tl as 

R,(L-x) 

V - fL (R , (L -x)) ' _ ~[~ - L' (L _ ) L(L _ ) ' _ (L - a)' ] 
3 - L- t/ 2Eh - 2E/z 3 a + Cl 3 

(5.3.22) 

And the total strain energy is 

P' a' P' a ' p' [ L' , (L - a)'] 
V= 6Eh + 6£1, (L-Za)+ 2£1, 3 -L'(L - a)+L(L - a) - 3 

(5.3.23) 

To obtain the defl ection at the load P, the partial derivative ofU with respect to P 

is calcu lated; 

BV [a' a' ( ) 1 [L' '( ) ( )' ([ -a)' ]) BP = 2P 6EI, + 6EI, L - 2a + 2Eh 0; - L L - a + L [ - a - 3 

(5 .3 .24) 

139 



12 is the section moment of inertia between the load and the support and 13 is the 

section moment o f inel1ia between the loads. It was assumed that the diameter at 

the shaft_ann interface was SO mm. The following analysis was therefore 

regarded as a worst case scenario and would be revis ited once the bearing had 

been selected and the abutment height found. This, once again serves lO illustrate 

the iterative natu re of the design process. 

I, = 6"4 (d~ - dil = ;4 (0.05' - 0.032 ' ) = 2.553243e - 71/1' 

I ] = 6~ (d~ - dil = 6"4 (0.063 ' - 0.032') = 7.2 1799ge - 7 1//' 

With a = 0.05111; L = 0.7111; E = 203 GP. 

The deflec ti on (d) under load is obtained by substi lUting a, L, E, 12, and 13 inlO 

equation (5.3.24). The resu lt was a deflection of 1.9953eA m and the angular 

deflection can be calculated as arclan (d / a) la be 0.229°. Clearly the use of self 

aligning bearings seemed apt. However as the relative cost these bearings is more 

or less twice the cost of rolling element bearings, the author sought la make some 

attempt to minimize the deflection, in order to veri fy that the use of such bearings 

was absolutely necessary. This was done by experimenting with the lengths a and 

L. 

Table 5.3. 1. Experimentation with parameter 'a' 

a(m) d(m) 0-arctan(a 1 d) (deg) 

0.030 7.279E-05 0.14 

0.040 1.285E-04 0.18 

0.060 2.854E-04 0.27 

0.070 3.859E-04 0.32 
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Attempts to modify the parameter 'a ' in regard to the aforementioned aim were 

unsuccess ful. As the depth (thickness) of the aml chosen was 25 mm, 30 I11m was 

the smallest practically conceivable length for this parameter. A length of 0.07 

was deemed to be unsuitab le as this would shorten the distance between the arms 

and invariably place the load further from tile support. To this end, the author had 

decided take the parameter 'a' to be 40 mm. Remembering that a change in this 

parameter wou ld affect the bending stress as calcu lated in the previous sectioll. 

The length L was the next parameter under investigat ion. The results of this 

investigati on appear in Table 5.3.2. All parameters remained as originally out lined 

so that an appropriate comparison could be made i.e .. the va lue of a remained as 

50 III Ill. Table 5.3.3. contains the denec tions when L is varied and ' a' is kept at a 

constant va lue of 40111111. 

Table 5.3.2. Experimentation with parameter 'L' for a = 0.05 

L(m) d(m) 8 - arctan(a I d) (deg) 

0.500 1.744E-04 0.20 

0.600 1.870E-04 0.21 

0.800 2.1 2 1 E-04 0.24 

Table 5.3.3. Experimentation with parameter 'L' for a = 0.04 

L(m) d(m) O-a rctan(a I d) (deg) 

0.500 1.1 25E-04 0. 16 

0.600 1.205E-04 0.17 

0.800 1.366E-04 0.20 
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The trend from the Table 5.3.2. and Tabl e 5.3.3. is that both the denee tion and the 

angular deneclion increase with an increase in the length L. However it is not 

practical to limit the length L to less than 0.5 m and even this value is 

quest ionable. The rationale behind thi s is that the length o f pa llet is 2 m and a 

' reasonable' distance between the amlS on the shaft was required in o rder to 

fac ilitate the safe hand ling of the pallet. It was also apparent that the attempt to 

reduce the angular de fl ection to 0.040 had not materialized. 

In light of the above discussion and analys is, the author has chosen ' L' and ' a ' to 

be 800 mm and 40 mm respectively. The next task was that o f selecting the self 

aligning bearing. 

5.3 .2.6. Bearing Select ion 

Seeing as how the bearing was stationary for the most part o f its operat ion and 

slowly slewing when moving. serving all useful needs and purposes it was 

regarded as being statically stressed. 

The assessment of the index of stat ic stress ing. fs• is a sa fety factor against 

prohibitive permanent de[onnations on the contact areas of ro ll ing elements. A 

bearing for the gripper applicati on had to sati sfy a nom1a1 demand and could have 

assumed a va lue o f 1.2. However credence must be given to the environment in 

which a defin itive maintenance po licy could very well be absent and to th is end 

the author has chosen a val ue of 1.35. 

Co. the static load rating is a listed va lue in bearing tables. This load causes a total 

permanent deformati on of 0.000 1 o f the ro ll ing element diameter at the most 

heavily loaded clement / raceway contact. po. the equi valent static load rating and 

represents the extemal load on the bearing. 
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The index of static stressing fs, the equ ivalent static load Po and the static load 

rating, Co are related by the following equation. 

(5.3.25) 

From this equation: 

Co ~ f,P 0 ~ 1.35 x 7357.5 ~ 9.93 KN (5.3.26) 

For an interna l diameter of 40 mill and a static load rating of 9.93 KN. Bearing 

catalogues were consulted and the appropriate bearing selected. 

As already mentioned a self aligning bearing would be used to cater for the 

angular deflection of the shaft. Self aligning bearings are able to cater for a 

misa lignment of 4°, however the environment in which the bearing would have to 

operate in, dictated the use of a sealed self ali gning bearings which cater for a 

mi salignment o f up to 1.5°. Sealed self aligning bearings incorporate rubbing seals 

on both sides. They are lubricated fo r life at manufacture, and this property is well 

su ited to the minimal maintenance specification. 

The bearing dimensions of the bearing selected is depicted in Figure 5.3 .6. The 

fillet radius on the shaft is dictated by the choice of bearing. The bearing rings 

were required to closely fit the shaft or housing shoulder, and it was not allowed 

to foul the shoulder fi llet. As a result the fillet radius rg. of the shaft had to be 

smaller than th e minimum chamfer rsmin, of the bearing. For the selected bearing fg 

was chosen to be I mm agai nst a tabulated r~mi n of 1.1 mm . The significance of the 

abutment height in the specificat ion of the shaft_aml interface d iameter has 

already been mentioned. The bearing selected dictated that the minimum abutment 
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height, h",;n had to be 3.5 mm. This would have meant that the diameter in 

ques tion would have to be 52 mm. Having found this va lue, the following 

reiterative calcu lations were calTied out: 

the stresses that existed due to the interference fit; 

the calculat ion of the stresses on a section at G (see sect ion 5.3.2.5) 

the combination of these stresses 

a revisited analysis of the ann : changing the hole diameter and loading the 

hole arm with the pressure that existed by virtue of the interference fit and 

the torsional load 

t-~--:j 
['-- -I 
~~. 

Figure 5.3.6. Bearing dimensions 

5.3.2.7. Calcu lation of the Interference Fit and Associated Stresses 

The torque wh ich can be transmitted between components by an interference fit 

can be estimated by : 

T = 2fPnb'L (5.3.27) 

where: 
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T = torque, NI11 

f = coefficient of friction 

P = interference pressure, N/m1 

b = interference radius, m 

L = length of interference fit, 111 

Equation (5.3.27) can be rearranged to evaluate the pressure required to transmit 

the torque: 

T 
p = 2fnb2L 

1692.225 
= 2 x 0.78 x nx 0.0262 x 0.025 

= 20.43 13 MPa 

(5.3.28) 

Even though the materials used for the ann and the shafll11aybc different grades 

of steel, catering for different stress level, the modulus of elasticity is essentially 

the same. Therefore the following equation, lIsed to find the diameter 

interference, ror the case when both shaft and hub are of the same material can be 

used with sufficient accuracy. 

15 = 4b ' (c 2 - a 2 )P 
£(cL b2)(bL a 2) 

4(0.026 ' )(0.035 2 - 0.0162 )(20.4313 X 106 ) 
= 

203 x 1 09(0.035 L 0.026' )(0.026' - 0.0162 ) 
(5.3.29) 

= 2.9736 x 10-' 11/ 

= 0.03 mm 

where (as illustrated in Figure 5.3.6.) : 

P = pressure at the mating surface, N/m 2 

cS = total diameter interference, m 
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a = internal rad ius of shaft, m 

b :=: outer radius of inner sha rl, m 

c :=: outer radius of outer component 

E = Young' s modulus, N/m! 

- -
f ' 

Figure 5.3.7. Radii used in the interference fit 

Therefore the required interference fit was found to be 0.03 mm. This was 

specified using the H7/s6 tolerance band, (see Append ix A, Figure A I : selected 

ISO flls, holes basis). 

The shaft dimension was specified as : 

The hole dimension was specified as : 

5.3.2.8. Shaft Denection Revisited 

52 +0.072 mm -+-0.053 

As mentioned once the diameter of the shafl_aml interface had been detennined, 

thi s diameter would be used to detennined a more accurate deflecti on under load 

as compared to the previously assumed value of SO mm . Having found the 
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diameter, as discussed in section 5.2.3.7. the section moments of inertia were re-

calculated as follows: 

I, = ~ (d: - d!) = ~ (0.052' - 0.032') = 3.074363e - 7 "" 

I, = 6~ (d; - d!l = ~4 (0.063' - 0.032 4) = 7.21799ge - 7 "" 

For which subst itution of these values along with a, L, and E equal to 40 mm, 800 

mm and 203 GPa into equation (5.3.24) yields a denection under load of 

1.2324e-4 m" and a corresponding angular denection ofO. 1 7°. 

5.3.2.9. Shaft Stresses Revisited 

The author mentioned in section 5.2.3.5. that the recalculation of the stresses at 

poi nts A and B on a cross section taken at G (see Figure 5.3.4. and Figure 5.3.5.) 

had been postponed until the appropriate diameter had been selected. Section 

5.3.2.6 di ctated the use of a minimum diameter at cross secti on of 52 mm. 

For E GA , the bending stress was given according to the equation as : 

where 

M bY Pay 
a 110"1 = a belldi"g = - f - = - f -

(7357.5 x 0.04)0.026 
3.074363 x 10 7 

= 24.889 1 MPa 

CY ll0 11l = the nominal stress, MPa 

CY bcndmll = the bending st ress, MPa 
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Mb = the bending moment, Nm 

P = the external transverse load on the shaft, N 

a = the di stance between the load and the support, III 

y = the distance from the neutral to the point A, m 

= the sect ion moment of inertia = 6~ (0.0524 - 0.0324) m4 

And the torsional shear recalculated according the equation : 

M / ro 
r /10111 = r IOr:;ioIJ = - J-

1692.225 x 0.026 
- 6. 148726x 10 7 

(5.3.3 1 ) 

~ 71.5560 MPa 

where: 

M, = the tosional load or torque, NI11 

ro = the distance from the center to the point of interest, 111 

J = the po lar moment of inertia of the section = 3~ (0.0524 - 0.0324 )1114 

Regarding Ec.lh the stress slate was reassessed as follows: 

4V 
T ,WIIl = TfOr:;iOlI + TbemlilJg = !/Or:;iolJ + 3A 

4x 7357.5 
~7 1.5560+ 3x 1.319469x 10 3 

~ 82.8468 + 7.4348 

~ 90.028 160 MPa 
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where 

T nom = is the nominal shear stress for the element 

7 loniQnat = is the torsional shear stress on the element 

T bend' ''' = is the transverse shear st ress for the element 

A is the cross sectional area = ~(0.0522 - 0.032 2 ) rn2 

V is the shear force = 7357.5 N 

, 

, " 

Figure 5.3.8. Shaft with fillet radii 

The penultimate task in the shaft stress analys is was the application of stress 

concentration fac tors to the st resses calculated above. 

Re ference is l11ade to Appendix A, Figure A2 and Figure 5.3.8. 

For the step from 45 I11m to 52 mm : 

D 52 d = 45 = 1.155 (5.3.33) 

r 1 
cl = 45 = 0.0222 (5.3 .. 34) 

For wh ich Ku = 1.7 

where 
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D = the larger of the step diameters 

d = the smaller of the step diameters 

Ku = the torsional st ress concentration factor 

Therefore the max imum shear stress on E FA : 

T max = T ""m(F A) X K IS 

= 127.07 18 x!.7 

= 2 16.022 1 MP" 

And the maximum shear st ress on Em was calculated as: 

T max = T IIom{FIJ) X K IS 

= 139.5498 x !.7 

= 237.2347 MPa 

For the step from 52 mm to 63 mm 

~ = ~~ = 1.211 5 

r 3 
d = 52 = 0.058 

For which K Is = 1.55 and KI = 1.95 

where 

Kt = the bending stress concentration factor 
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Therefore for EcA the maximum torsional shear st ress was given by : 

T nux = T l/om(GA) X K ,s 

= 71.5560 x 1.55 

= 110.91 18 MPa 

And the maximum bend ing stress had been calculated as : 

For the shear state of E GB : 

= 24.889 1 x 1.95 

= 4J.3159 MPa 

r nlaX = Tn om(GB) X K ,s 

= (7.4348 + 71.5560) x 1.55 

= 122.435 MP" 

(5.3.39) 

(5.3.40) 

(5.3.4 1 ) 

For the section taken at G, point A the equivalent stress was found using the von 

Mi scs fomlUla for findin g an equivalent pseudo tensile stress was employed. The 

pressure, u y = -20.43 MPa, due to interference fit acted in the along the negative 

y axis at element A. The maximum bending stress,u.l' = - 4 1.3 1 MPa, put point A 

in compression and therefore acted along the negative x ax is. The shear stress, 

'rxz = 11 0.91 MPa , acted on the x face of the element and in the direction of the z 

axis. The eq ui valent stress at element A at the shafl aml interface was 
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Figure 5.3.9. Coordinate frame for the shaft 

I 

_ [ (eT., _ eT).)' + (eT) - eT.)' + (eT , - eTx ) ' + 6(<.;,. + "f" + I;,) ]2 
a t! - 2 

= 199.6 MP" 

(5.3.43) 

For e lement B at the shaO an TI interface, the combined shear,!xy = - 122.435 MPa 

of bending and torsion, was together with the interference fit pressure, 

G ; = - 20.43 MPa used to find the equi valent st ress. 

(5.3.44) 

=2 13MP" 

Elements on the section F at A and B were both, according to the assumption of 

the calculation, in states of pure shear, with the greater orthe two being 237 MPa. 

With a materia l yie ld stress of 5 1 0 MPa the shear yield being taken as 0.58 of this 

value, which was 295 MPa, the design passes the strength criteri a. 
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S.4. Chassis Design Considerations 

5.4.1. The Chassis Design Outline in Context 

The chassis was regarded as the 'glue' orthe design. The au thor felt that this was 

appropriate as it was that s tructural element which housed the bearings which 

supported the shaft and Ihe shart had the anns rigidl y 3U3ched to it. The chassis 

was also that structural element to wh ich the 4 Ann Gripper was attached to the 

hoist ing unit. It was also that element which would provide for auachment of the 

gripping actuating system . 

One can therefore understand that the chassis had to be suitably designed for 

strength and rigidity and for the altachmenl of the subsystems mentioned. The 

latter of these two will be discussed in the chapter on Design for Manufacture and 

Assembly. The actuation system as well as the hoist selection have also been 

treated in subsequent sections. The focus of the present section is therefore the 

design for strcngth and rigidity. The reader should bear in mind that the design for 

strength and the design for subsystem atlachmcllt , assembly and manufacture was 

not treated in isolation but treated in the spirit of total design. 

The design for strength and rigidity was conducted with the finite e lement 

soflwarc and stress values produced by so flware at critical sectiolls were verified. 

5.4.2. The C hassis Structural Layout 

Figure 5.4.1. shows a skeleton structural layout. The geometry of the chassis had 

to sati sfy the requirements for strength and mass. 
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Figure 5.4 ,1. The chassis geometry 

Tab le 5.4. 1. Shows the possibil it ies for the structural sections that were 

investigated using the software. The follow ing were noted in the geometrical 

layout: 

provision had to be made for 4 bearing ho les, two per member - AB,CD, 

the thickness of members AB and CD must be greater than 19 mm as 

dictated by the bearing width, 

the members IJ and KL were to provide for the attachment of the 4 ann 

gripper to the hoist. Their length was detennined by the pulley housing 

arrangement associated with a 4 rope fa ll. The shortest distance separating 

lJ and KL was dictated by the pulley housing to be 630 mm, 

consideration had already been given to the distance AC and BD in the 

section on shaft design. This distance was found to 800 mm, 

the distance AB and CD, was in nucnced by the width of the nat car and 

timber pall et, 
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provision had to be made for the attachment of the actuating system, 

shown as protrusions from the otherw ise rectangular front view in Figure 

5.4.2. 

Table 5.4. 1. Options for structural cross sections for the chassis 

members 

Member Secti on 1 Section 2 Section 3 

AB and CD Rectangular 

(Plate) 

EF and GH Square Tube Round Tube I Section 

IJ and KL Square Tube Round Tube I Secti on 

~ ')1 8~ 
o_ 

f 1 r r 
," 

I 

[ 1 1 , 0+ ~, 

~] 

Figure 5.4.2. The basic chassis configuration in left, top and front view 
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5.4.3. Computational Finite Element App roach To Design 

The approach adopted by the author was twofold. First ly. to utilize beam elements 

and 10 treat the chassis as a frame structure. The second modeling approach 

utilizing plate elements, was used as the beam model verification as well as to 

model the favorable characterist ics of various structu ral components as identified 

when modeling was carried out using beam elements. 

Modeling using beam elements. 

The author Illodeled the chassis llsing beam elements with the following in mind: 

The load exerted by the actuator (weight) was small in comparison to the 

timber, therefore, the model presented omitted the protrusion for the 

attachment of the actuator. The au thor did in fact verifY that the omission 

was justified. 

The chass is would be ri gidly attached to the pulley housi ng of the hoist, 

and therefore the model assumed that the was no degree of freedom at 

points I through L. The points A through D (Figure 5.4. 1.), were be 

attached independant ly to the pulley housing th rough a structural t ie. 

The author desired to investigate the effect of util izing only the former of 

the two constraint systems as the latter was designed primarily a 

precautionary measure. 

Many combinations of structural constituents were invest igated . With 

reference to Figure 5.4. 1. member AB, EF, lJ and their symmetrical 

counterpalts will hereinafter be refered to as the member M 1, member 

~12 and member M3 , respectively. 
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5.4.3.1. Option I 

IO"~"'~""'C/"AS"R" Case 1 

Beam EndA ~ax COmb Stl9$$ 

H12C l82 

41&84784 

)6649186 

,141l~8 

26177990 

20942392 

16706794 

10471196 

5236698 

o 

Note: The scale (Pa) applies to the stress contour plot which is depicted in Figure 5.4.4 

Figure 5.4.3. Structural cross sections for option one 

Figure 5.4.3. serves to depict the cross sectional make up of option 1. The contour 

plots for the stress and deflection, together with their respective scales appear in 

Figure 5.4.4. and Figure 5.4.5. Option 1 had the following cross sectional make up 

: (dimensions in mm) 

Member I rectangular 

Member 2 and 3 square tube 

height J 25 

width 25 

side 76 

thickness 3 

The following is a maximum stress contour plot obtained from the computational 

analysis. The author was aware that utilization symmetry was possible in 

modcling. However, as a full model using beam elements requires relatively 
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minute number of nodes as compared to other modeling elements, the author 

sought to use a full model for the graphic advantage of the reader. The use of 

symmetry was however used in the plate models. The exaggerated deflection 

contour appears in Figure 5.4.5. 

83769568 . • 
7'l'ir"l70 • 

, '.j. 
'1. 2. 
I 4 • 

• , J • . ")" . 
.... ~~. ':I • • 

15706794 • 
10471196 . • 
5235598 . • 

O. 

Figure 5.4.4. Maximum stress contour plot (unit; Pascals) 

As is evident fTom the stress contour plot in Figure 5.4.4 the maximum stress is 

concentrated at the center of M I and at the end of M3 . The value of the 

maximum stress which occurred at the end of M3 was computed to be 83 MPa. 

The deflection of less than I mm was well within that which was expected. 
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00110,;'9 = 
0. 000171 . 
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D.1XXffi72 • 
0.. 

Figure 5.4.5. Deflection of the chassis frame (unit : metres) 

5.4.3.2. Option 2 

lo.,,'¥'~50'<AS1"RAN eo.. , 
E\N.m EndA Max Cbmb su_ 

60178616 

Figure 5.4.6. The structural cross section for option 2 (unit : Pascals) 
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Figure 5.4.6. depic ts the structural make up of the chassis for option two. The 

dimensions, in millimeters, for the difTerent sections are li sted below. 

Member I rectangular 

Member 2 and 3 I section 

height 125 

width 25 

height 100 

width 50 

web and nange 5 

The analysis produced the resu lt that was a reduction in the maximum stress from 

opti on 1, to a va lue of 60 MPa. The general stress contour was simil ar to that in 

Figure 5.4.4. with the exception that the maximum stress occurred just before the 

point of contact between M I and M3. The author reserved the disp laying of the 

st ress contour plot for this option as the plate model that was employed would be 

used for the purpose, however, the maximum stress contour scale, is avai lable in 

Figure 5.4.6. The max imum defect ion remained essentially the same. The option 

viab ility was however evaluated in the light of design for manufacture and 

assembly discussed in Chapter 6. 

S.4.3.3. Option 3 

Member I 

Member 2 and 3 

rectangular 

square sect ion 

height 125 

width 25 

side 50 

thickness 3 

The maximum stress was found to at the fi xed constraint, the point of attachment 

to the hoi sting unit, la be 133 MPa. The increase in the stress could have been 
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an'ributed to the decrease in the section modulus of M3 and M2. 

5.4.3.4. Option 4 

Member I 

Member 2 and 3 

rectangular 

square section 

height 125 

width 20 

side 50 

thickness 3 

With a decrease in the moment of inertia of M 1 as a result of the decrease in 

width the stress pattern remained essentially the same with a slight overall 

increase in the stress levels. The maximum stress was found at the end of M3 to 

be 137 MPa. Again the viability of the model was examined in the light of total 

design as ease of manufacturing and assembly were key specificat ions. 

5.4.3.5. Option 5 

i""oJIS.'''SCl NASl'RAN Co~ I 
Btl aI'Il EndA Ma>< COmb Siren 

119286644 

.()")40 

100948681 

89643212 

78431863 

61232464 

56021045 

44e21t1~6 

33616221 

22410818 

11205409 

o 

Figure 5.4,7, The structural cross section for option 5 (unit: Pascals) 
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Figure 5.4.7 . is only a graphical description of the structural cross sections In 

opt ion 5. The dimensions, in mi llimetres, for option 5 are li sted below. The scale 

shows the st ress values in Pascals. 

Member 1 rectangular height 125, width 20 

Member 2 and 3 round sect ion diameter 40 

The results of the analysis on option 5 produced results that were much higher than 

any of the other options. A maximum stress of 180 MPa was computed at the end 

afM3. 

5.4.3.6. T hc Employ mcnt of Plate Elements fO I' Mod cling 

Options I through 5, were verified successfu lly using plate elements. The author 

has modeled the following two options with plate elements. From the above 

computations, attractive aspects of the models were selected to be modeled using 

plate elements. As mentioned the model made use of two planes of symmetry and 

was 1110deled as a quarter of the actual chassis. The plate model had the fo llowing 

cross sections 

Member I rectangular 

Member 2 square 

Member 3 I section 
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height 125 

wid th 25 

side 50 

thickness 3 

height 100 

width 50 

web and flange 5 



The resulting maximum von Mises stress contour plot appears in Figure 5.4.8. 
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I08493lS . • 
5424955 . • 

O. 

Figure 5.4.B. Maximum von Mises stress contours (unit : Pascals) 

The result of the static ana lysis was that a maximum stress, indicated by the red 

contour in Figure 5.4.8 was found to be 87 MPa. This was a relatively small area 

and most of the material was stressed to an average value of 60 MPa. The 

deflection was very much the same as all of the other models «2 mm). 

The author then investigated changing the I - section at the center to a 100 

nominal side square tube of 5 mm thickness, using plate elements. The 

computational output was a stress reduction to 65 MPa. The stresses were 

concentrated in the same positions as in Figure 5.4.8. However, a larger area, 

relative to that in Figure 5.4.8. was exposed to the stress concentration. 
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The designer also sought to look at the outcome of the analysis when the 

structural tie , was included in the design. The model whose analysis produced a 

maximum stress of 65 MPa, appears in Figure 5.4.9. As mentioned, the use of the 

ties or possibly wire rope, would act as a safety measure in the event of the joint 

between the chassis and pulley housing failing. This was considered to be 

justified by the fact that all the models tested identified this area as one of high 

stress concentration. 

Figure 5.4.9. Plate model with tie (unit: Pascals) 
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5.5. Arm Actuation: 

5.5.1. Overview 

design of a pneumatic motion 
system 

Pneumat ics can be described as the app lication of pressure resulting in the flow of 

energy. The actuation of the anns consisted of 4 actuating cylinders mounted and 

attached appropriately to the chassis and powered by a single pneumatic system. 

The system was designed to displace the anns by a predetennined angular value. 

The fou r cylinders are connected in parallel to the pneumatic control circuit and 

was to be suppli ed with read ily available compressed air (compressed air is 

avai lab le in an underground mining environment for pneumati c drilling 

equ ipment, and the like). Air, available at 5 bar, was to be tapped from the 

running pipe supply and connected to the chass is by a hose and a quick release 

coupling. 

5.5.2. System Design Considerations 

Two constraints of the mining environment dictated that two angular positions be 

made possible. The vertical height of the tunnel was one constraint. This was 

innuenced by the height of the timber above the foot wa ll (ground) and the head 

room required by the hoisting unit. Therefore, in order for the gripper to have 

fitted within the bo ttom 1110st point of the hoist and the uppermost point of the 

timber pack with a given clearance, the arms need to be actuated so that the 

overall height of the gripper (arms. shall and chassis) would have decreased. A 

pictorial representation is avai lable in Figure 5.5. 1. The fi rst angu lar d isplacement 

required if the aml was calculated to be 55°·, This angle would result in a reduced 

height of775 mm . The standard stroke length of3 inches (76.2 mm), for a 32 mm 
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diameter cylinder was selected. The sections to follow outl ine the attainment of 

these values. 

l ~:l 
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Figure 5.5.1. The arm angular displacement to reduce height 

Figure 5.5.2. The displacement for the width constraint 

The stacking arrangement of the timber packs in the timber bay was intended to be 

double row single stacked. After the location and placement of the pallet in the 
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bay, it was necessary to actuate (displace) the anns to the second angular va lue so 

as to effect the pallet 's release and the lifting of the gripper above the timber pack. 

The width of the timber bay, acted as the second constraint impinging on the 

actuation, (depicted in Figure 5.5.2.) The suitable value of the second angle of 

actuation was found to lie between 15° and l 7°. 

r-,---

" 

I 

I _ _ _ I 
- - ..;.cIJt--

Figure 5.5.3. Timber bay showing pallet arrangement (dimension: mm) 

The angle range was calcu lated to be those angles to allow for the effective release 

of the pallet and at the same time carry out this angular displacement within a 

constraint which dictated that the horizontal di splacement of the arm should be 

less th'n 600 mm . 

• 
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5.5.2. t. The Actuating Torque 

In order to eITect the di splacement an obj ect with mass by an angular amount , a 

torque must be applied to the body. The rotational analogue of Newton 's Second 

Law relates this torque to the second lime deri vat ive of the angle. Mathematically 

this was expresses as : 

where: 

d'O 
T = I dt ' 

T = the torque, Nm 

= the moment ofinel1ia about the ax is of rotation, kg.m2 

e = the angle of rotation, radians 

= the time over which the torque acts, s 

(5.5.1) 

The so lution to the equation was obtained uSll1g the technique of Laplace 

Transfonn s to solve second order differential s. The solution, which appears 

below, produced the following relationship with the initial condition that the 

initia l angle is zero at time equal to zero. 

(5.5.2) 

Firstly rewriting the equation as 

(5.5.3) 

And then as 
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(5.5.4) 

where k= ~ 

Transfol1ning the equation into the s domain, lIsing the Lap lacc transfoml on a 

second order differential eq uation. 

[ d 2 (J 1 dO k L dt ' - k =s' O(s) - sO(O) - dt l=<J- S=O 

With the initial angle and angular ve locity equal to zero, 

k O(s) =-, s 

T ransfonning the equation back into the time domain, 

for which, 

2(J/ T=f2 

(5.5.5) 

(5.5.6) 

(5.5.7) 

(5.5.8) 

The solution could have also been attained by method of direct integration for a 

constant torque. The derivation presented was preferred as it is general and could 

be applied to the case when the torq ue is not a constant. 

5.5.2.2. The Moment of Inertia 

The moment of inertia of the aml was an output avai lable [Tom the finite element 

package after the geometry had been served as an input. The author has, however, 

169 



sought to ver ify this result. The calcu lation made lI se of the geometrical 

simpli fica tion as depicted in Figure 5.5.4. The moment of inertia of a rectangular 

prism about an axis through the center of gravity and perpendicular to a face 

whose dimensions are a and b is given by 

Figure 5.5.4. The simplified arm model for the moment of inertia 

calcu lation 

(5.5.9) 

where 

T = the moment of inertia, kg.m2 

M = the mass of the prism, kg 

a = the length, m 

b = the breadth, m 

The moment of inertia about the axis of rotation was obtai ned from the parallel 

axis theorem and was expressed mathematically as 

10= ~(a2+b2)+Md2 (5.5.10) 
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where 

10 == the moment of inertia about the axis of rotation, kg.m2 

D = the distance between the mass center and the axis of rotation, m 

The simplified model was split into two rectangular prisms with a depth of 25 

mm. The material used was steel with a density of 7849 kg/m3• The relevant 

values for the calculation appear in Table 5.5.1. 

Table 5.5.1. Data for the moment of inertia calculation 

Length Breadth Mass Inertia Inertia 

(m) (m) (kg) about mass about aXIS 

centcr of rotation 

(kg. m') (kg.m') 

Prism 1 1.090 0.070 14.972 1.488 5.935 

Prism 2 0.200 0.070 2.747 1.028E-02 3.498 

The effective moment of inertia of both pnsms about the aXIS of rotation is 

therefore 9.433 kg.m'. 

5.5.3. Application of a Pneumatic System to the Gripper 

The author explored many options for the actuating mechanism. All of the 

a lternatives presented in the morphological chart in Chapter 3 were given the 

required attention. The application of a pneumatic system had within itself a host 

of options. The author has presented options that were considered to have the 

appropriate merit. The first option employed a dedicated electronic controller to 

control the pneumatic circuit. The following sub section outlines the methodology 

and the calculations that were used to arrive at the first option . 
• 
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5.5.3.1. Option 1: The employment of an electronic controller in a 
pneumatic circuit 

As mentioned the values quoted above bore testi mony to much iteration through 

calculation. ISO standard pneumatic cylinders available commercially were 

found to have bores with diameters of ranging from 32 mm to 125. After the 

initial calcu lations the 32 mm diameter piston was found to be sui table. 

The useful piston area was calculated 

A = J d' = J (32 x 10-3 )' 

= 8.0427 X 10-4 "" 

The theoretical force available was 

F,,=PxA 

= 5 x 10' x 8.0427 X 10-4 

= 402.123 N 

The effective force, taking into account the friction, was 

F,=PxA-O.l x(PxA) 

= 361.911 N 

(5.5.11) 

(5.5.12) 

(5.5.13) 

This value was verified usmg the Figure B2 in Appendix B. This force was 

calculated, for the standard 3 inch stroke and 55° angle, to act at 82.512 mm (the 

torque arm) from the axis of rotation, and therefore the torque was calculated as 

• 
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T = Fd 

= 361.911 x 82.512 x 10-3 

= 29.86 NIIl 

(5.5.14) 

From equation (5.5.8) the time of over which the torque acted was calculated. 

" 

_ 201 
- T 

,= 0.8 s 
(5.5.15) 

This value could be altered th rough the use of control valves. To increase the 

speed quick exhaust valves were available. To decrease the speed, undersized 

valves could have been used. Stroke time control could have also been instituted 

by employing a pneumatic c ircuit. The author has shown how this can be done in 

Figure 5.5. 11. 

Four cy linders would be used each with a stoke of 76.2 mm and a bore diameter 

of 32 mm. The piston rod diameter was also given attention. The allowable stroke 

on a piston rod is limited by the buckling load. The load must not exceed certain 

limits depending on the stroke and the rod diameter. The buckling load diagram is 

ava ilable in Append ix C. This diagram was used to extract a va lue of6 mm for the 

rod diameter that would be more than sufficient to prevent the rod buckling under 

a load of360 N with the aforement ioned stroke. 

The cylinder was to be a purchased component. The author found that there is an 

immeasurable reserve of infonnation available in vendor catalogues. Not only for 

the pneumatics but also for other aspects of design technology. 

With the informat ion specified for the cylinder as 
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Bore 

Stroke 

PisLOn rod diameter 

Cylinder Speed 

A tolerance of 

A 
'. 
, 

, 
, 

32 mm (I V. in) 

76.2 mm (3 in) 

6 mm 

< 1 m/s 

< 2 mm is usual for a cylinder of this 

diameter and stroke 

Figure 5.5.5. The cylinder components 

The cylinder in Figure 5.5.5. had the following l11akeup. A piston rod nut (A); 

piston rod (B); bearing and end caps (C); piston rod seal (D); piston rod bearing 

(E); cylinder barrel (F); cushioning piston (G); piston seal (H) and piston (I). 

As mentioned speed contro l of pneumatic cylinders was of as much concern to 

the author as to designers throughout the world . The problem may be alleviated if 

not eliminated by the employment of electro-pneumatic va lve systems. With the 

speed limited to a maximum of I m/s the air did not have to be lubricated. A 

maximum speed of I m/s was sufficient for the purpose of design. The author has 

shown how speed control can be instituted with opt ion 2. 
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To facilitate the actuation of the anns the cylinder was designed (selcctcd) to have 

a rod cnd piece that would allow for the attachment to the anns, The end piece 

would be of the rod clcvis type with modification that a rod run through both 

arms with a rod end pieces at the each end of the clevis rod, An important design 

consideration was to minimi ze side loadi ng on the cylinder. Side loading on the 

cylinder resu lts in premature wear on the cylinder seals, To cater for the rotational 

effect of the pneumatic cylinders the mounting to the chass is was designed 

(selected) to be of the swivel nange type. The cylinder chosen for the application 

together with the rod end attachment and the mounting is shown in Figures S,S.S 

through 5.5.8, The author verified that the components selected for purchasing 

were in fact read ily avai lable, 
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Figure 5.5.6. The cylinder layout 
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Figure 5.5.7. The cievis mounting attachment (dimensions in Table 5.5.2) 
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Figure 5.5.8. The piston rod end piece (dimensions in Table 5.5.2) 

As discussed above, it was necessary to inst itute position control into the 

pneumatic system. Traditionally, pneumatic systems were not lIsed with any 

reliability for thi s purpose due to system compliance. However, modem valve 

technology and control systems do pemlit the implementation of position control 

provided that the actuator is not required to hold a position against alLernating 

loads. 

The pneumatic circuit had to firstly carry out a full stroke linear displacement and 

then hold another position away from the mechanical end stops of the cylinder. To 

design the control system the following was borne in mind. For the first option, 

the initial idea of the design employed of hvo cascaded circuits, each of which 

were responsible a single position. The design approach adopted by the author 

was to design the two ci rcuits independently and then to integrate them by using 

the appropriate valves and sequenc ing. The first c ircui t for this initial design of 

option one made use of two valves for the full stroke length, VI and V2, to drive 

the double acting cylinder such that the piston moved out when valve V 1 was 

actuated and remained stationary at the forward end position until the reverse 

signal for the return movement was app li ed via valve V2. 
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The circuit is represented by Figure 5.5.10. The operation was as foHows. When 

valve V I was actuated, the 412 way valve, V3 , was switched over due the signal at 

PI. The piston moves forward. It would remain there until va lve V3 was piloted 

by valve, V2, for the return stroke. 

j r 

T 

" 
r 
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Figure 5.5.10. Circuit to drive the full stroke of actuation 

The second circuit was si milar to the one in Figure 5.5. 10. With the following 

exception. Valve V2 would be actuated by a signal produced by a proximity 

swi tch located on the cylinder. The sequencing would have been made possible by 

the use of 'or gates' in pneumatics which are commonly known as shuttle va lves. 

Another circuit that the au thor investigated, which potentially could have rep laced 

that in Figure 5.5.10. was one which made use of a pneumat ic timing unit. This 

circuit would provide for the actuation of the cylinder resulting in the forward 

movement of piston. The piston would return after a preset time, as dictated by a 

throttle relief valve and a pi loted 312 valve. Figure 5.5.11. is a manifestat ion of 

thi s descript ion. However, since this was essentially an open loop circuit its 

validity for application was questionable. 

177 



Tr 
• ., "" J I. t 

, '1 r 1 

I I I 
~ ,T I r!!ly 

• ~ I Li . 
I . • 

, 
" ~ , 

.il l' " 

Figure 5.5.11. A timing control circuit 

It became apparent that the employment of a dedicated controller circuit was a 

lucrative design , primarily because of the reduction in the pneumatic network by 

replacing two circui ts with onc. The circuit required a contro l loop incorporating 

position sensing and a rapid acting va lve. The c ircuit is available in Figure 5.5.12. 

ft depicts the circuit for one cylinder. As mentioned the four cylinders were 

designed to be connected in parallel and thereFore the circuit would have also 

applied to the 4 cylinder combination. Ifan increase in the externally applied load 

occurred, then the valve would act to permit an additional mass of air to flow into 

the cylinder. In doing so, the pressure is increased at constant volume and 

therefore the position is maintained. 

Single stage spool valves wi th direct act ing solenoids are availab le commercially 

which can respond wi thin a few milliseconds. They were to be placed as close as 

possible to the actuator avoid the problem of compliance in the piping network 

mentioned above. 
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Figure 5.512. Position control circuit with dedicated controller 

The valve is a 5/3, 5 parted 4 way 3 position double solenoid piloted valve. The 

operation requi red was that of a closed conter va lve. This va lve stops the double 

acting cylinder by block ing the exhaust air from both ens of the cyl inder, and so 

holding the cyl inder under pressure. 

The orifices are numbered 011C to five, with the supply port ( 1= P), the out let ports 

(4.2 ~ A.B) and the exhaust ports (5.3 ~ R. T). 

A proximity sensor was desired for non-contact posit ion indication. It fits directly 

onto a cyl inder which has a sensor groove. Both the sensor and the cylinder of this 

design are read ily avai lab le commercially. The princip le of operation of the 

sensing unit, was that when the proximity sensor enters a magnetic fi eld ( possibly 

a pemlanent magnet on the piston of a cylinder ), it outputs an elect ri cal signaL 

The status of the sensor is often indicated by a LED (light emitting d iode), When 

the sensor is actuated, the LED is on. The sensors of this type are protected 

agai nst reverse polarity. 

179 



5.5.3.2. Option 2: Bi-positional pneumatic system without a dedicated 
controller 

The author ve rifi ed through consultation with pneumatic vendors that the ci rcuit 

in Figure 5.5.12. was a plausible circuit. However the specifications for minimum 

system complex ity would be violated somewhat by the employment of such a 

circuit in a mining environment. The specification for a system that was rugged, 

easy to operate and still provided the required functionality were addressed. This 

manifested itself in the following design. 

The author desired to place two cylinders back to back. Each cylinder wou ld be 

driven by its own valve so that actuat ion of two separate positions would be 

achieved as simply and as functiona lly as possible. The idea is depicted in Figure 

5.5.13. 

; 
-

; I I 
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I 
; -

Cl C2 

mass 

Figure 5.5.13. The back to back cylinder configuration 

The ligure shows two cylinders, when the one on the left exerts a forward force 

on a lixed support it resu lts in a disp lacement in the opposite direction. This was 

the desired so lu tion as iL fulfilled the simpl icity and functionality requirement 

more than adequate ly. The arrangement was in fact capable of 4 positions. 

Assuming that 
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when both rods are withdrawn the ann angul ar displacement is zero. 

that the cylinders have di rferent strokes. 

Cylinder C I was calcul ated to require a stroke length or 76.2 mm (3 

inches), that would displace the arm by 55°, as has shown already. 

Cylinder C2 was shown to require a stroke o r 25.4 mm (1 inch) to displ ace 

the ann by 1 7°. 

For the two posi tions requi red the system worked in the rollowing manner: 

For the first posi tion (55°), cylinder onc would be actuated vIa a 512 so lenoid 

valve, to release the position back to the init ia l position one would de-energise the 

va lve. For the second position cylinder two would he operated in the a sim ilar 

manner. 

The circuits appear with speed control e lements in Figure 5.5. 14. 

1 

Figure 5.5.14. The double cylinder with speed control and actuating valve 

Each o f the solenoid valves operate its respective cylinder. Each system was 

basically a mi rror image of the other with the exception that the cylinder on the 
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right has the outlet ports connected to opposite cylinder ends. This was designed 

so that energizi ng the right solenoid on both valves resu lted in displacement 

toward the right. A pair of one way now regulators were inc luded to control the 

speed o f the piston rod movement. The author has adopted the conventional 

manner of speed control which is to restrict the exhausti ng air. T his would allow 

for full power on the driving end which wou ld work against the back pressure. 

Cylinder C l was designed to be attached to the chassis using the mounting III 

Figure 5.5.7. and wou ld employ the rod end piece, see Figure 5.5. 15. that would 

mate with the mounting in Figure 5.5.7. The double cyl inder alTangement is 

shown in Figure 5.5 .1 6. Cyl inder C2 would employ the rod end pi ece in Figure 

5.5.7 and attachment to the anns would be as described. 

(E 

c 

Figure 5.5.15. The rod eye end piece for cyli nder C1 (dimensions in Table 

5.5.2) 
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Figure 5.5.16. The double cylinder showing connection adapter 

Table 5.5.2. Table of dimensions for cylinder, rod attachments, and 

clevis mount (dimension in mm) 

(a) with reference to Figure 5.5.16 

ZB FI Stroke I Stroke 2 

120.00 27.00 76.20 25.40 

Note ZB + = (ZB + stroke) 

(b) with reference to Figure 5.5.15. 

AX BI CE CN DI EU EN ER KK LF 

20 5 43 10 19 I I 14 14 MIO 15 
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(c) with reference to Figure 5.5.8 

A BI 82 B3 CE CM DI ER LE 

20 20 26 5 40 10 18 12 20 

(d) wilh reference la Figure 5.5.7. 

AH CN E3 FI F2 GI G2 G3 G4 H2 H3 

32 10 14.2 25 22.1 22 29 45 18 10 45 

KI K2 R2 S3 S4 S5 TI 

40 56 12.5 4.8 6.6 I I 9 
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5.6. The Structural Design of the Gantry 

5.6. t. Introduction 

Seeing as how the load on the system was under three tOilS a single girder was 

considered to be surricient. The member AB as the girder was identified as that 

member that wou ld support the moving hoist and gripper. The author had opted 

proceed wi th the preliminary design of member AB (the girder) and then to the 

consideration of the other structural members. 

5.6.2. The constraint 

As it would have been in poor design j udgmcnt to produce the concept as a 

monolithic structure, the use of joints was considered to be appropriate. Common 

joints available to the designer are welding, riveting and bolting. The joints 

between the girder and the gantry headgear were designed to rigidly attach these 

members. 

Prior to the modeling or the member AB, the following argument was noted. If the 

joints rormed by welding, riveting or bolting were ideally stirf, then when the 

structural constituents or system were loaded and derormed, the angles between 

the members at the joint would not change. 1n practice thi s is usually false, as due 

to the elasticity of the system there are some change in these angles. However , it 

was assumed for the analys is to follow that the joint was rigid and able to transmit 

a couple. 

5.6.3. The loading on the gantry 

The crane girder has to support a load that moves. In this case from a design point 

of view it was important, to calcu late the maximum st ress resultants at a given 
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section in a member arising from all possible load positions on the g irder. The 

designer desired to represent this infonnation in the fom, of a graph. with the 

value o f the bending moment at a givell sectioll on the y-axis and the 

corresponding position of the load on the x-ax is. 

Consider the fo llowing: 

At any given instant let a load. P, be a di stance, a , from the len hand support. The 

length 0 f the beam was designated as L. 

p 

:., 

Figure 5.6. 1. The girder model 

-, 

Let the fi xed end moments at the left and right hand supports be M 1 and M2 

respectively. Using standard beam diagrams and the method ofsuperposition, the 

moments were calculated using the assumpt ion that the rotation at the supports 

were zero. The resu lt after releasing certain constraints of the model in Figure 

5.6. 1. was a simply supported beam. Table 5.6.1 is a summary of the infonnation 

that was obtained from the standard cases for simply supported beams. 

Let b = L-a, 
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Tabl e 5.6.1. The Rotation at the ends of a simply supported beam 

Load Slope at I Slope at 2 

p -Pab(L+b)/6L Pab(L+a)/6L 

MI MILl3 -M2L16 

M2 M2L16 -M2L13 

With the rotation at the supp0l1S eq ual to zero, i.c. The sum of columns onc and 

two equated to zero and the pair of equations solved si multaneously, 

M2 _ Pa'h 
• - 1... 2 

The moment at a distance x from the left hand suppon was 

where 

M,,;-MI +R lx - P(x - a ) 

Pab' Ph ;-IT + L x - P~, - a) 

(5 .6. 1) 

(5 .6.2) 

R Ix =is the reaction at the point of application of M I in the x direction 

The lI se of Macaulay's bracket dictated that 

l,x - a ); Oifx ,;. a (5 .6.3a) 

I,x- a ); (x - a)ifx > a (563b) 

Therefore for x ::; Cl 

Pab 2 Ph 
Mx=---V + LX (5 .6.4) 

And the second case for x > a 
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Pab 2 Ph Mx;-U-+ L x - P(x - a ) (5.6.5) 

The reader should appreciate that the analysis is not only a standard bending 

moment calculation but attempts to calculate the moment at particular section 

when the load is not at one set position but moving. The author felt that the effort 

spent invested in the aforementioned analysis was worth while, as the result was 

used for the fatigue analysis. The sections of interest were at x = 2.5 In, 3 .5 III and 

4.5 m fro 111 the left hand support . A sprcadsheet was used to calculate the moment 

at these secti ons as the load moved across the beam from a = 0 to 7 111 ; P=24525N . 

Table 5.6 .2. Moment distribution at a section due to a moving load 

)(=2 .5 )( =3 .5 x=4 .S 
a Mx a Mx a Mx 

0 0 0 0 0 0 
0.25 -1759.61 0.25 -2635.5 0.25 -3511 .39 

0.5 -2690.24 0.5 -4442 .03 0.5 -6193.81 
0.75 -2838.83 0.75 -5466 .51 0 .75 -8094.19 

1 -2252.3 1 -5755 .87 1 -9259.44 
1.25 -977.556 1.25 -5357.02 1.25 -9736.49 

1.5 938.457 1.5 -4316 .9 1.5 -9572.26 
1.75 3448.828 1.75 -2682.42 1.75 -8813.67 

2 6506.63 2 -500.51 2 -7507 .65 
2 .25 10064.95 2.25 2181.912 2 .25 -5701.12 

2.5 14076.85 2.5 5317 .921 2 .5 -3441.01 
2.75 12364.17 2.75 8860.595 2 .75 -774.227 

3 11011.22 3 12768.01 3 2252.296 
3 .25 9971.102 3.25 16978.24 3.25 5591.637 

3.5 9196.875 3.5 21459.38 3.5 9196.875 
3.75 8641.621 3.75 20028.23 3.75 13021.09 

4 8258.418 4 18769.13 4 17017.35 
4 .25 8000.343 4.25 17635.16 4.25 21138.74 

4.5 7820.472 4.5 16579.4 4.5 25338.33 
4 .75 7671 .883 4.75 15554.92 4.75 23437.95 

5 7507.653 5 14514.8 5 21521.94 
5.25 7280.859 5.25 13412.11 5.25 19543.36 

5.5 6944.579 5.5 12199.94 5.5 17455.29 
5.75 6451.889 5.75 10831.35 5.75 15210.82 

6 5755.867 6 9159.439 6 12763.01 
6 .25 4809.59 6.25 7437.269 6 .25 10064 .95 

6.5 3566.135 6 .5 5317.921 6 .5 7069.707 
6 .75 1978.579 6 .75 2854.472 6 .75 3730.365 

7 0 7 0 7 0 
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The results in Table 5.6.2 . were plotted and the ro Ilowing graphs obtained. 
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Figure 5.6.2 . Moment distribution curve at 2.5 m 
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Figure 5.6.3. Moment distribution curve at 3.5 m 
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Figure 5.6.4. Moment distribution curve at 4.5 m 

From the graphs it was concluded that the curves have the same basic shape and 

that the maximum moment occurs where a = x. The later of these conclusions led 

to the formu lation of the following equation 

Px(L - x)' P(L - x) 
M:r = - 1....2 + I.... x (5 .6.5) 

To find the value of x that produced the maxi mum moment the equat ion was 

differentiated and the resulting equation was equated to zero. The differentiated 

equation was 

dM I' I' 
d/ =- L, [L' - 4Lx+3x'l + L[- 2x + Ll (5 .6.6) 

The solut ion to ~:r = 0, yielded a value of x = ~ L. 

Therefore the critical point along the girder occurred at x = 4.67 111 fro m the left 

hand support when the position of the load coincided with this value. Applying the 
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the moment equation to thi s value of a yield the worst case load distribution on the 

girder. The data appears in Table 5.6.3 and the graph in Figure 5.6.5. 

Table 5.6.3. Moment distribution at X= 4.67 

Load Position Moment Load Position Moment 

0.00 0.00 3.50 7 112.25 

0.25 -3660.29 3.75 10787.56 

0.50 -649 1.62 4.00 14634.92 

0.75 -8540.89 4.25 18607.40 

1.00 -9855.05 4.67 25433.29 

1.25 - 10481.00 4.75 24778.07 

1.50 - 10465.67 5.00 227 13. 15 

1.75 -9855 .98 5.25 20585.67 

2.00 -8698.87 5.50 18348.70 

2.25 -7041.24 5.75 15955 .32 

2.50 -4930.02 6.00 13358.62 

2.75 -24 12.1 5 6.25 105 11.65 

3.00 465 .47 6.50 7367.5 1 

3.25 3655.9 1 6.75 3879.27 
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Moment Distribution at 4.67 m from a Support 
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Figure 5.6.5. The moment distribution at 4.67m from a support 

5.6.4. The Design of the Beam 

The author decided that the constituent structural members would be standardized 

structural sections made of commercial mild steel. Thi s material yie lds at 250 

MPa, and has a ultimate tensile strength of 400 MPa. To find an allowable stress 

for the material a safety factor, typica lly used in building design according to 

Timoshenko is taken as 1.67. The writer desired to use a facto r of3 seeing as how 

the design was intended for a mining envirolIDlent (for want of a greater value) 

and the result would be verified using computat ional software. 

Uy 
anlfow = n 

250 
~ -3-

~ 83 .33 MPa 

(5.6.7) 

In order to select a beam the section modulus, Z, was desired and was calculated 

as follows: 
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z - Mm:!" 
- crI/I/o", 

~2§C5<,4~33k 
= 83.33 X 10' 

= 306.4 cm ] 

(5.6.8) 

The length o f the beam, L, was designed to extend 7m into the tunnel from the 

timber bay . The load, P, consists o f the timber pack, the hoi st and the gripper. I 

sections and C secti ons are often used for members that are loaded in bending. 

The use o f an I section was j ustified by the requirement placed on the member to 

support the traveling crane. The author analytica lly found that the I-configuration 

was the optimal cross sectional shape in te rms of the strength to weight ratio, 

according to the pertinent theory di sscussed in chapter 4. The I shape puts 1110st of 

the material at the outer fibers where the bending stress is maximum . As the shear 

is maximum at the center (neutral ax is) the web serves to resist the shear. 

Aft er consulting the Table available in appendix A, a RSJ 254xI02x28 was 

chosen . This section had a section modulus of 308 cm J • With this value the stress 

in the beam was recalcu lated and found to be 82.6 MPa. 

5,6.5. Computational Software Approach 

The Nastran computer modeling software was employed once again to compute 

the stresses and disp lacements for the gantry st ructure. The approach adopted in 

this instance was to utilize the so ftware 's ability to analyze structures with beam 

e lements. The computational analys is of this type was employed because the 

solution time is fast and the number of nodes and elements can be kept to a 

minimum as beam elements are two node elements. 
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The first item that was on the agenda was to verify the result calculated in the 

previolls section. The member AB was mode led llsing beam elements with the 

RSJ cross section calculated above. The load was placed at 4.67 m from one 

support and fixed constraints were placed at the ends. The model submitted for 

analysis, appears in Figure 5.6.6. which depicts the cross section of the member 

in question The maximum stress was found to be 83.6 MPa and was remarkably 

close to that calculated above. The beam produced a deflection of under 3 mm. 

The author found it prudent to simulate the case when the load acted act the 

midspan. the result of which produced a stress of75 MPa. 

The next task was to chose prospective structural sections and associated 

geometry and for each of the load carrying members of the structure. This was 

done by considering the dimensions, materials and cost of various structural 

sections available commercially. Two of the many structural arrangements that 

were investigated are presented here. The geometry chosen was mode led on the 

software. The dimensions and properties of the structural members investigated 

appear in Table 5.6.4. 
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Figure 5.6.6. The I Beam model submitted for analysiS (unit : Pascals) 
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I I 
I 

Figure 3. 12 Revisited 

Table 5.6.4. The dimensions for structural arrangement one 

Member Section Detail (dimension in mm) 

AB I-Be3m Height 260.4, Width 102.1, 

Flange 10, Web 6.4 

CO Rectangular Height 300, Width 100, Wall 5 

EF Rectangular Height 300, Width 150, Wall 5 

CE and OF Square Side 100, Wall 5 

The rectangular section used for member EF was dictated by the dimensions of 

the travcling unit in Figure 3. 10. This component was intended to be one of the 

'offthc shelf' components purchased for the design. Member CD was modcled as 

a rectangular section. The stress contour on the frame structure is depicted in 

Figure 5.6.7. The analysis resulted in a maximum stress of 94 MPa, which 

occurred at the point of load application (4.67 m frol11 onc support). 

Whilst the result of the analys is was acceptab le, the discrepancy may explained by 

the initial assumpt ion that the joints were 100 % rig id. The FEM stat ic analysis 

prov ided ror the disp lacement orthe frame model. The square section has used ror 

the uprights has less res istance to bending as compared to I sections. ] f the girder 

195 



had been mode led as being simply supported, allowing for rotation at the support 

and the inability of the joint to transmit a couple, the maximum stress calculated 

at the midspan would be twice the stress obtained with the assumption of a 

completely rigid joint. 

According to Benmann and Crawford, there are, in real sihlations, some degree of 

rotation between members at ajoint owing to system elasticity. With this in mind 

the stress analysis was reasonable, and the stresses obtained for the other 

structural members were accepted as being viable. The maximum stresses in the 

upright members of the side supports was shown to be 60 MPa. This was also 

acceptable with a safety factor of 3 applied to the yie ld strength of strucnlral 

steel. 

IO"'.~~"SCiNAS1·RAN Case 1 

Beam EndA Mal( Corrtl Stress 

94130240 

61n,:31400 

52948250 

41065120 

41181980 

36298840 

29415100 

22.532560 

11649420 

11166280 

58831 40 

o 

Figure 5.6.7. The gantry stress contour (units: Pascals) 

The second structural arrangement for the gantry is listed in Table 5.6.5. Members 

CE and OF were changed to structural I section columns and were arranged as 

vertical members as opposed to the angled arrangement of the columns mentioned 
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in Table 5.6.4 . Needless to say different sizes were experimented with and the 

dimension that appears in the table iteratively satisfied the requirements of 

strength, buckling (section 5.6.8) , fabrication and assembly (Chapter 6). 

Table 5.6.5. The dimensions for structural arrangement two 

Member 

AB 

CO 

EF 

CE and OF 

" 
" c. 

Section Detail (dimension in mm) 

I-Beam Height 260.4, Width 102.1 , 

Flange 10, Web 6.4 

Rectangular Height 300, Width 250, Wall 5 

Rectangular Height 300, Width 250, Wall 5 

J- Section Height 203 .2, Width 203.2, 

Flange 11. Web 7.3 

Figure 5.6.B. Structural arrangement two submitted for analysis 
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The model in Figure 5.6.8. produced a maximum stress of76 MPa (within 10 % 

of the expected 83 MPa) at the beam center. The stress in the co lumns were 

found to be 75 MPa fro m the computer analysis. The author verifi ed this va lue for 

the column stress and Table 5.6.6. is a summary of the calculation usi ng the axis 

(x-y-z) shown in Figure 5.6.8. 

Table 5.6.6. Summary of the Column Stress Calculation 

M, M, F, I , I , A 

-Nm -Nm -N m' m' m' 

2.SE+04 9.2E+03 t .6E+04 4.SE-OS LSE-OS S.8E-03 

a, a, a , a . 

-MP. -MP. -MP. -MP. 

57.5 60.0 3.0 83.0 

where 

Mx = Moment about x-ax is 

Mz = Moment about z axis 

Fy = The vertical force on the column 

l ~ = Section Moment o flnertia about x 

Iz = Sect ion Moment of Inertia about z 

A = The cross sectional area 

a = The stress in the designated direction 

The author proceeded with the design of structural arrangement two. 
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5.7. Selection Techniques for the Hoist and Travel Unit 

The selection of the electric hoisting system was based primarily on two factors: 

the type of duty 

the class of operation::=: the time of use (hours) 

The selection of the M series electric hoist was conducted according 10 the FEM 

grollp. ill accordance with rule 9.511 for series production !toists. 

The type of duty is genera lly categorized as being either light (LI), moderate (L2), 

heavy (L3) and very heavy (L4). The following graphs in Figure 5.7.1. show the 

relationship between % load and % operating time for each of the categories listed 

above. 
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Figure 5.7.1. Hoist duty classification graphs 
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The rollowing Table was compiled ror the purpose or selecting the hoist system. 

Table 5.7.1 Hoist selection chart 

Type or Duly Time in Use 

LI Light 12500 25000 

L2 Moderate 6300 12500 

L3 Heavy 3200 6300 

L4 Very Heavy 1600 3200 

FEMGROUP 2m 3m 

Number of ropes Hoist Size 

2/ 1 4/ 1 

C apacilies (Kg) 

800 1600 - A 

1000 2000 A -

1250 2500 - -

1600 3200 - B 

2000 4000 B -

2500 5000 - C 

3200 6300 C -

4000 8000 - D 

5000 10000 D -

6300 12500 - E 

8000 16000 E F 

10000 20000 F -

Note . the lettters A, B, C, D, E, F are used to Indicate a load class 

An operation c lass of 10800 hours was based on the unit being used in service 3 

hours daily, over a five day week, ror a 15 year period. A moderate duty (L2) was 
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selected . Since the capacity dictated by the chart fell over into that of 3200 kg 

from 2500 kg, this type of duty was acceptable. The FEM group was deteml ined 

to be 3m and the type of fall desired was that of 411. The hoist type was therefore 

MS. The characteristics of such a system is li sted in Table 5.7.2. 

Table 5.7.2. The Hoist System Characteristics 

Capacity 3200.0 kg 

M Hoist B 32 S4 

Lining Speed (nonnat) 4 m/min 

Rope diameter 10mm 

Motor (avaitable) 220-380 V @ 50H z 

Girder Travel Speed 16m/l11in 

Mass (Iow headroom version) 405 Kg 

Table 5.7.3. must be read in conjunction with Figure 5.7.2. 

Table 5.7.3. Dimensions For the FEM GROUP 3m, MB compact monorail 

trolley (all dimensions in mm) 

C 610 

DR t25 

HI 145 

H2 290 

H3 80 

H4 365 

H5 310 

H6 55 

LI 500 
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L2 400 

L3 380 

L4 160 

LT max 300 

LTmin l OO 

IR 441 

A 1095 

Am 625 

Ar 470 

L 720 

KI 35 

K2 55 

K2 Kl 

Figure 5.7.2. Low Headroom hoist selected for the system 

The hoist would be modified and supplied, from the vendor, without the hook for 

attachment to the chass is. The hook is attached to a pulley housing that is made o r 

a weldable material. 
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5.8. Fatigue Design Considerations of the Gantry 

5.8.1. Application Overview 

Throughout the service li fe of the ganl!)' the const ituent members will be 

subjected to cyclic loading. This was due to the fact that, the crane had a moving 

load. As discussed and analyzcd in section 5.6.3. the critical section was identified 

at 4.67 m from the le ft hand support as the load moved from le ft to right. The 

graph or lhe moment variation at this section appears in Figure 5.6. 5. 

It is accepted practice to assume a sinusoidal cycle having constant upper and 

lower st ress limits th roughout the service life. If onc considered Figure 5.6.5 , for 

the case of the girder, Ol1e would be aware that th is was a reasol1<1ble assumption. 

Very often, a component is subjected to cyclical stresses of which the magnitude 

of the upper and lower limit may vary considerab ly. Evcn in thi s case the 

assumption to model to cyclic load as a sinusoidal one is sti ll viable. 

5.8.2. Fatigue Loading Study on the Girder 

Having utili zed the assumption above, the graph in Figure 5.8.1. and the data in 

Table 5.6.3. the sine approx imation allowed for the modeling of a wave with a 

maximum moment of 25433.29 Nm and a minimum value of -10481 .00 Nm. 

These va lues corresponded to stresses of 83 MPa and -34 MPa respectively. The 

author had also calculated the effect of inc luding the weight of the girder and also 

that of the bending shear stress. The bending shear stress at 4.67 m was calculated 

to be less than 2.5 MPa. The effect of inc luding the uniformly distributed weight 

(28 kg/m) of the girder was found to change the moment by relatively 

insignificant amount. This lent itself to the fat igue design fo r a fluctuating uniaxial 

stress. 

203 



stress 

\ 
rime 

amin 

Figure 5.8.1. Load cycle at critical point along girder span 

The other points that were identified as being worthy of examination were the two 

end points of the beam where the girder considered to be clamped. The sharp 

corners at these points result in stress concentration factors of 2 i.e. Kl = 2, as 

suggested by Norton, 1998, fo r such a clamped condition. This meant that the 

author had to consider a phenomenon called fretting fatigue. This would have 

arisen due to the slight displacement between the connecting members as the 

girder deflects. The mechanism of failure is explained by the breaking down of the 

protective coating thereby exposing the metal below to oxidation, and accelerating 

the fatigue-failure process. Attempts to treat the metal to prevent this are 

addressed in Chapter 6. 

From equation (5.6.1) the moment at the end of the girder was found to be 

/v.{1 
_ Pah' _ Pa(L-a)' 
- L' - L' (5.S.I) 

The moment therefore changed as the position of the load varied from 0 to 7. The 

approach adopted was similar to that outlined above. A spread sheet was used to 

204 



calculate the moment values as a varied with steps of 0.25 . The output showed 

that the reaction moment varied from 0 to a maximum of25408 Nm at a = 2.25. 

Moment Variation at the Clamp Support 
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Figure 5.8.2. Moment Variation at the girder clamp support 

The au thor al so made use of an analytical approach. Equation 5.6.7. was 

differentiated. The resultant expression was equated to zero an the equation 

solved to find values ofa which max imized the differentiated equation. 

The di frerentialed equation was 

{;t: = [,(L'- 4La +3a')=0 (5.8.2) 

With L =7 • a was found to be 2.33, Which result in a maximum momcnt of 

25433.29 Nm. The result confimled the authors prediction, that when the load was 

2.33 m rrom the support the momcnt at the support would eq ual the maximum 

moment at 4.67 m from the support. The graph showing the moment variation at 

the support under moving load conditions appears in Figure 5.8.2. 
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5.8.4. Fatigue Design at Critical Point along Span 

It mll st be mentioned that, the calculat ions presented here are in fact final design 

calcu lations. They were iteratively calculated to sati sfy the fa ti gue design cri teria 

as well as 10 check the correspondence to the member geometrical select ion. 

Therefore the reader should be aware that the discussions, calculat ions and 

conclusions in previous sections were in fact checked at every choice of 

parameters for fatigue as well as considerations that have already been discussed. 

The structural members of the gantry system was designed for 106 cycles with 110 

failure. At the critical section along the span the maximum stresses were 

calculated as above. Reference is made la Figure 5.8.1. 

Umll)[ = 83 MPa (5.8.3) 

amin = -34 MPa (5.8.4) 

The alternating stress was calculated as fo llows, 

(1"/1 = 
a 1T\al( - a min 

2 (5,8,5) 
= 58.5 MPa 

The mean stress was found to be, 

(111/ = 
a mal( + a min 

2 (5.8.6) 
= 24.5 MPa 
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The next step involved the detennination of the modified value of the endurance 

limit. The girder comprised or a ferrous material and exhibited a general stress 

cycle curve as in Figure 4.3. 

The endurance limit was found to be, 

1 
Se = "'2au1 (5.8.7) 

~ 200MPa 

The modified value of the endurance limit depended on the load factor, the size 

factor, the reliability factor, the surface factor and the temperature factor. 

As the case in consideration is a uniaxial case of bending, 

C/ond = 1 (5.8.9) 

As girder manufactured by hot rolling its section, and the Brinell Hardness 

Number for the section was approximately 130 BHN. Figure A3 (Appendix A) 

was used to detennine the surface factor. 

C Sllr[= 0.72 (5.8.10) 

For parts of non-round cross section the approach adopted was to equate the part's 

non-round cross seclional area stresses above 95% of it's maximum stress with the 

similarly stressed area of a rotating beam specimen would provide a pseudo 

diameter. 

The following fonnula was used to calculate the equivalent area, A95 , for an 1-

Beam as suuge~ted by Norton , 1998. 
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A 95,_, = 0.05bh 

= 0.05 x 0.102 x 0.2604 

= 1.32804 x 10- ' m' 

The equivalent rotating diameter was calculated as follows, 

d", = j 0.~;~6 
= 1.3 17x 10- 1 m 

(5.8.1 1 ) 

(5.8. 12) 

As this pseudo diameter, converted to millimcters, was between 8 mm and 250 

ml11, the following fonnula was applied to obtain the size factor. 

C · - I 189d-o.o97 
sl:e - . 

= 0.74 

The reliabili ty factor based on a 99 % reliability was, 

CreJ = 0.8 14 

The temperature factor was taken to be I . 

The modified endurance limit was therefore ca lculated to be 

Sell! = C{ofl({CsllljCs;:eClempCreIS e 

= I xO.72xO.74x I xO.8 14x200 

= 86.73 MP" 
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For thi s instance the author assumed that there was no disrup ti on to the contours 

of the gi rder, i.e . there was no change in the cross section at the point of 

consideration (4.67 m from the support) and therefore sought not to modify the 

alternating and mean stress, for this instance, through the appl icat ion of st ress 

concentrat ion factors. 

The safety factors for any fluctuating-stress state depended on the manner in 

which the alternating and mean components vari ed with each o ther in service. The 

relat ionship between the aitel11ating stress, mean stress and the sa fety factor, R, 

was taken to be 

R = S('m( l _ Gm ) 
Un alii 

_ 86.73 ( I _ 24.5 ) 
- 58.5 400 

(5.8.16) 

= 1.4 

With this va lue (;?: I )the design for fati gue on the girder was accepted. More 

especially s ince the assumption omitted the weight of the girder and the transverse 

shear stress which were calculated and whose magnitude was small in compari son 

to the bending stress magnitude. 

5.8.5. Fatigue Design at the Support 

The next fatigu e design was applied to the joint at the girder ends. From the load 

analysis above carried out on the varying moment at the clamp, the sinuso idal 

model d ictated the use of a maximum stress of 83 MPa and min imum stress of 

zero MPa. 

With thi s in formation the alternating and mean stress were calculated. 
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(J'max - (J' nun 
(J' nfl = 2 (S.8.17) 

= 41.S MPa 

(J' "laX + (J'mm 
(J'm = 2 (S.8.18) 

= 41.S MP" 

Now because of the geometric stress concentration factor, mentioned above, at the 

point of attachment the both thc altemating and mean stresses had to be modified. 

The fatigu e strength concentrat ion factor, Kr, was obtained from the geometric 

stress concentration factor, Kc, and the notch sensitivity of tile material. 

The notch sensit iv ity, q, was obtained from Figure B.2. (Appendix B). Wi th an 

ultimate tensile stress of 400 MPa, and a notch radius of 0, the notch sensitivity 

was, fo r the condition of bending, found to be 0.26. 

Therefore the fati gue stress concentration factor was calculated as, 

K!= I + q(K,- I ) 

= I +0.26(2 - 1) 

= 1.26 

The modified altemating stress was found , 

(J'n ....... = Kpafl 

= 1.26 x 41. S 

= S2.29 MPa 
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G m3x -amm 
aa/I = 2 

= 41.5 MPa 

U max +Umin 
(Jm = 

2 

= 41.5 MPa 

(5.8.17) 

(5.8.18) 

Now because of the geometric stress concentration factor, mentioned above, at the 

point of attachment the both the alternating and mean stresses had to be modified. 

The fatigue strength concentration factor, Kr, was obtained from the geometric 

stress concentration facto r, KI , and the notch sensitivity of the material. 

The notch sensiti vity, q, was obtained from Figure A4 (Appendix A). With an 

ultimate tensile stress of 400 MPa, the notch sensitivity was, for the condition of 

bending, found to be 0.26. 

Therefore the fatigue stress concentration factor was calculated as, 

Kf= I +q(K,- I ) 

= I + 0.26(2 - I) 

= 1.26 

The modified alternating stress was found, 

= 1.26 x 41.5 

= 52.29 MPa 
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Since the product of the stress concentration fac tor applied to the alternating stress 

and the maxim um stress in the beam was less than the material yield stress the 

stress concentrat ion factor applied to the mean stress, Krll" was taken to be equal to 

the stress concentration factor appli ed to the alternating st ress, Kr. 

Therefore, 

am",,,,, = Kfiuam 

= 1.26x41.5 

= 52.29 MP" 

With this value, the safety factor, R, was calcu lated, 

R = S'm( I _~) 
all alii 

_ 86.73 (I _ 52.29) 
- 52.29 400 

= 1.44 

(5.8 .21 ) 

(5.8.22) 

Thi s value was acceptable and justified as in the previous case. The calculation 

satis fi ed the cri teria for fati gue design. 
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5.9. Buckling Considerations of the Upright Members 

For the purpose of this discussion, the members CE and DF were modeled as 

vertical members that were fixed at ei ther end as shown in Figure 5.9. 1. Long 

columns require the calculation of the crit ical load. The Eulcr column fom1Ula 

predicts this c ritical load. This Euler load is in fact independent of the material 

strength , and dependant only on the length, cross sectional area and the elastic 

modulus. The Euter found that the critical10ad was given by, 

where 

Per = the critical load 

A1('£ 
Per = s; 

A = the cross sectional area 

E = modulus of elastic ity 

SI' = the slenderness ratio 

The slenderness ratio is given by 

(5 .9. 1) 

(5.9.2) 

where k. the radius of gyration, depends on the moment of inertia and the cross 

sect ional area by, 

k=H (5.9.3) 

Equation (5.9. 1) is useful when the end conditions are both pinned. However, for 

the case of when the column is fi xed at both ends, the length is adjusted and is 

2 12 



taken to be half the actual length of the co lumn . 10hnson suggested that Eulers 

fonnula is applicable only when Sr>S, where S is given by 

fIlf S =7t ytfY 

When S,. :s: S, the critical load according to lohnson is, 

[ 
I ((J)"S,)'] Pc,.= A (jy- £ 27t 

(5.9.4) 

(5.9.5) 

With the column I section, the moment of inertia, I, and the cross sectional area 

were calculated to be, 4.495e-5 m~ and S.793e-3 1112, respectively. 

The radius of gyrat ion, k, was calculated to be 8.8 1I e-2. 

The s lendcmess ratio , taking the modified length of 1.5 m into account, was 

calculated to be 17.029 and found to be less than S (~ 125.6) 

With the elastic modulus, E, taken to be 200 GPa, the yield strength, ay, taken to 

be 250 M Pa, the critical load according to Johnson was calculated 

P" ~ 5.793e - 3 X [250e6 - 20be9 (250e6 ;,,17.029)' 1 
= 143.5 KN 

(5.9.6) 

The design was accepted as compressive force on the girder was calculated to be 

12.5 KN, for a worst case, i.e. the load position resulting in the highest vertical 

loadi ng. 
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Chapter 6 

Manufacture and Assembly 

of the 4 Arm Gripper 

6.1. Overview of Design for Manufacture and Assembly 

This chapter was the conclud ing chapter of the design report. It was therefore the 

cu lmination of endeavors made in preceding chapters and attempted to summarize 

the work outlined and specify some of the 'nuts and bolts ' of the system. It also 

outlines a very important component of Total Desi gn - that of manufacturing and 

assembly. As part of the Total Design Process, component and or system 

manufacture and assembly cannot be treated in isolation but consideration to the 

form and susceptibility of the subsystems to gel with other subsystems must be 

given attention at all times. The authors view of the Total Design approach, can 

be likened to that of a zoom camera. That is to say the designer must be able to 

zoom out to have a holi stic picture of the design at all times and he l11ust also be 

able to zoom in and focus on detai l. This in the authors opinion is the essence of 

the science of design engineering. 

An important characteristic of designing for manu facture as a sub process of total 

design is in selecting the best manufacturing process and designing the component 

that so that it can be manufactured accordingly. There are definite methods allied 

to specific processes. The knowledge of these methods are vital to the success of 

any design. Even ifsome modification to the process is needed, a finn grasp of the 

conventional methods is an indispensable tool. In other words it is important to 

know the rule before it can be broken. 
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Assembly reqUIres labor and or assembly machines. The relationship between 

assemb ly cost and the number of subsystems and assembly time and the number 

of subsystems is almost always a proportional onc. It is therefore the task of the 

design tC3m to optimize the assemb ly process by making systems as easy to 

assemble as possible. 

6.2. Manufacturing of the 4 - Arm Gripper System 

6.2.1. The modifications made during the design 

The ann model presented in section 5.2. did not take into account the 

modifications and allowances that were instituted in sections that followed. The 

author opted not to present the modifications in section 5.2. as this would not 

serve to hi ghlight the tota l design process. To summarize, the diameter at the 

shaft-aml interface was increased to 52 mm . The actuation of the anns required 

that a furth er 11 mm diameter hole be made at 82.5 mm from the ax is of rotation 

and a force of 720 N (safety factor of two) ac ts in the direction of disp lacement. 

The 52 111111 diameter hole was also loaded by the pressure of 20 MPa atlhe shaft 

aml interface. 

These changes were 1l10deled usi ng the finite element computational approach. 

This resulted in a small area of stress concentration around the 11 mm hole and an 

increase in the value of stress around the 52 mm hole. The most important output 

was that the overall maximum value of the stress increased by approximately 20 

% from the final model in section 5.2. This value was still below the yield 

strength of cOlllmercial mild steel of 250 MPa which was the material selected for 

the aml. 
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6.2.2. The material selected for the arm, shaft and chassis 

The chassis structure consisted of plates and structural sections. The material 

chassis end plates wou ld be the same as the commercial steel used for the arm. 

Since the chassis end plate thickness had to be greater than 20 111111 , the author 

chose to make use of a 25 mm thick plate as this was the s ize chosen for the arm . 

The author decided that th is would make optimum use of the plate purchased from 

which the arms and end plates would be cul. The chassis structural sect ions would 

also be commercial structural steel. The ann and chassis end plates would be 

manufactured from commercial mild steel plate for the following reasons - infinite 

li fe characteristic, low cost, availability and case of fabrication. 

The mi ld steel (a low carbon steel) employed was produced by hot rolling. Hot 

rolling is a shaping process that is caITied out above the recrystall ization 

temperature of the stee l. This temperature is usually between 815° and 1260°. 

Thcre are fcwer steps involvcd in the hot working of steel as compared to cold 

working as it is s impler to work with the steel when it is red hot. Hot worked 

steels are therefore relatively cheaper. Hot rolled mild steel also has bcttcr 

wcldability and is generally more stable during machining. 

The disadvantages of hot work ing was the relatively poorer surface finish and the 

absence of adequate corrosion resistance of the material. This would be 

compensated for by finishing process like grinding or fil ing and the galvanizing 

the material , as di scussed below. Gcncrally low carbon steels do not harden wcll 

because of its low carbon content. However, low carbon steels can be carburized 

and quench hardened to obtain hardened surfaces. M ild steel requi red for the ann 

and chassis are read ily available from steel merchants. The steel produced locally 

is des ignated as 300 W A. 
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The material used to manufacture the shaft was a hollow bar designated as SP52. 

The author verified that the material was readi ly available from more than one 

supplier. The shaft strength which was verified in section 5.3. was based on the 

dimensions of the bar available. The material had a minimum yield strength of 

5 10 MPa. h possessed the stabi lity required during the machining of the shaft. 

The surface al1er tuOling, to obtain the steps, would be finished (filed) to the 

requi red roughness. The material would also need to be protected against 

environmental corrosion through galvaniz ing. 

6.2.2.1. Galvanizing 

Galvanizing is protection treatment against corrosIon. Zinc is deposited on the 

surface o f steel by hot-dipping. Zinc has an extremely low corrosion rate. If one 

considers that a 75 Mm coating of zinc may protect the underlying steel for 

approximately thirty years under l1onna1 atmospheric humidity conditions, one 

can understand that a zinc coating is certainly affective. Zinc has the added 

advantage of being anodic to most metals. Because the atmosphere in which the 

gripper must operate can be considered to be corrosive (large amounts of fissure 

water) , the author has designed for a coating thickness of 75 Mm on all 

components by the hot dip process. With this size, one can expect the coating to 

provide protection for 15 - 20 years as required by the specification without 

affecting the press fit were required. 

6.2.3. Obtaining the profile of the arm and chassis end plates 

The aml and chassis profile was to be fabricated at a professional cutting plant. 

The method of computer controlled profiling and cutting would be required to 

obtain the ann and chassis shape fonn with excellent accuracy. The utilizat ion of a 
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professional cutling plant as opposed to carrying out the fabrication in house was 

justified as : 

an in hOllse operation would require a substant ial capital investment in the 

required machinery; 

culting plants are special ized to carry out the task at hand therefore their 

scrap rate wou ld probably be less than an in house operation; 

the cost of errors are borne by the specia list plant; 

The method cmployed by these plants for the profilc cutt ing of low carbon steels 

of 25 mill thickness or greater is that of oxyfucl cutting. The fue l used was to be 

acel ylenc. 

6.2.3.1. Oxyfucl Cutting 

The material is heated to its kindling point usually by a number of preheat flames. 

Once the materia l is at the requi red temperature, a stream of oxygen at high speed 

is introduced. This st ream would result in the ox idation of the material. The force 

of the stream o f oxygen literally blows the oxides away [rol11 the cutting path 

resulting in a clean cut. The oxidation process also serves the purpose of adding 

thennal energy to the material. This energy is rad ially conducted into the material 

and in doing so raises the temperature of the steel ahead of the cut and maintains 

the kindling temperature. 

6.2.4. Obtaining the surfaces of revolution (steps) on the shaft 

The shaft required two steps. One step would be required for the abu tment of the 

arm and one for the bearing. The operation chosen for the machining of the shaft 

is turning. The machine employed for the task was a lathe. A lathe is essentially a 
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machine tool for producing and finishing surfaces of revolution. The machine is 

designed to hold and revolve the shaft about an axis of rotation so that it may be 

subjected to the action of a cutting tool moving in a horizontal plane through the 

axis of the work. When the cutting tool moves in a longitudinal direction or 

parallel to the axis. the operation is known as turning; when it moves In a 

transverse direction. it is known as facing. 

The author verified through consultation with industrial fabricators of steel that 

the radii (d ictated by the bearing selected and st ress reduction), were attainable 

th rough the use of precision cutting tools . For each of the steps, two tuming 

operations wou ld be required. The first operation would be a rough cut. size of 

which would be detennined by a machinist , with the knowledge of his machine 

and tlhility. A predetennined amount is left for the second finishing tUnl. The tool 

would then be either changed, resharpcncd or stoned for the second cut. A trial 

fini shing cut would be required; this cut should be made just long enough so that 

the bar diameter can be measured. The final surface roughness required by the 

shaft would be attained through filing with a mill file after the second turning 

operation. It is recommended that at least 12.7e-3 mm is left for the final filing 

operation. 

6.3. Design of the Welded Joints 

As out lined the gantry and chassis would consist by and large of structural steel 

sections and flat plates. With respect to the gantry, Table 5.6.4. contains the final 

specifications for the sections, which were modeled and analyzed using the finite 

element computational software. The structural sections needed only to be cut to 

size and galvanized. The structural sections and plates selected were available to 

be purchased from steel merchants. As mentioned in the preceding section all 

steelwork was to galvan ized with a 75 jllll thick layer of zinc. 
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After having done preliminary calculations, experimenting with various weld 

shapes, the author has found that the calculati on to fo llow was most appropriate. 

The weld configuration selected is shown in Figure 6. 1. Thi s configuration will be 

used to illustrate the calculation method employed. The rest of the welding 

calcu lations data appears in Table G.3.1. and Table 6.3.2. The calcu lations are 

based on the theory presented by Juvinal l and Marshek, 1991. 

( ) 

b 

Figure 6.3.1. Weld configu ration for I-Beam fixed support 

The task at hand was to detelll1ine the required weld size, using a E60 welding 

e lectrode with a yield strength of 345 MPa. For the appl ication the author chose a 

safety factor of 2.5. The girder would be welded at its ends wi th the configuration 

in the x-y plane shown in Figure 6.3.1. (dimension d parallel to the y axis). 

As discussed In section 5.6. the moment at support 1 was given by equation 

(5.6.1 ) 

MI _ (pa(L-a)') 
- L' (5.6.1 ) 

This equat ion was differentiated with respect to a, equated to zero and solved, to 

find the load position from the support which maximized the equat ion. The 

analys is returned a value of2.33 m for 3 . 
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This value yielded a maximum moment of 25433,29 Nm at the support . The 

vert ical reaction force at the support for load position was calculated to be 

1.636l7e4 N, from the equation 

P(L - a) 
R = L (6.3. 1) 

where 

P = the load on the gant1y, N 

L = the beam length, m 

a = the load position from the support, m 

R = the reaction at the support, N 

Having defined the forces, the weld moments of inertia were calcu lated. 

The inertia of one of vertical welds was 

= 1.465e-3 XI 

The inertia orone of the horizontal welds was 

Ix = by2t 

=O.102xO.13 ' 1 

= 1.723e-3 XI 

(6.3.2) 

(6.3.3) 

The rectangular moment of inert ia about the neutral bending axis consisted of the 

contributions made by 2 vertical welds and 2 horizontal welds. 
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1 ~ 2(/y+ lx) 

~ 6.3776e -3 x I 

where 

L = the beam length, 111 

y = the load position from the support , 111 

= the throat thickness, 111 

b = The length orlhe weld parallel to the neutral ax is, m 

d = the length of the weld perpendicular to the neutral ax is, 111 

The tensile bending stress was given by 

Mly 5. 1 842e5 
ub=-I- ~ I 

The transverse shear stress on the weld was 

, _ Ji _ 2.259ge4 
- A - I 

where 

A = the total length orlhe weld 

(6.3.4) 

(6.3.5) 

(6.3.6) 

The vector resultant of the transverse and the bend ing stresses was found and 

equated to the allowable weld stress taking the appropriate factor of sa fety into 

account. 

0.58 x 345e6 5.1ge5 
2.5 I (6.3.7) 
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This produced a value of 6.5 111111 for t, which was in the expected range and the 

author specified the weld with a va lue of 7 m111. The weld on e ither end of the 

columns were calculated following the method of calculation outlined above. The 

calcu lation summary appears in Table 6.3.1. 

The column was welded using an E60 electrode with the specification mentioned 

above. The column was designed, in theory, to be rigidly attached at either end to 

the gantry headgear and the gantry travel unit. The load values quoted in the table 

are critical values. The appropriate weld footprint was found after some 

preliminary calculation to be that depicted in Figure 6.3. 1. The footpri nt was in 

the x-z plane, with dimension b parallel to the x axis. The task as before was to 

detel111ine the appropriate weld size. The dimensions of the column were listed in 

Table 5.6.5 . 

Table 6.3.1. Weld calculation summary for column ends 

Moment along x 'Veld inertia Weld inertia Stress along x 

axis parallel to perpendicular to axis 

(Nm) bending axis bending axis 

25433 (2.0975e-3)t (6.9ge-4)t 4.4565e51t 

Moment along z Weld inertia Weld inertia Stress along z 

axis parallel to perpendicular to axis 

(Nm) bending axis bending axis 

9197 (6.990-4)1 (2.0975e-3)[ J.6707e51t 

Similar to equation 6.3.7. the throat t, with a safety factor of 2.5, was found to be 

6 mm. The chassis was to be welded to the hoisting unit pulley housing. Utilizing 

the method outlined above, with an E60 electrode and a safety factor of 2.5. the 

weld throat was calculated to be 5.4 mm for the 100 mm square weld footprint. 

The chassis construction was to be welded as well. The attachment of the 100 mm 
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square tubc to the endplates was also calculated to be 5.4 mm. The author has 

recommend the follow ing: 

a 6 mm weld at both ends of the 100 mm sq uare tube i.e. at the end plate 

and at the pulley housing, 

a 3 mm weld around the 50 111111 square tube joining opposite end plates. 

Table 6.3.2. is a summary data used in the weld calculation for the 100 mm square 

weld. 

Table 6.3.2. Weld calculation summary for chassis center tube 

Moment along Weld inertia ,"Veld in ertia Bending stress 

bending axis along parallel to perpendicular to 

(Nm) bending axis bending axis 

5886 2.5e-4t 8.333e-5t 4.418ge5 /t 

Force on weld ,"Veld area Shear stress Stress Resultant 

(N) 

7358 O.4t 1.83ge4/t 4.4227e51t 
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6.4. Drawings of the Arm, Shaft, Chassis and Gantry 

Unless otherwise stated, the following notes apply to all figures to follow. 

Dimension 

Angle 

Scale 

mm 

degrees 

1:1 

- A ll views were drawn in the first angle. 

r 

Machine Tolerances 

over to 

0 6 

6 30 

30 100 

100 300 

300 1000 

1000 3000 

tolerance 

± O.I 

± 0.2 

± 0.3 

± 0.5 

± 0.8 

± 1.2 

The material s have been speci fied above. The fabrication methods have also been 

disclIssed above. 
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Figure 6.4.1. The arm drawing 
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Figure 6.4 .2. Shaft drawing 
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Figure 6.4.4. The gantry drawing 
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6.5. Conclusion 

The electrical wiring diagrams for the system are available in Appendix D. Afier 

having considered the trade off between functionality and cost for the materials 

and components, the 1110st appropriate current prices were obtained. As the design 

is for the "Future Mine", these costs may Ilot app ly when the design is 

impl emented, and are therefore Ilot included. The gantry and gripper must be 

assembled underground, provided that the materials are provided to size and 

specification. Pneumatic vendors should be consulted when installing the 

pneumatic actuation system. One trained electrician would be req uired for the 

necessary wiring. Onc operator would be sufficient for the pendant control system 

In the authors opinion design is a technical art. It requires the utmost from those 

indi viduals who choose to practice it in this manner. For us, as the human race, to 

move technically forward into the future, design must be practiced as a science. 

The importance of the techniques outlined in this thesis can not be ignored more 

espicially since the drive in industry is heavi ly biased toward team orientated 

"Total Design" efforts. There is in all certainty room for perpetual growth, in the 

area of Design Methodolgy. Every design team will find that the techniques 

available are stepping stones to the fonnulation of new ones. In thi s way the Art of 

Design Engineering has an insumlOlIntable potential for growth. 
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Table A.1. Selected Universal Beam Sections (dimension in mm) 

Designation Mass Depth Width Web Flange 

203 X 133 25 203.2 133.4 5.8 7.8 

254 X 102 28 260.4 102.1 6.4 10 

305 X 102 25 304.8 101.6 5.8 6.8 

356 X 127 39 304.8 101.6 6.5 10.7 

406 X 140 46 402.3 142.4 6.9 11.2 

457X191 98 467.4 192.8 11.4 19.6 

Table A.2. Selected I section Columns 

Designation Mass Depth Width Web Flange 

203 X 203 46 203.2 203.2 7.3 1 I 

203 X 203 52 206.2 203.9 8 12.5 . 
203 X 203 59 209.6 205.2 9.3 14.4 
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Appendix B 

Figure 9 .1 and 92. Allowable piston force and buckling load on pneumatic 
cylinder 
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Appendix C 

Nastran Finite Element Properties 

c.l. Shear Element Properties 

Shear panel properties are limited to element thickness and distributed 

nonstrucrural mass. For some analysis programs, one can also specify 

effectiveness factors which provide fo r treatment of the effective extensional area 

of the shear panel. 

Cl.2. Membrane, Bending, Plane Strain and Plate Element 

Properties 

.. 
These property types are all variations of plate element properties. They all 

require the thickness property, but the Plate type allows onc to vary the thickness 

at each element corner. Be careful though, these corner thicknesses will be 

applied to each element that references thi~ property. The stress recovery 

locations are measured from the neutral axis of the pla te toward the top fib er. 

These are not offsets, they are simply the location where stresses are recovered. 

NASTR.t'N Options 

The bending stiffness (l2lff**3) and transverse shear thickness/element thickness 

(TSfT) properti~s are used by nastran to s imulate nonisotropic or sandwich 

material behavior. in addition to these options, MSCIN4W supports choosing 

different materials for the bending, transverse shear and membrane-bending 

coupling behavior. by default, the plate will use the material that one select at the 

top of the dialog box, however one can disable any of these properties, or se lect a 

different material ~impJy by choosing the options in the lists. 
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C.2. Axisymmetric Element Properties 

Actually, axisymmClrIC elements do not have any property values. The 

MSC/J\I4 W propeny for these types is simply used to reference the desired 

material. 

C2.I. Solid Element Properties 

Un like the plane elements, \ .... hich orient their material axes with using an angle on 

each element. sol id element properties can reference a coordin::ttc system IO align 

the material axes. This difference is due to the fact that solid elements require 

orientation of all three principal directions. Plane elements always have their Z 

direction normal to the plane and can therefore be oriented with a single rotation 

an!!le. One can also choose~.to orient solid elements based on the directions 

defined by the element's corner nodes. 

C.3. Line Elements 

All Line Element types (Rod, Bar. Tube, Link, Beam, Spring, DOF Spring, 

Curved Beam, Gap, and Plot) connect two node points. Proper choice of the type 

depends upon the structural beho.vior that one want to represent. For all of these 

elements however, one will see one of two possible diaiog boxes. The first, and 

simplest, creates all elements except the Bar, Beam and Curved Beam. In addition 

to the standard parameters, it just requires two nodes to define the element. 

C3.I. Beam Element Properties 

Beam propenles a~e identical to Bar Propenies except that one can specify 

different properties at each end of the Beam, and one can define a Neutral Axis 
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Offset from the Shear Cent er. One must turn on the Tapered Beam option if one 

want to enter different propenies at the second end of the Be3m. If this option is 

off. the propenies at the second end will be equal to the first end. 

C3re must be taken in properly specifying these propenies with respect to the 

element axes. For MSCIN4W, Il is the moment of inenia about the elemental Z 

axis, which will resist bending in the outer fiber in the , elemental Y direction. 

Some people look at this as the moment of inenia in Plane 1, the plane fanned by 

the elemental X and Y axes. Distributed. nonstrucrural mass (per unit length) can 

also be specified. 

One can specify up to four Stress Recovery locations in the plane of the element 

cross section. If one just specify -the fi rst location, and leave the remaining ones 

blank or zero, MSCIN4W will automatically assign the remaining three locations .. 
with positive and negative combinations of the location that one specified. This 

feature automates stress recovery for the four corners of a rectangular cross 

section. 

The Neutral Axis Offsets should be specified In the local Beam Coordinate 

system, based upon the Orientation Node or Vector for the panicular elements. 

This Offset is only used to Offset the Neutral Axis from the Shear Center. The 

Offset of the Shear Center (and Neutral Axis) from the vector benveen the nvo 

Nodes defining the Beam is input on the Beam Element command, not the Beam 

Property command. 

A graphical cross sec tion property generator is available for th is property type (as 

well 3S Bar and Curved Beam). MSCIN4W can automatically compute the cross 

section propert ies and stress recovery locat ions for common or arbitrary shapes. 

The com:non shapes include rectangular, trapezoidal, circular, and hexagonal bars 

and tubes, and stfijctural shapes such as I, C, L, T, Z and Hats. Required input for 

these standard shapes is shown below. 
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An arbitrary shape requires creating a surface before entering Model Property, 

and then selecting General Section, pushing the Surface button, nnd selecting the 

surface. Whether onc select a common or arbitrary shape, one c::m have 

MSCIN4W draw the cross section by hitting Draw. An error in the input will 

prevent drawing of the cross section. This dialog box can also be used to define 

the Stress Recovery locations and orientation vector direction. 

Stress RecovelJl and Reference Point 

The Stress Recovery section of this dia log box allows the selection of Stress 

recovery locations at standard points on the cross section. By hitting the !'\ext 

button, MSCIN4W wil! move the location to the next standard point. .... Vhether one 

specify Stress Recovery locations here or not, they still have the option to input 

values directly on the pre\·ious""'dialog box. 

The Reference Point is only used when Mesh Attributes are assigned to a curve 

(Mesh Mesh Control Attributes Along Curve). The Reference Point provides an 

easy method to automatically define the Shear 'CenterlNeutral Axis offset for 

beams that are automatically meshed onto a curve. 

When a curve is meshed containing Mesh Attributes, and the Offsets method has 

been se t to Location, MSC/N4W will place the Reference Point on the line joining 

the two nodes, and then calculate the offset of the shear centcr from this point. 

The result is stored on the element record as the Shear CenterlNeutral Axis Offset. 

The offset stored on the element record calculated from the Reference Point 

moves bOlh the Neutral Axis and Shear Center from the line joining the two nodes 

of the beam. The offset stored on the property record and calculated when 

Compute Shear CenJer offset is checked offsets the Neutral Axis from the Shear 

Center. 
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The Attributes Along Curve command also has the capability to place the . 
Reference Point at a distance from the line joining the two nodes of the bC::J.m by 

setting y and z values. 

Orientation Direction 

This section simply allows one to specify the direction of the orientation vector. 

This is very important since an inappropriate direction of the vector with respect 

to the beam mesh will result in erroneous results. The Cross Section Definition 

dialog box provides a visual representation of the required direction of the 

orientation vector for the beams. 

Change Shape 

~ 

This option is only available when editing a cross section for which properties 

have already been calculated. This option must be turned On before any properties 

can be changed. Once this option is selected, MSCIN4W will use the cross section 

generator to calculate new properties when exiting this dialog box via the OK 

bunon. If one simply want to edit stress recovery locations or orientation, 

MSCIN4W will use stored values to calculate any change in properties instead of 

creating an entire new set. This can save some time when making these simple 

changes. 

Compure Shear Cel/ ler Offset, Compure Warping Constant 

These options are only available for Beam Properties. They are not available for 

Bar or Curved Beam properties since they are not supported by most analysis 

codes for these types of elements. 

If Compute Shear ~enter Offset is On, MSCIN4W will use its cross section 

generator to compute the offset of the neutral axis from the shear cent er and store 
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the result on the property record. This is On by default since this offset can be 

important with certain cross sect ions and such programs as NASTRAN, 

ABAQUS. and ANSYS provide support for these offsets. 

If Compute Warping Constant is On, MSCIN4W will calculate the warpmg 

constant for the cross section. This is Off by default since warping is often not 

important in beam analysis and there is limited suppoI1 among the analys is 

programs for warping. 
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