
a Introduction to 
engineering design 

In this introductory chapter the engineering design process which is covered in 
detail later is defined. A historical perspective is taken to explain the need for a 
formal process and the complexity of current engineering is outlined. A 
definition is given for both the engineering design process and the duties of an 
engineering designer. Design is defined as a technology, not a science, and 
accepted models of the process are presented. Finally the levels of communica-
tion necessary for successful engineering design are illustrated. 

1.1 Historical perspective 

The study of history is often very illuminating and two main purposes are served. The 
mistakes made by previous generations should not be repeated. Also, a vast body of 
knowledge has been gathered over the centuries, which can be usefully employed in the 
present day. There are important lessons here for engineering designers, since most new 
products are not completely new inventions but are new applications and combinations of 
existing technologies. A study of the history of science and technology serves to enhance 
our understanding of modem day engineering and helps to prevent the all too real tempta-
tion of 're-inventing the wheel'. 

It is surprising how far back in time this study can usefully delve. As an example 
consider the invention of the force pump, the earliest description of which was given by 
Philo of Byzantium in the second century BC. Figure 1.1 is a reproduction of Philo's 
drawing. There is little evidence of refinement or aesthetic considerations but all the 
essential principles are presented and the design is unexpectedly complex. Water flows into 
the partial vacuum created by the upward motion of the piston and on the down stroke, with 
the valves reversed, the water is forced up the pipe into the tank. When an invention such 
as the force pump first surfaces it is considered to be a dynamic product. That is to say that 
conceptually it is a significant advance or step change from anything which has gone 
before. Also, there remains scope for significant product development in a dynamic 
product which is not possible in those products defined as static. 

As is the case with most useful inventions, the force pump was subsequently refined and 
next appeared in the form illustrated in Fig. 1.2, which is Hero's force pump from the first 
century AD. At this stage of development the pump would be considered to be conceptually 
static since the later design follows the previous design. The refinements which are most 
noticeable include the replacement of the two pipes for conveying water to the tank with 
one, the single actuation beam pivoting in the centre and the introduction of a nozzle. The 
nozzle was introduced specifically for fire fighting applications although it was many 
centuries later that the pump was mounted on a chassis in order to travel to the scene of a 
fire. Thus the conceptually static force pump could again be considered as dynamic when 
the idea for mobility was first suggested, many hundreds of years after the initial design. 
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[ 2 1 Engineering Design Principles 

Figure 1.1 Philo's force pump (Reproduced from Carra de Vaux, Les 
pneumatics de Philon, p. 217) 

To prevent the wrong impression being created by this example it is important to realize 
that not all design work is innovative in nature and many product developments are 
incremental. In fact the majority of an engineering designer's life is spent making 
relatively minor improvements to existing products. 

In those early days, artisans such as Hero and Philo conceived ideas almost completely 
in their minds and generally worked in isolation before communicating the finished 
concept to others. Thoughts now, as then, can be verbal but are more often than not visual 
and three-dimensional, particularly for engineers. Unlike Hero and Philo the modem 
design engineer must be able to express thoughts clearly and communicate them 
constantly, throughout the whole design and development process, both within the design 
team and outside. This communication process inevitably involves a great deal of sketch-
ing and some skill in this area is thus essential for a designer. It is very important therefore 
that the student engineer develops by practice the skill of sketching quickly in 3D. 

The level of scientific and technical knowledge possessed by Hero and Philo was limited 
when compared with today's understanding. Nevertheless, study of the two figures 
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J=: 

Figure 1.2 Hero's force pump with adjustable nozzle (Reproduced from a 
facsimile of the 1851 Woodcroft edition, introduced by Marie Boas Hall, 

London 1971, drawing of 'The Fire-Engine', p. 44) 

showing the force pump indicates that they must have had an intimate knowledge of 
materials, the engineering sciences and manufacturing processes which were current at the 
time. These artisans did not openly employ a formal engineering design process. However, 
with the considerable advances made in materials and manufacturing technology, 
increased knowledge in engineering science, ever more stringent environmental consider-
ations, increasing competition, greater emphasis on energy efficiency and increasing 
sophistication required of today's products, a formal engineering design process has 
become essential. They must also have had at least an appreciation of economic constraints 
since people with buckets could probably perform the same tasks as a force pump for a 
much lower initial investment! 

It should be said at this point that it comes as a considerable shock to most young 
engineers when they first realize that only a very small percentage of decisions made by a 
design engineer are based on complete knowledge of the engineering sciences. The 
knowledge used by a design engineer is extremely broad and varied in nature. It is true that 
part is derived from science but a great deal comes from testing and evaluation and on 
observations of materials and systems. 
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In the days of Hero and Philo engineering effort made a significant impact on people *s 
lives relatively infrequently and so was regarded as marvellous. Also, the practitioners are 
remembered. This is not very often the case today, even though engineers have a 
disproportionate effect on the kind of world we live in. Less than 1% of the population are 
engineers and yet virtually everything we see if we look around is man-made and has been 
designed to be that way. 

1.2 Engineering design definition 

In the study of science we seek to develop theories that explain natural phenomena. 
Scientific theories consist of a statement or set of statements that define some kind of ideal 
or theoretical system. These scientific principles, which are self-evident in the natural 
sciences, are also employed in the engineering sciences. Engineering science subjects such 
as thermodynamics, mechanics and materials science are generally based on established 
scientific principles like the first and second laws of thermodynamics, Newton's laws, and 
atomic and molecular theories of matter respectively. 

Engineering design is quite different since theories and hypotheses cannot be developed 
or tested by laboratory experiments. Engineering design involves much broader issues 
including the consideration of people and organizations. It must therefore be regarded as a 
technology. This is particularly so since no single absolute answer can be found for any 
problem which involves both design decisions and compromise, since almost inevitably 
design parameters are contradictory. 

Having established that engineering design is a technology it is necessary to present a 
definition. Many attempts at a definition have been made, particularly in the search for a 
snappy, short definition, but all attempts to date have been defeated. The dictionary 
definition of design is often *to fashion after a plan', which tells us very little about the way 
of working that we call engineering design. What follows is an amalgam of definitions for 
both the process and practitioners taken from the UK based Institution of Engineering 
Designers and the engineering design lecturer organization, SEED Ltd (Sharing 
Experience in Engineering Design). 

Engineering design is the total activity necessary to establish and define solutions to 
problems not solved before, or new solutions to problems which have previously 
been solved in a different way. The engineering designer uses intellectual ability to 
apply scientific knowledge and ensures the product satisfies an agreed market need 
and product design specification whilst permitting manufacture by the optimum 
method. The design activity is not complete until the resulting product is in use 
providing an acceptable level of performance and with clearly identified methods of 
disposal. 

In order to increase our understanding of design it is helpful to extend this definition and to 
identify and highlight the main characteristics of engineering design: 

• Trans-disciplinary 
• Highly complex 
• Iterative. 
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Most engineering design is now a trans-disciplinary team effort and the distinctions 
between the traditional disciplines, mechanical, electrical, electronic, civil and even 
chemical engineers are becoming blurred. Relatively new areas of engineering specializa-
tion, such as control and software engineering should be added to this list. 

Consider for example automobiles, which not so very long ago were the sole province of 
mechanical engineers. Complex engine management systems, anti-lock braking systems, 
active suspension systems, four-wheel steering, air bags, and automatic seat belt tension-
ing are just some of the new developments. These systems are highly complex and require 
input from many different kinds of engineers for their optimum design. Also, the selection 
of the appropriate technology for each part of a truly integrated design has become critical 
to the success of the product. Only engineers with a broad understanding of all potentially 
useful technologies and all the issues involved can make optimal decisions. 

As an illustrative example we can usefully consider anti-lock braking systems (ABS). 
Perhaps because traditionally automobile design was the province of the mechanical 
engineer, the first anti-lock braking systems introduced were purely mechanical in 
nature. Although the performance of mechanical units was considered to be adequate in 
the early stages, their performance has since been surpassed by integrated systems 
which include software, electronic and mechanical technologies. Purely mechanical 
systems cannot match the performance levels which can be achieved by integrated 
designs. 

An ABS, as the name suggests, improves braking performance by preventing wheel 
lock. A modem system can be seen in Fig. 1.3 with (a) being the general layout and (b) 
being the electronic circuit diagram. In the complete description of the system a hydraulic 
circuit diagram would also be required along with component details. Such systems allow 
braking to occur without impairing directional control and shorten braking distances 
considerably. This is accomplished by sensing the speed of each wheel along with wheel 
acceleration, comparing this to forward speed and modulating brake pressure accordingly. 

The complexity of the complete system shown in Fig. 1.3 (a) and (b) serves to illustrate 
the need for inter-disciplinary engineering design teams. The main components in the 
general layout are: 

(1) Front wheel sensor 
(2) Front pulse wheel 
(3) Hydraulic modulator 
(4) Control unit 
(5) Rear wheel sensor 
(6) Rear pulse wheel 
(7) Indicator lamp 
(8) Brake tubes. 

The induction sensors are used to signal wheel speed information to the control unit 
(computer). Signals are received by the control unit as sinusoid voltages and converted to 
digital signals for processing in the logic circuits. The main components in the electrical 
layout are: 

(1) Battery 
(2) Ignition switch 

(10) Alternator 
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6 I Engineering Design Principles 

Figure 1.3(a) General layout of a Volvo ABS system 

34h 

Figure 1.3(b) Electronic circuit diagram for a Volvo ABS system 
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(11/2) Fuse 
(15) Distribution coil 
(66) Brake switch 
(85) Speedometer 
(105) Charging lamp 
(107) Indicator lamp 
(252) Control unit 
(253) Hydraulic modification 
(254) Surge protection unit 
(255) Speedometer converter unit 
(256) Sensor - left front 
(257) Sensor - right front 
(258) ABS Fuse box 
(270) Sensor - rear wheels. 

It is not possible to give a complete and detailed account of the design of anti-lock braking 
systems in this text, nor is it desirable. However, it is important to note that a design such 
as this is very soon superseded. The detailed information presented regarding ABS is 
reproduced with the kind permission of Volvo Car Corporation, whose designs have 
become more sophisticated. For example, the S80 is available with the active chassis 
system DSTC (Dynamic Stability and Traction Control). This system uses a number of 
sensors, including a yaw angle sensor, to compare the way the car is handling with the way 
it ought to be behaving. DSTC then retards the appropriate wheel or wheels in order to 
stabilize the car. Volvo describe DSTC as an invisible hand which keeps the car on the 
road, even in extremely slippery conditions! 

The purpose in using ABS as an example is purely to reinforce the stated definition of 
engineering design and to illustrate the technical and human interface complexities which 
are encountered in modem systems design. Along with this definition of the design process 
it is illuminating to consider the job description of an engineering designer. Although this 
can vary in detail, in general an engineering designer must be capable of dealing with the 
following: 

• The production of practical design solutions starting from a limited definition of require-
ments taking into account many factors. 

• The production of design schemes, analysis, manufacturing drawings and related docu-
mentation within defined timescales. 

• The assessment of the design requirements of a particular component, system, assembly 
or installation in consultation with other departments. 

• The production of designs which will favourably influence the cost and functional 
quality of the product and improve profitability and/or the company's reputation with 
customers. 

• The undertaking of feasibility studies for future projects. 
• Negotiations with vendors on aspects of bought out components and equipment, and 

with subcontractors or partner firms on interfaces. 
• The assessment of the work of others. 

The personal characteristics, derived from these responsibilities, which a design engineer 
must possess are: 
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• ability to identify problems 
• ability to simplify problems 
• creative skills 
• sound technical knowledge 
• sense of urgency 
• analytical skills 
• sound judgement 
• decisiveness 
• open mindedness 
• ability to communicate 
• negotiating skills 
• supervisory skills. 

These abilities and skills are possessed by everyone to a greater or lesser extent. They are 
developed in engineering designers over a period of time, mainly by the practice of 
engineering design and by exposure to the design process. 

1.3 The engineering design process 

The cost of a product, particularly in international markets, is only one factor which has a 
bearing on success. Reliability, fitness for purpose, delivery, ease of maintenance and 
many other factors have a significant influence and many of these are determined by 
design. Good design is therefore critical for success both in national and export markets 
and can only be ensured by adherence to a formal design process. 

The engineering design process in its simplest form is a general problem solving process 
which can be applied to any number of classes of problem, not just engineering design. It 
must be remembered that the design process as outlined will not produce any design 
solutions. The aim in recommending a design process to adopt is to support the designer by 
providing a framework or methodology. Without such a process there is the very real 
danger that when faced with a design problem and a blank sheet of paper the young 
engineer will not know how to begin. The rigorous adherence to the process as outlined 
later will free the mind, which can become extremely cluttered during a project, so that 
more inventive and better reasoned solutions emerge. 

A systematic approach permits a clear and logical record of the development of a design. 
This is useful if the product undergoes development and redesign. Also, the disturbing 
trend of law suits against companies and individuals often means that the designer must be 
able to prove that best practices were employed. This can best be established by reference 
to comprehensive supporting documentation, such as records of the decisions made and 
reasons why they were made. 

If we accept the need for a systematic approach, how and in what order should we 
consider the influencing factors? There are several suggested systems which vary in detail 
but are basically similar. Figure 1.4 illustrates the design process as presented by Pahl 
and Beitz (G. Pahl and W. Beitz (1984) Engineering Design, London, Design Council) 
and Fig. 1.5 is that recommended by SEED. Study of the two figures reveals an under-
lying similarity with the basic process being to identify the problem, generate potential 
solutions, select from the solutions, refine and analyse the selected concept, carry out 
detail design and produce product descriptions which will enable manufacture. Quite 
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Figure 1.4 Pahl and Beitz's model of the design process 
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Figure 1.5 Pugh's model of the design process 
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obviously for both models to be complete they must be extended to include use and 
recycling or disposal. 

The SEED (Pugh) model is the one we will be following throughout the text. As indi-
cated by the return lines, design is an iterative process involving much back tracking and 
parallel activity. This is normal. The principle of iteration is the fundamental principle of 
the design process. Designing something new is like a voyage of discovery. As the design 
progresses, more and more information is discovered and more knowledge gained. If the 
designer does not iterate the new information, concepts emerging would not be acted upon. 
The systematic approach is not a series of instructions to be followed blindly. There is 
never a unique solution. 

Some words of caution. Engineering design is not always a sequential process, nor can 
it be neatly divided into discrete activities each of which must be fully completed before 
the next is begun. This is why feedback loops are always included on any diagram of the 
design process. However, the reader should be aware that even this does not do justice to 
the necessary continual iteration and that all steps in the design process are often going on 
simultaneously. Also, an engineering designer is rarely completely satisfied with the solu-
tion arrived at. This is partly due to the principle of time. If a company is to maximize its 
profits from the labours of a design team then the shortest possible time must be taken in 
getting the product launched. It is inevitable therefore that with a second look the product 
could be improved. This lack of perfection often causes dissatisfaction and must be 
accepted as a consequence of working as an engineering designer. 

The first and most important stage in the design process as outlined in Fig. 1.5 is the 
formulation of a Product Design Specification (PDS). This is especially important as 
international trade becomes simpler and competitiveness becomes harder to achieve. 
Companies must use a logical and comprehensive approach to design if they are to profit 
from their labours. Therefore an all encompassing problem definition which is used to 
audit and guide the remainder of the design process is essential. 

The process of design is always the same and is not dependent on the size or complexity 
of the problem. However, it is almost always subject to unforeseen complications and a 
flexible design management approach is essential. 

1.4 General example 

As a simplified illustration of the design process consider the problem of building an 
extension to a court house. The brief stated that the whole of the works must be carried out 
with the existing court in full operation and, due to national terrorist activity, that bomb 
blast protection be provided. The requirement was: 

• A new courtroom 
• Offices, stores and amenities for ushers and clerks 
• A new boiler room. 

Specification In order to develop a full and detailed specification of the problem many 
initial investigations were carried out. Drawings of the existing building were obtained but, 
as is normal, no original strength calculations were available and depth of foundation piles 
was not known. A site survey was undertaken and a geotechnical investigation revealed 

 EBSCOhost - printed on 9/23/2021 2:36 PM via SENECA COLLEGE. All use subject to https://www.ebsco.com/terms-of-use



Engineering Design Principles 

that the ground was poor down to depth of 21 m. Samples extracted from bore holes were 
laboratory tested enabling moisture content, chemical composition and particle sizes to be 
obtained. 

Concept generation Having defined the specification, including the relevant British 
Standards for foundations (BS 8004), structural use of concrete (BS 8110) and notes on 
blast resilient designs, the next stage was to consider alternative concepts. After initial 
brainstorming and the consideration of many concepts only three were considered worthy 
of investigation. These were: 

(1) add an additional storey; 
(2) infill at ground floor level and extend at ground floor level; 
(3) an additional two storey building linked with corridors. 

Concept selection Concept 1 was ruled out since on investigation the existing piles were 
found to be fully loaded and the cost of strengthening the structure would be prohibitive. 
Concept 3 was ruled out because it was impossible to allow for sufficient daylight reaching 
existing windows. Concept 2 was selected because it presented the optimum solution, 
when compared with the specification, including customer requirements. 

Detail design Having made this overall decision, further detailed investigation was 
necessary, with much engineering science and materials knowledge being employed. 
Decisions such as whether to use driven or angered piles and use ground beams or slabs 
had to be made. Above foundation level masonry stability, vertical, shear and bending 
loading capacities needed to be calculated. 

Manufacture Once this detail design stage had been completed the construction phase 
could begin. This phase can be likened to prototype manufacture prior to mass production 
of products. 

The project reported was very complex and was completed slightly ahead of schedule 
within the customer's budget. Many engineering projects do not go so well which, in most 
cases, can be traced back to a lack of adherence to the iterative step-by-step approach being 
advocated. In this case the design process was followed rigidly. Effective lines of commu-
nication established at the outset of the project were just as instrumental in the success of 
this project as the engineering expertise employed. 

1.5 Engineering design interfaces 

As outlined earlier it is essential that a design engineer has good communication skills. 
This can be further reinforced by study of Fig. 1.6 which gives an indication of the most 
frequently used lines of communication, both within the design department and outside. As 
explained earlier the design process begins with a design brief or Product Design 
Specification. This then is the major trigger which causes the design department to act. 

Two broad types of communication can be identified, internal and external. Those 
internal communications with the design department may include defining input 
parameters for computation, discussion and information transfer with other relevant design 
groups, informing the drawing office by such means as scheme drawings and materials 
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Figure 1.6 Company-wide engineering design interfaces 

specifications, gaining approval for proposals from the originator and answering the 
questions of reviewers at design audit meetings. 

External communications both with other departments and outside the company are 
easier to define than internal communications and are probably of greater importance. 
Those identified in Fig. 1.6 are the main lines of communication although many others 
exist. In detail the types of communication with other departments and outside are: 

Sales There is continuous two way communication between the design and sales depart-
ments. The sales department supply customer requirements and the design department 
supplies technical descriptions, performance data and predictions. 

Purchasing This is generally one way communication with the design department 
supplying the technical information essential for the purchasing department to buy in 
components. 

Analysis/Specialists Within companies there are many specialists who are often 
consulted by the design team. These may include standards, materials and stress analysis 
experts, amongst many others. 
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Manufacturing Although this is indicated as a one way communication process in 
Figs 1.4 and 1.5, with design supplying working drawings to manufacturing, many other 
links exist. During all design review meetings at least one representative of the manu-
facturing department will be present to ensure optimum manufacturing methods are 
being specified by the design team. This is part of what has become known as concurrent 
engineering, which serves to shorten the time taken from initial concept to the produc-
tion of the first products for sale. Also, manufacturing departments provide feedback to 
design and request design changes which ease manufacture. 

Commissioning and Maintenance This is generally a one way process with informa-
tion being fed back to the design department when problems are encountered. 

Development In smaller companies design and development form one department 
which is an indication of how closely linked the two departments are. In the develop-
ment department tests are carried out on particular aspects of design concepts generally 
by manufacturing the design and performing accelerated tests or by simulations. The 
results of these tests are fed back to the design team. 

Subcontract There are very few companies which have the facilities to manufacture 
fully everything they sell. Also, it is often cheaper, due mainly to economies of scale, for 
components to be bought in. It is necessary for the design team, in conjunction with the 
purchasing department, to communicate with potential subcontractors and to use their 
expertise. 

As already discussed, not only do design engineers need to communicate with many 
different people in many different departments they also require inter-disciplinary skills 
encompassing the many different fields of engineering. However, the required breadth of 
knowledge cannot be gained in the classical academic way. As illustrated in Fig. 1.7 
industry requires engineers who have complete knowledge in all disciplines. By contrast 
traditional academic courses tend towards producing people who know everything about 
very narrow subject areas. There is also a very real danger that engineering designers 
will not develop the required level of detailed knowledge to complement the required 
breadth. Thus, in the final illustration in Fig. 1.7 the design engineer is shown as having 
broad knowledge complemented by 'ears' of detailed knowledge. 

1.6 Principles 

Throughout the book engineering design principles which are identified are presented at 
the end of each chapter. 

Introductory principles 
Iteration Progress towards a solution should involve all the stages identified in order, 
but much backtracking is essential. This is the nature of engineering design. 

Compromise A perfect or single solution rarely emerges and the best that can be 
achieved is an optimum solution. That is a design which best satisfies the customer. 
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Figure 1.7 Graduate profiles 

Complexity Engineering is a technology, not a science, so along with the engineering 
science knowledge used the importance of communication, teamwork, project manage-
ment and ergonomics cannot be underestimated. 

Responsibility There is the potential for many failures to occur due to negligence or 
oversight and the ultimate responsibility for safe and correct 'products' rests squarely on 
the shoulders of the professional engineering designer. 

Simplification In general the simplest solution is the best and all professional 
engineers seek elegant and simple solutions. 

As a final thought consider the alternative, humorous though cynical, design process 
suggested by Dr Glockenspiel: 

(1) Euphoria 
(2) Disenchantment 
(3) Search for the guilty 
(4) Punishment of the innocent 
(5) Distinction for the uninvolved. 
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