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1.1 Properties and Choice of Materials  

In order to select appropriate materials for a product, we should know the properties of materials. 

Properties of materials include physical, mechanical and working properties. 

1.1.1 Materials Properties 

Engineers tabulated different properties and working characteristics of materials. 

We can refer to these properties when drafting design and manufacturing specifications. 
 
(a) Physical properties 

 The physical properties of materials are those without chemical change and unaffected by external 

factors. 

 Some common physical properties are listed below: 

Physical 
property 

Definition Example 

Density Mass per unit volume 
The density of iron is about 7.9 g/cm3 

The density of aluminium is about 2.7 g/cm3 

Melting point 

The temperature at which a 

substance changes from a solid 

state to a liquid state 

The melting point of aluminium is 660℃ 

The melting point of tin is 180℃ 

Boiling Point 

The temperature at which a 

substance changes from a liquid 

state to a vapour state 

The boiling point of aluminium is 2467℃ 

The boiling point of water is 100℃ 

Specific heat 

capacity 

 

The amount of heat energy 

absorbed by a unit mass of 

substance when its temperature 

rises by1℃. 

The specific heat capacity of iron is about 450 J/kg-1℃-1 

The specific heat capacity of aluminium is about 900 

J/kg-1℃-1 

Specific latent 

heat of fusion 

 

The amount of heat energy 

required to melt a unit mass of 

substance at its melting point. 

The specific latent heat of fusion of iron is about 

2.47×105 J/kg-1 

The specific latent heat of fusion of aluminium is about 

3.97×105 J/kg-1 

Specific latent 

heat of 

vaporisation 

 

The amount of heat energy 

required to vaporise a unit mass 

of substance at its boiling point. 

The specific latent heat of vaporisation of iron is about 

6.1×106 J/kg-1 

The specific latent heat of vaporisation of aluminium is 

about 10.9×106 J/kg-1 

Thermal 

conductivity 

Capacity of conducting heat 

energy. 

Silver is a metal with the best thermal conductivity 

Plastic is a common material with poor thermal 

conductivity 

Electrical 

conductivity 

Capacity of conducting 

electricity. 

Silver is a metal with the best electrical conductivity 

Plastic is a common material with poor electrical 

conductivity 

Coefficient of 

linear 

expansion 

The ratio of expansion of a 

substance per unit length when 

the temperature rises by 1℃. 

The coefficient of linear expansion of aluminium is 

23×10-6 ℃-1 

The coefficient of linear expansion of iron is 12×10-6 ℃-

1 

  

Chapter 1  Materials, Components and Systems 
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(b) Mechanical properties 

 Mechanical properties refer to the 

characteristics of a solid material upon the 

application of force  

 Common mechanical properties include 

stiffness, ductility, elasticity, strength, tensile 

strength and compressive strength.  

Mechanical 
properties 

Definition 

Hardness The ability that a material resists to be cut, penetrated and grinded. 

Ductility 
How a material is able to keep its strength without fracturing when 

stretched out. 

Elasticity 
The ability that the original shape (or length) of a material is fully 

recoverable upon the application of force.  

Strength The ability that a material resists a moment without being bent. 

Tensile and 

compressive strength 

The ability that a material resists deformation when stretched and 

compressed. 

Stress Force per unit area in a material under external forces.  

Strain 
Change in relative length (lengthening or shortening) when force is 

applied. 

(c) Working properties 

 Working refers to the process of changing the 

appearance (e.g. size and shape) or properties 

of a material  

 Examples of working: cutting, bending, 

joining, welding, etc  

 The working properties of a material is its 

characteristics when worked on  

 E.g. wood can be easily cut but not be welded  

 Working properties must be considered 

during the design process to avoid problems 

that are not easily overcome in production  
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The following diagram shows different joining methods (Please refer to relevant sections in Strand 2 

of the Compulsory Part for details):   

 

1.1.2 Selection of Appropriate Materials 

The following flow chart can help designers or engineers select the best materials for product design 

and manufacturing:  

 
 

In addition, the following factors may be considered in the selection of materials:   

(i) Costs of the material 

(ii) The manufacturing processes engaged 

(iii)  Available resources (e.g., equipment)  

 

 

 

 

  

Joining 

methods 

Permanent 

joining 
Semi-permanent joining 

Heating 

required 

No heating 

required 

Screw thread 

joining 

Knock-down 

fitting Soft soldering 

Hard 

soldering 

Gas welding 

Electric arc 

welding 

Riveting 

Pop riveting 

Seaming 

Gluing 

Now list the material properties that 

you need. 

Now compare the required properties 

with those of the materials that you 

know (or have used). 

Select the material that best meets the 

requirements. 

1. What are you going to 

make with the material? 

2. How are you going to 

handle the material? 

3. In what environment 

will you use the material? 
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1.1.3 Cost-Effectiveness 

(a) Cost-effectiveness must be considered in 

order to make a product that could be 

sold in the market at a competitive price. 

(b) Materials with the ideal properties are 

generally more expensive. 

(c) Three ways to reduce costs: 

(i)   use the lower-quality material to 

produce product; 

(ii)   employ less expensive manufacturing 

method; 

(iii)  use standard components  

1.1.4 Selecting Standard Components 

 Some companies design and produce these 

standardised components or subsystems as 

required by the end-product manufacturers. 

 Manufacturers can reduce certain 

manufacturing processes. 

 These components can be assembled into 

the products immediately. The costs for 

purchasing standard components are 

referred to as component costs. 

 There are different kinds of standard 

components, such as mechanical, electrical 

or electronic components. 

 Attention should be paid to both assembly 

and fittings of components. 

 

 
 (a) Different washers  (b) Wing nut  (c) Cap nut (d) Machine bolt and nut 

Examples of standard components 
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1.1.5 Availability and Types of Resistant Materials 

The following table lists the examples of some commonly used materials: 

Material Type Examples 

Wood 

Softwood Pine, spruce 

Hardwood Balsa, birch, oak, white poplar 

Manufactured 

boards 

Plywood, blockboard, Medium density fibreboard 

(MDF) and particleboard 

Metal 

Ferrous metals 

and alloys 

Cast iron, wrought iron, carbon steels, mild steel, 

stainless steel, high speed steel 

Non-ferrous 

metals and alloys 

Copper, brass, bronze, aluminium alloy, duralumin, 

zinc, zinc-plated iron sheets, tin, lead 

Plastics 

Thermoplastics 
PET, HDPE, PVC, LDPE, PP, PS, syrofoam, ABS, 

acrylic plastic, PC, nylon, synthetic rubber 

Thermosetting 

plastics 

Bakelite powder, polyester resin, epoxy resin, 

melamine resin, urea-formaldehyde resin glue, PU 

Composite 

materials 

Fibre composite 

materials 

Glass Reinforced Plastics, Carbon fibre reinforced 

plastics 

Concrete Concrete, reinforced concrete 

Others 

Clay Plaster, paper clay 

Paper 
Copy paper, drawing paper, corrugated board, 

carton board, newsprint paper, rice paper 

Mordern and 

smart materials 

Shape memory alloy, nanomaterials, 

superconductors 

1.1.6 Changing the Design in line with Selected Materials 

 In addition to the design, material selection is subject to many restrictions, such as costs, 

production or manufacturing methods. 

 In line with the selected materials, design should be changed appropriately in terms of the shape, 

the size and the combination etc. 

 Example 1: If a soft material is selected, a support may be added to bear the load. 

 Example 2: If a metal with greater hardness and density is selected, thicker parts may be minimised 

or an appropriate connection method can be used to reduce the weight of product. 
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1.2 Materials and Structures 

 If a structure is in equilibrium, it should be stated at rest.  

 All the forces acting on the structure are balanced and have no net force (i.e. zero resultant force).  

 If a chair is kept in equilibrium, the total weight of the chair and its user should be equal to the 

reaction force (Figure 1.01a). 

(The reaction is exerted by the floor upwards to the chair) 

Figure 1.01a Chair at rest 

 The structure is stable if it returns to its original position after being slightly disturbed. 

 A chair, for example, is a stable structure when the weight acts within its front and back legs 

(Figure 1.01b). 

 

 

 

 

 

 

 

 

 

 

Figure 1.01b Chair at stable equilibrium 

 The chair can still maintain its balance even if the user leans backward and places the total weight 

on its back legs (Figure 1.01c). However, a slight disturbance can cause the chair to topple. This 

structure is unstable. 

 

 

 

 

 

 

 

 

Figure 1.01c Unstable equilibrium 
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1.2.1 Types of Man-made Structures 

 There are two main types of structure: natural structures and man-made structures. 

 Natural structures exist everywhere, for example, caves that are formed naturally. 

 Man-made structures, on the other hand, are constructed and/or assembled, such as bridges, 

buildings, furniture, ships or towers. 

 There are three categories of man-made structures: Mass structures, shell structures and frame 

structures. 

(I) Mass structures  

These are solid structures such as dams (Figure 1.02) that are designed to resist the loads by means of 

their own weight. 

 

Figure 1.02  Dam 

(II) Shell structures 

A shell resists loads through its ‘skin-like’ structure, such as balloons and the domes of buildings 

(Figure 1.03). 

 

Figure 1.03 Brick Kiln 
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(III) Framed structures 

Framed structures are structured by joining the bars together at their ends to form a framework. These 

structures are sometimes called skeleton structures.  

If the bars all lie in the same plane, they are called plane frames (Figure 1.04). 

 

Figure 1.04 Plane Frame - Roof Truss 

If the bars are constructed in three dimensional formats, they are called space frames (Figure 1.05). 

 

 

 

 

 

 

 

 

 

 

Figure 1.05 Space Frame - Central Piers 

Space frames, such as greenhouses (Figure 1.06), are usually covered with sheet materials (metal, 

glass or film).  

 

Figure 1.06 Greenhouse 
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1.2.1 Plane Frames 

Triangulated frames, mainly built up from bars forming triangles, are strong plane frames (Figure 

1.07). 

 

Figure 1.07 Bridge constructed with triangulated frame 

(i) In a framed structure, the connecting 

position of bars is called a joint. For 

example, a frame composed of three bars 

has three joints. 

(ii) Each extra joint requires 2 additional bars. 

For example, it would require five bars to 

form 4 joints, and so on. 

(iii) If j is the number of joints, the required 

number of bars b is given by: b = 2J – 3. 

(iv) The number of bars that are actually used 

is sometimes more than that as required 

(as shown by the hidden lines in Figure 

1.08). 

(v) The extra bars are considered redundant, 

but may also be used to strengthen the 

entire structure. 

 

 

 

 

 

 

Figure 1.08 Overstiff Triangulated Frame 

1.2.3 Equilibrium of Concurrent Forces 

 If multiple forces acting on an object lie in 

the same plane, they are coplanar forces. 

 If multiple forces acting on an object pass 

through the same point, they are concurrent 

forces. 

 If an object is in equilibrium under the 

action of three non-parallel coplanar forces 

X, Y and Z, these three forces must be 

concurrent (Figure 1.09 (a)). 

 

 

 

 

 
  

Joint 

Bar 

Figure 1.09a Three coplanar forces X, Y 
and Z pass through the same point 

Figure 1.09b Three balanced forces 
definitely form a closed triangle 

X 

Y 

Z 
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 If the forces of X, Y and Z are drawn to 

scale in magnitude and direction as straight 

lines with arrows, they can form a closed 

triangle sequentially (Figure 1.09B), which 

is called a force diagram. 

 Drawing approach is used for identifying 

unknown forces (including their directions 

and magnitudes) by drawing a force 

diagram. 

1.2.4 Resultant of Concurrent Forces by Calculation 

 
Figure 1.10 

As shown in Figure 1.10, the force F can be decomposed into the horizontal component H (F cos θ) 

and the vertical component V (F sin θ). 

If a set of forces forms a resultant force: 

The horizontal component H of the resultant = The sum of all horizontal components = Σ F cos θ 

The vertical component V of the resultant = The sum of all vertical components = Σ F sin θ 

Magnitude of the resultant = √ (H2 + V2)    

The resultant force makes an angle tan-1 (V / H) with the horizontal datum 

1.2.5 Types of Support 

A frame can be kept in equilibrium by using various support  methods on the pivots. Some commonly 

used methods are as follows:  

 

  

 

Figure 1.11a Simple support    Figure 1.11b Single-pole support 

 

Simple support:  The frame is supported upwards by simple contact points, and the reaction force is 

generally directed upwards (Figure 1.11a). 

Single-pole support: The reaction force R acts in the same direction as the bar (outwards or inwards) 

(Figure 1.11b).  

Load Load 

Single-pole support Simple support 

Reaction R1 Reaction R2 Reaction R 
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Figure 1.12a Roller support     Figure 1.12b Hinge support 

Roller support: The reaction force R is always perpendicular to and away from the roller (Figure 1.12a).  

Hinge support: The reaction force R2 may point to any direction but it must balance the rest forces 

(Figure 1.12b).  

1.2.6 Internal Forces of Frames 

 When forces act on a frame, there are 

actually two forces acting on each end of 

the bar. 

 For the equilibrium of the bar, these forces 

must act along the axis of the bar, be equal 

and opposite. (Figure 1.13). 

 If the forces are directed outwards tending 

to elongate the bar, this is called tension and 

the bar is termed a tie or tie-bar. 

 If the forces are directed inwards tending to 

shorten the bar, this is call compression and 

the bar is termed a strut. 

 

 

 

 

 

Figure 1.13  External forces acting on the bar 

1.2.7 Moment of a Force 

 If a force acting on an object does not pass 

through the pivot (P), it may cause the 

object to rotate (Figure 1.14). 

 The turning effect of a force can be 

measured by the moment of the force. The 

greater the moment, the stronger the turning 

effect. 

The perpendicular distance between the 

force and the pivot is called the moment 

arm. Therefore: Moment = Force (F) 

Moment Arm (d) 

 The unit of moment is Newton metre (the 

symbol is Nm). 

 Obviously, if the force passes through the 

pivot, then the moment arm (d) = 0 and the 

moment  = 0 (i.e., no turning effect) 

 

 

 

 

 

 

Figure 1.14 Moment of a force 

Tension (Tie) 

Compression (strut) 

Roller support 

Reaction R 

Load 

Hinge support 

Reaction R2 

Reaction R1 

Load 

d 

F 

P 
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 The sum of the moments about a given point equals the moment of all the forces acting on that 

point. 

 When calculating the moment of a force, if clockwise moments are set as positive, then anti-

clockwise moments should be negative. 

 If the object is in equilibrium, the sum of the moments of all the acting force should be 0 (for any 

pivot). 

1.2.8 Strength of Materials 

 Each component of the structure must be strong enough to carry the loads acting on it. 

 The strength of a material is its ability to withstand an applied load without failure or plastic 

deformation. The strength of a component depends on its material, size, and shape. 

1.2.9 Hardness of Materials 

 Hardness refers to the ability that a material resists to be cut, penetrated and grinded. 

 The harder the material is, the more brittle it is. 

 Prickers in the same shape and weight can be used for testing the hardness of materials 

 Diamond is the hardest substance, while foam is of a very low hardness 

 

1.2.10 Young’s Modulus 

 A solid material (such as steel) are 

elongated (or shortened) if they are 

stretched (or compressed) by a force. 

 If the material can return to its original 

length after the force applied is removed 

given that the force does not exceed its limit, 

then the material is elastic or is at an elastic 

stage. 

 The properties of different materials are not 

necessarily the same when force is applied. 

For example, it is easier to stretch a rubber 

band than a steel wire of the same thickness, 

and a thin rubber band than a thick one. 

 When force is acting on a material, its 

length variation depends on its original 

length. For example, a longer rubber band 

can be stretched to a greater extent by the 

same force. 

 In order to fairly compare the force-bearing 

characteristics of different materials, 

factors such as the magnitude of force, 

cross-sectional area and the extent of 

elongation must be taken into account
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(a) Stress 

When comparing the application of forces to two materials (e.g. metal bars) with different cross-

section areas, we should consider the force per unit area, which is called stress. 

Stress = 
Force 

Area 

If  is used to represent the stress, F the force, and A the area, then 

 = 
F 

A 

If a metal bar with an area of 4 square metres (m2) withstand a pulling force of 2000 Newtons (N), then 

stress  = 
2000 N 

= 500 N m-2 or Pa 
4 m2 

The unit of stress is Newton per square metre (N m-2) or Pascal (Pa). 

A larger stress may be measured in the units of kPa, MPa or GPa. 

1 kPa = 1000 Pa; 1 MPa = 1000 000 Pa;1 GPa = 1000 000 000 Pa 

(b) Strain 

When a material (such as a metal bar or a rope) is stretched or compressed, the increase (or decrease) 

in length is called extension. 

The ratio of the extension to the original length is called strain. 

Strain = 
Extension 

Original length 

If  is used to represent the strain, x the extension, and L the original length, then 

 = 
x 

L 

If a 1m long rod extends 2.5 mm when being stretched, then: 

0.0025 = 
mm 10001

mm 2.5
 = = strain 
L

x
  

Note: The extension and the original length must be measured in the same unit. 

As strain is a ratio, it has no unit. 

(c) Young’s modulus 

Young’s modulus is used to measure the properties of change in length of a material when force is applied. 

Young’s Modulus = 
Stress 

Strain 

Let E stand for Young’s modulus,  for stress, and  for strain, then 

E = 
 

 

When a long rod is stretched, the stress = 7 500 000 Pa, and the strain = 0.0025. 

Young’s modulus E = 
7 500 000 Pa 

= 3 000 000 000 Pa = 3 GPa 
0.0025 

The greater the Young’s modulus of a material, the smaller the tension (or compression) generated 

under the same stress, which means it is more difficult to stretch or shorten, and vice versa. 

 

 

 

金屬棒 

原來長度 伸延 

Metal bar 

Original length Extensio

n 
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The Young’s moduli of some materials are listed in the following table. We can see that the Young’s 

modulus of steel is much larger than that of rubber.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.11 Beams and Cantilevers 

 A beam is a bar that is subjected to lateral forces. A horizontal beam carries weights acting 

vertically downwards. 

 The forces acting on a beam can be divided into point (or concentrated) loads and uniformly 

distributed loads (such as the weight of the beam) (Figure 1.15). 

 A point loads is denoted by an arrow, while a UDL is shown by a shaded block. 

 

 

 

 

 

Figure 1.15 Point loads and uniformly distributed loads 

On a balanced beam, the sum of resultant forces = 0, and the sum of moments = 0. 

A cantilever is a beam that is supported at one end only (Figure 1.16). 

In addition to a balance force that is vertically upward, the support of the cantilever must also provide 

a fixed moment. 

The fixed moment should be equal and opposite to the sum of moments of all the loads. 

 

 

 

 

 

 

 
Figure 1.16 Cantilever 

 

Material 
Young’s modulus (E) / 

GPa 

Rubber 0.01-0.1 

Nylon 2-4 

Oak 11 

High strength 

concrete 

(compressed) 

30 

Glass 71.7 

Aluminium 69 

Brass and bronze 103-124 

Steel 210 

Diamond 1,050-1,200 

R2 R1 

 

Vertical reaction 

 

Fixed moment 

 

 

The stress-strain curves of different 
materials (X, Y and Z) 

Stress 

Strain 

https://zh.wikipedia.org/wiki/%E5%9C%8B%E9%9A%9B%E5%96%AE%E4%BD%8D%E5%88%B6%E8%A9%9E%E9%A0%AD
https://zh.wikipedia.org/wiki/%E5%9C%8B%E9%9A%9B%E5%96%AE%E4%BD%8D%E5%88%B6%E8%A9%9E%E9%A0%AD
https://zh.wikipedia.org/wiki/%E7%8E%BB%E7%92%83
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1.2.12 Shearing Forces and Bending Moments 

 
 

 

 

 

 

 

 

 
 

Figure 1.17 A beam under loads 

The loads on a beam produce moments that 

may bend it. 

 If the longitudinal section of the beam 

(Figure 1.17) is considered, the forces on 

both sides are parallel to the tangent plane 

and are each called a shearing force. 

 The shearing forces on the left and right 

sides of the plane are a pair of action and 

reaction forces, which are the same in 

magnitude but opposite in direction. 

 The two forces acting on the beam to the 

right of the plane do not pass through the 

same point. Therefore, they produce a 

moment which may bend the beam, i.e., a 

bending moment. 

Similarly, the two forces acting on the beam to 

the left of the plane also produce a bending 

moment, which is opposite to the right one in 

direction. 

If the moment on the left is clockwise and the 

one on the right is anti-clockwise, then the 

bending moment is positive and makes the 

beam concave downwards. It is called a 

sagging bending moment. 

 If the moment on the left is anti-clockwise and 

the one on the right is clockwise, then the 

bending moment is negative and makes the 

beam convex upwards. It is called a hogging 

moment. 

 

 

       
 

Figure 1.18 Sign convention for shearing forces and bending moments 

1.2.13 Shearing Force and Bending Moment Diagrams for Uniformly Distributed 

Loads 

 The shearing forces and bending moments at different positions of a beam can be shown by SF 

and BM diagrams respectively. 

 It is necessary to calculate the moment values of several points so as to draw a relatively smooth 

diagram. 

 

Shearing 

force 

 

Positive BM 

 

Positive BM 

Negative BM 

 

Negative BM 
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1.2.14  Standard Cases of SF and BM 

 Table 1.1 shows four common cases of beam design, together with the related loading diagrams, 

SF diagrams and BM diagrams. 

 In each case, L is the length, and W is the total downward load. 

 For the two UDL cases, W = wL, where w is the load per unit length. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1.1 Standard cases of loading, SF and BM 

1.2.15 Structural Design 

When designing a structure, we should first 

estimate the loads so as to choose the appropriate 

materials from which it will be made and decide 

the shape and form of construction. 

(I) Load factor  

 To ensure safety, the design load of a 

structure is usually greater its expected load. 

 The ratio of the design load to expected load 

is called the load factor. 

 The load factor is sometimes called the 

safety factor, but they are not necessarily the 

same. 

(II) Safety factor 

 When designing a structure, we usually set a safety 

factor to prevent damages caused by uncertainties. 

 The safety factor refers to the load carrying 

capacity of a structure beyond the expected load. 

 The safety factor can be calculated in many ways 

but should generally be larger than 1. 

 The higher the safety factor, the greater the safety 

of the structure (the ability to support the load) 

should be. However, the use of more support 

materials accordingly makes the cost relatively 

higher. 

 In complex loading cases, the use of load factor and 

safety factor may lead to different results. 

 

  

 

 

Simply 
supported 
beams 

 

 

 

 

 

 

 

 

 

 

Cantilevers 
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Know More About Technology - Tsing Ma Bridge 

 
 

Tsing Ma Bridge is a world-famous landmark in Hong Kong. Not only is it the world’s longest span 

suspension bridge carrying both road and rail traffic, but it was also voted (along with the airport core 

programme) as one of the “Top Ten Construction Achievements of the 20th Century” by a group of 

influential figures in the US construction sector in 1999 (rivalling the Panama Canal, the Anglo-

French Channel Tunnel, and the Golden Gate Bridge etc.).The construction features a suspension 

bridge mainly made of steel, steel cables and concrete, with 160,000 kilometres of suspension cables 

used in total. 

 

1.3 Mechanisms  

Mechanisms transfer forces to loads, for the sake of effort-saving, acceleration or convenience for 

force application. 

1.3.1 Mechanical Advantage and Velocity Ratio 

Mechanical advantage (MA) is an expression of the amplification of the effort and is defined as 

Mechanical Advantage =  
Load 

MA =  
L 

Effort E 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.19 

The MA of a simple lever is related to the distances x and y (Figure 1.19). 

Effort 
E=40N 

 X=50cm 

 

Y=25cm 

 

Load 
L=80N 

 

 

   Pivot P 
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If the lever is in equilibrium, then for the pivot P, the anti-clockwise moment of the effort E should 

be equal to the clockwise moment of the load L. 

 Example (Figure1.19) : 

Ex = Ly 40N x 50cm = 80N x 25cm 

 

MA = 
L 

= 
x 

E y 

 

MA = 
80N 

=   
50cm 

40N 25cm 

  

 The MA can be greater (effort-saving) or smaller (effort-consuming) than 1, which depends on 

the values of x and y. 

 The velocity ratio (VR) is the ratio of the distance moved by the effort (dE) to the distance moved 

by the load (dL). 

 The velocity ratio is determined by the mechanical design. It is not affected by the frictional force 

or the weights of the moving parts. 

Velocity ratio = 
Distance moved by the effort 

or  VR = 
dE 

Distance moved by the load dL 

 

If the velocity ratio is smaller than 1, the load moves faster. In other words, the machine is used for 

acceleration (e.g., a bike). 

The mechanical efficiency η is the ratio of the work output to the work input. Therefore, 

Mechanical efficiency η = 
Work output 

= 
LdL 

Work input EdE 

 

Mechanical efficiency η can be expressed in MA and VR. If MA = VR, then the mechanical efficiency 

η = 100%. When Mechanical efficiency below 100% (e.g.80%), it means energy is loss during 

operation caused by friction and the lever weight. 

η = 
MA 

or  percentage η = 
MA 

x 100% 
VR VR 

  

Gear Ratio 

The driver gear (effort) transmits power to the driven gear 

(load) via the interaction of gears (Figure 1.20). 

Gear ratio = 

Number of driven 

teeth 

Number of driver 

teeth 

 

 

                                                                                           Figure 1.20 Gears 
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(I) Simple Gear Train 

 
Figure 1.21  A simple gear train 

Suppose in a simple gear train, the driver gear has 18 teeth, and the driven gear has 9 teeth (Figure 

1.21) 

The 18-toothed driver gear will perform one revolution for two revolutions of the 9-toothed driven 

gear. 

Therefore, the rotational speed of the driven gear (9 teeth) is twice that of the driver gear (18 teeth). 

Velocity ratio (VR) = 
Rotational speed of the driver gear 

= 
1 

Rotational speed of the driven gear 2 

However, the rotational speed of the two gears are actually affected by their number of teeth. Therefore 

Velocity ratio (VR) = 
1 

= 
9 

= 
Number of driven teeth 

= Gear Ratio 
2 18 Number of driver teeth 

The above gear system would be quoted as a gear ratio of 1:2, which equals to the velocity ratio. 

(II) Compound Gear Train 

If the gear ratio is 10 and the teeth number of the pinion is 9, then the teeth number of the wheel would 

be 9 x 10 = 90  

It shows that for a simple gear set, a high gear ratio can be obtained only by using gears with a great 

difference in size. 

A compound gear train combines two sets of simple gears with similar sizes, which can produce a 

high gear ratio (Figure 1.22). 

 

A 

(OUTPUT) 

 

B 

 
D (INPUT) 

 

C 

 

Driver gear (18-teeth) 

(INPUT) 

 

Driver gear (18-teeth) 

(INPUT) 

Driven gear (9-teeth) 

(OUTPUT) 

 

Driven gear (9-teeth) 

(OUTPUT) 
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Figure 1.22 A compound gear train 

 

If the driver gear D (40 teeth) completes one revolution, the driven gear C (20 teeth) makes two.  

The driver gear B (30 teeth), coaxial with C, also rotates two turns, while the driven gear A (15 teeth) 

completes four revolutions. 

Therefore, the rotational speed of the driver gear D is 1/4 of that of the driven gear A. 

Velocity ratio = 
Rotational speed of the driver gear 

=   
1/4 

= 
1 

or 1:4 
Rotational speed of the driven gear 1 4 

 

For this compound gear train (A and C are driven gears, while B and D are driver gears): 

Gear ratio =  

Product of numbers of teeth in 

driven gears 
= 

Teeth number of gear A x 

Teeth number of gear C 

Product of numbers of teeth in 

driver gears 

Teeth number of gear B x 

Teeth number of gear D 

 

Therefore, for the compound gear train in Figure 1.22: 

Gear ratio = 
15 x 20 

= 
1 

or 1:4 
30 x 40 4 
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1.3.2 Gear Speed 

The number of teeth on two gears that are meshed per minute is equal to the product of the rotational 

speed N multiplied by the number of teeth t. 

Referring to the compound gear train in Figure 1.22, for gears A and B: 

NB x tB = NA x tA or NB = NA x 
tA 

tB 

Gear B is the driver gear, and gear A is the driven gear 

Speed of driver gear = Speed of driven gear x 
Number of driven teeth 

Number of driver teeth 

Similarly, the above result is applied to gears C and D 

ND = NC x 
tC 

tD 

Gears B and C are mounted on the same shaft. Their rotational speed will be the same. Hence NB = 

NC. 

ND = NB x 
tC 

tD 

Therefore: 

ND = NA x 
tA 

x 
tC 

tB tD 

This result can be extended to any number of compound gears: 

Speed of driver gear = Speed of driven gear x 
Product of numbers of teeth in driven gears 

Product of numbers of teeth in driver gears 

Note: Different gear trains vary in the velocity ratio. Otherwise, if a simple gear train is used, a great 

difference in diameter will be required to produce the velocity needed. The moment required for 

rotation will also be significant. 

1.3.3 Power, torque and efficiency 

Torque 

The power and the rotational speed of a gear can be expressed by the torque T and angular speed ω. 

The input power P = T x ω. If there is no loss of the power P, then the greater the torque T, the smaller 

the angular speed ω; and vice versa. Similarly, if there is no loss of the power P, then for a simple 

gear train:  

Output torque = Input torque x 
Rotational speed of the driven gear 

Rotational speed of the driver gear 

If a simple gear train is composed of a driver gear A and a driven gear B, then:  

TB x ωB = TA xωA or TB = TA x 
ωA 

ωB 

The number of teeth on two gears that are meshed is also equal to the product of the angular speed ω 

multiplied by the number of teeth t:  

   ωB x tB = ωA x tA    
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Velocity ratio ωA/ωB =tB / tA 

Therefore, the torque of gear B will be:  

TB = TA x 
tB 

tA 

On the other hand, ωA/ωB =tB / tA; therefore 

Output torque = Input torque x 
Number of driver teeth 

Number of driven teeth 

For a compound gear train: 

Output torque = Input torque x 
Product of numbers of teeth in driver gears 

Product of numbers of teeth in driven gears 

Power 

Input power of gears Pin = Input torque x Angular speed of the driver gear 

Output power of gears Pout = Output torque x Angular speed of the driven gear 

Gears are used to transmit torque. But there may be a loss of energy in that process, i.e., Pout < Pin. 

Efficiency 

Gear efficiency refers to the ratio of input power converted into useful output power. 

Gear efficiency = 
Output power 

= 
Pout 

Input power Pin 

“Efficiency” is generally expressed as a percentage. So the maximum (ideal) efficiency is 100%. The 

lower the efficiency, the greater the loss in the transmission process. 

 

1.3.4 Worm and Worm Wheel, Chain Drive  

(I) Worm and worm wheel 

The worm and worm wheel can be used to transmit power 

at 90 degrees and obtain a very high gear ratio (Figure 1.23). 

A high output torque is created because of the large 

reduction in the speed of drive that is obtained when using 

a worm and worm wheel. 

 

 

Figure 1.23 Worm and worm wheel 
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(II) Chain drive 

A chain drive connects two gears that are relatively 

apart from each other, by means of an endless chain, 

such as a bicycle chain (Figure 1.24). 

Such design has the same gear ratio and output speed 

relation as those of a simple gear train. 

  

Figure 1.24  Chain drive of a bicycle 

1.4 Mordern Materials 

Examples of smart and modern materials include: 

 Shape memory alloys 

 Carbon fibres 

 Photovoltaic cells 

 Liquid crystal displays 

 Advanced ceramics 

 Nano-materials 

 Superconducting materials 

 Optical fibres 

1.4.1 Modification of Material Properties 

 Materials are sometimes mixed or combined to provide different properties, such as alloys and 

composites. 

 Alloys are metallic materials formed by mixing two or more elements. 

 Composites are materials bonded together, and are classified into two distinct categories: Particle 

composites and layered composites (or laminates). 

1.4.2 Shape Memory Alloys 

 A shape memory alloy (SMA) is an alloy that can change its shape automatically at specific 

temperatures. 

 The shape of an SMA can be changed at will when it is below a specific temperature (Figures 1.25 

& 1.26). 

 However, when the SMA is heated to a specific temperature, it automatically reverts to its original 

form (Figures 1.27 & 1.28). 
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Figure 1.25 Original form Figure 1.26 Deformed 

  

Figure 1.27 Reheated in hot water Figure 1.28 Revert to original form 

1.4.3 Carbon Fibres 

 Carbon fibres are a kind of hard and lightweight material which can resist high temperatures. They 

can replace glass fibres. 

 A lot of racing cars are now constructed from one piece of carbon fibre reinforced shell which is 

very light and robust (Figure 1.29). 

 

Figure 1.29 A racing car wholly made of a carbon fibre shell 

1.4.4 Photovoltaic cells (Semiconducting materials) 

 Photovoltaics (PV) is the conversion of light 

into electricity using semiconducting 

materials.  A photovoltaic cell is an array of 

photodiodes connected together that 

produces electric current when light strikes 

on it (Figure 1.30). 

 Increasing the surface area of a photovoltaic 

cell can improve the collection of light 

energy. 

 Photovoltaic cells can be designed to 

respond only to the light of a specified 

wavelength (such as infrared (thermal) or 

visible light).  
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  Figure 1.30 Photovoltaic cell     Figure 1.31 Photodiode 

 
Photodiodes are basically semiconductor diodes, which allows only the one-way traffic of electric 

currents (Figure 1.31). When a photodiode is connected to the circuit, the currents flowing through it 

is proportional to the amount of light striking it. 

1.4.5 Liquid Crystal Displays (LCDs) (Liquid Crystal Materials) 

LCDs are often used on notebook computers and video cameras (Figure 1.32). 

 

Figure 1.32  LCD panel 

It is made from a thin layer of light polarising liquid crystal packed in between two thin layers of 

special glass (Figure 1.33). 

 

Figure 1.33 LCD pixel 

 The crystal in different parts can be controlled by electric currents, so as to make the display 

transparent or opaque, resulting in the formation of dark pixels.

 Accordingly, the display can show texts, symbols or patterns through different combinations of 

bright/dark pixels (Figure 1.34). 

 However, since the display does not produce any light of its own, it must be illuminated from its 

side or behind. 
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Figure 1.34 Symbols shown on LCD 

1.4.6 Advanced ceramics 

 The toughness and strength of advanced 

ceramics are comparable to those of metals. 

These ceramics are able to resist high 

temperatures and corrosive fluids as well. 

 They can be used to build industrial 

furnaces (for molten iron or glass) or used 

to form coatings of household cooking 

utensils. 

 

Figure 1.35 Frying pans coated with thermal ceramic materials 

1.4.7 Nano-materials 

 A nanometre (i.e., 10-9 metre) is close to 

the size of an atom. Nanotechnology 

creates new materials by manipulating 

atoms.  

 New electronic microscopes can magnify 

atoms 10 million times, which allows us not 

only to see them clearly, but to manipulate 

them as well. The technique is to 

manipulate atoms individually and place 

them exactly where they are needed to be. 

 Nanotechnology reorganises atoms to 

produce nanomaterials or devices with new 

properties, such as nano gears (Figure 1.36). 

 

Figure 1.36 Nano gears 

 Nano materials can be used to create 

products of extremely high quality. For 

example, carbon nanotubes can be used to 

manufacture lightweight and sturdy bicycle 

frames. 

 The strength of carbon nanotube fibres is 

100 times that of aluminium and ten times 

that of carbon fibres (at equal weight ratio). 
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1.4.8 Superconducting materials 

Superconducting materials refer to the 

conductors with near-zero resistance. They can 

be alloys or ceramics. 

However, superconducting materials 

developed nowadays only exhibit such 

property at very low temperatures. 

 

Superconducting materials can be used in 

many ways: 

 High-voltage wires - They do not produce 

high heat or consume energy even when 

heavy currents go through. 

 MagLev trains - A strong magnetic field 

is produced to “float” the train over the 

track, so as to reduce friction (Figure 1.37). 

 High efficiency motors - Such materials 

can be used to produce and manufacture 

small, powerful and efficient motors. 

 

Figure 1.37 MagLev train in Shanghai 

1.4.9 Optical fibres 

Optical fibres are glass fibres of very small diameters (as small as 0.001 millimetres in diameter), 

which can transmit optical signals (Figure 1.38). 

Optical fibres can transmit a lot of data, and are adequate to replace traditional copper wires. With 

outstanding transmission efficiency, optical fibres are especially suitable for use in transoceanic cables 

and telephone trunk lines. 

 

 

Figure 1.38 A bundle of glass fibres 
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Know More About Technology - Composite Materials 

 

A composite material is made by combining two or more constituent materials, such as metal, 

ceramics or polymers. Thanks to its complementary and synergic features, the composite material 

outperforms the constituent materials.  

Woven mat 

 

Woven mat 
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2.1 Manufacturing Processes and Techniques  

2.1.1 Casting Techniques 

    

Figure 2.01 Examples of cast iron 

In a casting process, a molten material is poured into a mould of a specific shape and left to gradually 

become a solid (Figure 2.01). 

(I) Sand casting 

In sand casting, wet sand and a special mould are used to make a cavity, which then becomes the 

mould for metal casting. 

The mould is usually made up of two detachable parts to facilitate the removal of the casting. The 

typical process is illustrated in Figure 2.02. 

 

 

 

 

 

Figure 2.02 Sand casting process 

Main advantages of sand casting: 

－Economical for any production quantity 

because of the low moulding cost; and 

－ Can be used to produce castings of any 

size 

Disadvantages of sand casting: 

－ Comparatively slow production time, 

caused by the slow cooling rate; 

－ Poor accuracy; 

－ Poor surface finish 

Automatic sand casting facilities can enhance the production speed, and can be used to 

manufacture different products, such as the bodies of bench vices (Figure 2.03). 

 

 

 

 

 

 

Chapter 2  Process and Manufacturing 
 

Chapter 2  Process and Manufacturing 

 

 
 

 

Figure 2.03 Bench vice 
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(II) Die casting 

Die casting features the use of metal mould. Figure 2.04 shows a simplified layout of a die-casting 

tool. 

 

 

Figure 2.04 A simplified layout of a die-casting tool 

High-pressure die casting 

High-pressure die-casting products feature very precise and quality finishes. They only need to be 

polished before coating or plating. 

In such process, dies are made of special alloy steel and can weigh a few tonnes. 

 

 
          (a)                                                              (b) 

Figure 2.05 Schematic layout of the high-pressure die-casting process  
(a) hot chamber and (b) cold chamber 

The hot chamber process involves lower pressures, smaller tooling and therefore lower costs. (Figure 

2.05 (a)) 

The cold chamber process operates at higher pressures (Figure 2.05 (b)). 

Low-pressure die casting 

The low-pressure die casting process is schematically illustrated in Figure 2.06. Molten metal is forced 

into the die by air at a pressure of 2.8 to 5.6 kPa. 

Products made from low-pressure die casting also have very precise and quality finishes. 

Low-pressure die casting features a longer lead time but lower mould costs. 
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Figure 2.06 Schematic layout of the low-pressure die-casting process 

Gravity die casting  

In this process, melted metal flows into the 

mould under the influence of gravity. The 

casting is then taken out once the metal has 

solidified. 

Since the process involves lower pressures, a 

smaller clamping force and smaller tools, the 

production quantity may be as low as 500 to 

1,000 pieces. 

However, the surface finish is not as good as 

that from pressure die casting. 

This process can be applied to a range of 

aluminium, copper and magnesium alloys, but 

not to zinc. 

Centrifugal methods 

The centrifugal force produced by rotation can 

be used for casting (Figure 2.07). 

Metal can be forced into the die by the simple 

rotation of the assembly. 

Metal can also be poured onto a rotating mould 

and become hollow. 

Alternatively, the assembly is spun 

horizontally and vertically. And then the mould 

is heated to melt and shape the plastic, which 

becomes a casting when it cools down. 

 

 

Figure 2.07 Rotational casting 

(III) Plastic injection moulding  

Injection moulding is one of the most common processes for plastic products (Figure 2.08). 

This process can accurately control the size and the shape, and is very reliable in production. 

A schematic illustration of this process is shown in Figure 2.09 
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Figure 2.08 Injection moulding machine 

 

 

 
Figure 2.09 Schematic illustration of injection moulding process 

At first, plastic granules are fed from the 

hopper and extruded into the heating unit by an 

Archimedean screw. 

When sufficient amount of plastic paste is 

collected in the shot chamber, the screw stops 

rotating and acts as a plunger to extrude the 

paste into the mould. 

When it cools down, we can open the mould 

and take out the product (Figure 2.11). 

 

 

Figure 2.10a Different plastic granules used for injection moulding 
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Figure 2.10b Hopper of an injection moulding machine 

 

Figure 2.11a Opened mould 

 

Figure 2.11b Removed products 

Injection moulding can be used to produce both 

extremely small and large products 

One of the smallest examples is a gearwheel to 

drive the second hand of a wristwatch, being 

less than 2 mm in diameter. 

Among the largest examples, a garbage 

container and the hull of a training canoe are 

both made by injection moulding (Figure 2.12). 
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Figure 2.12 Canoe made by injection moulding 

Many everyday commodities are also made by injection moulding. Common examples include ball 

joints and telephone keypads. 

2.1.2 Forming Techniques 

Forming techniques are used for changing the shape of a material, including compressing it into the 

desired form or into a special shape. 

(I) Bending Process and Use of Presses 

Bending of sheets and tubes 

Figure 2.13 shows a pair of bookends made by the bending of metal sheets. 

 

                                                     

Figure 2.13a Bending machine        Figure 2.13b Bookends 

This technique can be applied to thermoplastics, where the areas near the bending line may be firstly 

softened by a strip heater (Figure 2.14). 

             

Figure 2.14a Strip heater                   Figure 2.14b Bended plastic 
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Figure 2.15a Hand-operated bending 
tool with circular face and roller control 

Figure 2.15b Electric conduit 

 

A tube to be bended can be filled with sand, wire springs or lead to avoid flattening. 

Use of Presses 

 Metals can be pressed at room temperature, 

but metal sheets may need annealing to ensure 

sufficient ductility. 

 Similarly, glass must be heated before 

pressing to ensure greater fluidity. 

 Thermoplastics (polyethylene, 

polypropylene, nylon, etc.) must be 

softened by heating before they are pressed. 

 Thermosetting plastics (resins, etc.) must be 

pressed by heated tools for curing. 

 

 

Figure 2.16. A tool for forming V-bends 

Uses of presses:  

 Blanking – punched out piece is used and called blank 

 Piercing – punched out piece is a scrap 

 Trimming – the last operation after pressing to cut away excess or unwanted irregular features 
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Figure 2.17 A tool for blanking or punching 

 

 
 

Figure 2.18 A progressive tool for making washers 

 

Figure 2.19 Economical consideration in blanking – to minimise wastage 
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Figure 2.20 “Pierce and blank” products (e.g. casing of machines) 

Deep Drawing 

Deep drawing is a basic method in the production of large pressing products with 3D-curved surfaces, 

such as the cover of an electric motor. Figure 2.21 shows the tooling requirements for deep drawing. 

Figure 2.21 Deep drawing 

The following picture presents various pressed steel parts made by blanking, piercing or deep drawing. 

 

Figure 2.22 Products made by deep drawing 

 

Pressure ring 

 

Pressure ring 

Pressure ring 

 

Pressure ring 

Punch 

 

Punch 
Punch 

 

Punch 

Die 

 

Die 

Die 

 

Die 
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(II) Vacuum Forming and Blow Moulding 

Both vacuum forming and blow moulding rely on pressure to enable contact between the material and 

the mould. 

In vacuum forming, the sheet material is stretched by suction into the desired form (Figure 2.23b). 

 
 

Figure 2.23a A vacuum former used 
in school 

Figure 2.23b Vacuum-formed products 

In blow moulding, the pressure is increased to force the material against the mould. 

This process was adapted to form thermoplastic bottles from a cylindrical-extruded mould as shown 

in figure 2.24. 

 

Figure 2.24 Blow moulding 

The blow moulding process is widely used in 

the commercial production of various plastic 

bottles and containers. 

Advantages: The limitations to making 

different shapes are minimal when compared 

with metal. And it is possible to achieve a better 

surface finishing. 

Disadvantages: The stress used to deform the 

material cannot be too high, which limits the 

choices and the shapes of materials. 
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(III) Laminating and Steam-bending Timber 

Timber can only be bended at a right angle to the grain pattern; otherwise it may split (Figure 2.25). 

   

 Figure 2.25 Laminated timber   Figure 2.26 Bended timber products 

Steam bending can be used for quick timber bending. 

Firstly, the timber is softened by steam. And then it is held in the bent position. It will settle into this 

shape after it dries. 

However, the timber is likely to twist when drying and may result to an inaccurate position. 

Compared with steam bending, a major advantage of laminating wood is that it can improve accuracy. 

(IV) Forging 

Strong metal components and decorative metal work are usually made by forging. 

Hot Forging 

In hot forging, hot metal is on the mould. Then it is forced into the mould by a power-driven hammer. 

This process is known as closed die forging (Figure 2.27) or drop forging. It is suitable for the mass 

manufacture of products with great strength (such as crankshafts and wrenches). 

 

 

Figure 2.27 Closed die forging 

A significant advantage of forged components is the improvement in their grain structure through hot 

working. 
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wearing 

 

Increases 

along with 

wearing 
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Figure 2.28 Cold-worked 
bolts and screws 

 

Figure 2.28 Cold-worked 
bolts and screws 

Cold Working 

Many assembly parts (rivets, bolts and screws) should be made 

by cold working to ensure low costs and good quality (Figure 

2.28). Cold roll forming and cold forging are two important 

processes of cold working. 

 

Cold Roll Forming  

 

Figure 2.29 Cold roll forming 

Cold rolling is used to put threads, splines, serrations, knurling and other grooves and indentations 

onto metal (such as steel) (Figure 2.29). 

Related products are sturdier than those made by machining, because the grain fibres follow the thread 

profile rather than being cut (Figure 2.30). 

The surface is also work-hardened in a rolled thread to improve wear resistance. 

 

 

Figure 2.30 Grain patterns of rolled and machined threads 

Cold Forging 

Cold forging machines are used to produce the heads of rivets, screws, bolts and similar components. 

The material is firstly sheared to length and then transferred to the die to produce the required head 

form (Figure 2.31). 

 

Figure 2.31 Cold forging 
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(V) Compression Moulding of Plastics 

In the compression moulding process, the 

powder (of phenol-formaldehyde or urea-

formaldehyde, for example) is firstly placed in 

the mould cavity (Figure 2.32). 

After being heated and plasticised, it is then 

compressed with a hot punch into articles 

which can resist high temperatures, such as 

electric lamps, sockets, knobs and dishes. The 

product performance and finishing are 

generally ideal (Figure 2.33). 

    

Figure 2.32 Thermosetting plastic powder       Figure 2.33 Compression moulded dishes 

 

(VI) Extrusion, Drawing and Rolling 

Extrusion 

Extrusion is often used to make tubes, such as PVC tubes. Figure 2.34 shows a basic extrusion process. 

 

 

 

 

 

Figure 2.34 Basic extrusion process 

The material (e.g., plastics or metal) is forced through a die with the required cross-section. 

It settles into the required form after it cools down (Figure 2.34). 

Metal extrusions can be made by either hot or cold working. Aluminium and copper alloys 

are the most commonly used metals. 

 

Drawing 

In this process, materials are drawn through a series of dies with gradually reducing 

diameters, and consequently becomes rods, wires and metal tubes. 

This is shown schematically in the following figure: 
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Rolling 

Sheet materials can progressively go through a 

series of rollers to endow sections similar to 

those of extrusion. 

Roll-formed sections are generally thinner than 

extrusions and accordingly cheaper. 

Metals such as steels, aluminium and copper 

alloys can all be formed by this technique. And 

it is also possible to use metals pre-coated with 

zinc or plastic. (Figure 2.36)

    

Figure 2.36 Rolled metal sheets Figure 2.37 Schematic diagram of 
rolling technique 

2.1.3  Machining (Material Removal) Techniques 

Machining techniques are used to produce a specific shape by removing parts of a solid mass. When 

designing a processing technique, we should consider: 

 How to remove the material? 

 How to hold the workpiece? 

 How to manipulate (cutting) tools? 

 How to provide the required power? 

The methods of removing materials can be divided into four categories, i.e., mechanical, electrical, 

chemical and thermal methods. 

 

(I) Mechanical Methods 

Wedge-shaped Cutting Tools 

Most hand tools are of the wedge shape, such as chisels and planes (Figure 2.38). 

Figure 2.35  Basic principle of drawing 
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Figure 2.38 Planers 
 

Forming Tools  

We may use forming tools with the same shape 

and profile as required. But it would need a 

great cutting force. 

Therefore, this method should not be 

considered except for soft materials or very 

fine feeds with a long cut profile.   

Figure 2.39 shows a variety of situation where 

forming tools can be employed: 

(a) Screw-threading tool 

 
(b) Industrial wood turning tool  

 

 

 

 

 

 

 

 

 

 

(c) Forming tool for cutting a hemispherical end 
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(d) Plaster scraper 

 
Figure 2.39 Cutting different materials with forming tools 

 

 

(e) Metalwork Lathes 

A metalwork lathe is mainly to cut metal 

cylindrical workpieces. 

Turning tools are abraded into different shapes 

and angles by abrasive wheels before use, so as 

to cut materials more effectively. 

Some common lathe-cutting methods are 

shown below. 

      

Figure 2.40a Facing     Figure 2.40b Parallel turning   

     

Figure 2.40c Knurling     Figure 2.40d Parting off  

       

Figure 2.40e Boring      Figure 2.40f Cone turning 

 

Borer 

 

Borer 

Workpiece 

 

Workpiece 
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Cutting methods of turning tools 

The following table describes the applications of lathe-cutting methods.  

Cutting method Use 

(a) Facing The turning tool moves on the surface at the ends of the workpiece and 

flattens uneven parts. 

(b) Parallel turning The turning tool moves parallel to the workpiece and does  

the cutting. 

(c) Knurling The turning tools stamps knurls on the round surface of the workpiece, 

so that it is easy to grip. 

(d) Parting off The turning tool moves back and forth parallel to the workpiece and 

gradually towards the centre. 

(e) Boring The drilling tool moves in parallel directions inside holes of the 

workpiece so as to enlarge the diameter of the holes. 

(f) Cone cutting The angle of the turning tool is made used of to cut bevel parts with  

short distances on the top of the workpiece. 

 

Ultrasonic Machining  

In ultrasonic machining, abrasive particles are used to cut materials (Figure 2.41). 

The electromechanical transducer produces high frequency vibrations that drive the abrasive particles 

within the mixture to impact and slowly remove the material. 

 

Figure 2.41 Ultrasonic machining 

This method can be applied to many materials. It can also be used to cut brittle materials, glass, 

ceramics and precious stones. 

Ultrasonic machining gives an excellent surface finish and great dimensional accuracy. 
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(II) Electric Methods 

The two primary methods of electrical machining are spark erosion (electrical discharge machining, 

or EDM) and electrochemical machining (ECM). 

a. Spark erosion 

 

Figure 2.42 Spark erosion

EDM features the eroding effect of arcs (i.e., 

sparks) formed between the electrode and the 

workpiece. 

The arcs are generated at voltages from 20 to 

500 V and frequencies from 1000 to 2000 Hz. 

The whole workpiece is immersed in a 

dielectric liquid such as paraffin, so that the arc 

discharges are quenched rapidly 

Electrodes of particular shapes are usually 

made of brass. The following figure shows a 

typical arrangement: 

 

 

Figure 2.43 

The main advantage of EDM is its ability to 

machine very hard materials, such as sintered 

carbides and hardened tool steels. 

This method can also be used to produce holes 

in very hard and wear-resistant materials, such 

as drawing and extruding dies, nozzles, etc. 

The disadvantage of EDM is that it can only be 

used on conductive materials, and the electrode 

loss rate is high. 

 

b. Electrochemical machining 

ECM features the use of electricity to 

decompose materials. 

Electric currents flow between the anode and 

the cathode through the electrolyte (usually 

brine), but no arcs are produced. 

The metal (such as copper) to be machined 

dissolves on the anode. 

ECM can produce finer surface finishing, and 

the electrodes do not wear due to the 

Workpiece 

 

Workpiece 

Reservoir 

 

Reservoir 

Paraffin 

 

Paraffin 

Electrode 

 

Electrode 

Dielectric fluid 

 

Dielectric fluid 
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electrolytic action. However, to achieve an 

acceptable metal removal rate will require very 

high power. 

 

 

 

 

(III) Chemical Methods 

For chemical methods, the parts to be retained 

are generally covered, and then the remaining 

surfaces are eroded with chemicals. 

Glass etching comprises the techniques of 

creating figures or patterns on the surface of 

glass by applying acidic or abrasive substances. 

 

 

Figure 2.44 Example of glass etching 

 

  

Figure 2.45 Examples of circuit boards 

Conventionally, circuit boards, anti-corrosive materials are printed on metal boards, and then 

uncovered parts are subject to chemical etching, resulting in the lines and surface of circuits. Therefore, 

they are called printed circuit boards (PCBs) or printed wire boards (PWBs). 

(IV) Thermal Methods 

Thermal methods are intended to melt or 

vaporise parts of the materials to be machined. 

Two common techniques include: 

 Cutting with high energy heat sources 

 Cutting with hot wires 

High Energy Heat Sources 

The two heat sources commonly used in cutting 

materials are: 

 The mixture of oxygen and acetylene gases; 

and 

 Laser 

Oxyacetylene cutting is usually used on steels 

(Figure 2.46), such as steel plates of 6 to 150 

millimetres in thickness. 
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Figure 2.46 Oxyacetylene cutting 
 

Laser can be used to cut steels, non-ferrous metals, plastics, gasket materials and wood. 

The following figure shows a laser engraver / cutter used in school: 

 

 

 

 

 

 

Figure 2.47a Laser engraver Figure 2.47b Principle of laser cutting 

Hot Wire Cutting 

A hot wire is heated by a low voltage supply to 

high temperatures, in order to effectively cut 

plastics, such as polystyrene (styrofoam). 

Hot wire cutting is generally used to cut flat 

materials and usually leaves very smooth 

cutting surfaces. 

 

2.1.4 Fabrication (combination) Techniques 

A design is usually divided into several parts or 

components, which are then assembled 

(combined) together, because:  

 a combination of materials with different 

properties are required; 

 the mould tools for injection moulding or 

casting can be significantly simplified; 

 substantial weight savings are possible in 

large castings because there is a limit on the 

Laser beams fired 

from laser gun 

 

High energy laser beams directed 

at the material for cutting, engrave 

and other purposes 

 

High energy laser beams directed 

Reflected by mirrors and 

then focused 
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Bevel head 

rivet 

 

Conical head 

rivet 

 

Countersink 

head rivet 

 

Flush head 

rivet 

 

minimum section size which will allow the 

molten metal to flow; 

 thickness, widths or lengths can be built up 

if the required size of material is not 

available; 

 much of the material removal associated 

with a machining technique can be avoided; 

and 

 standard components can be incorporated 

into the design. 

There are basically three approaches to join 

components: 

 Mechanical joints 

 Thermal methods 

 Chemical methods (or adhesives) 

 

 

(I) Mechanical Joints 

There are many types of mechanical joints, such as:  

 Joggles 

 

 Rivets 

 

 

                     

 Forge welding 

 Bolts and nuts 

 

 

 

(II) Thermal Methods 

Soldering, brazing and welding are all thermal 

methods to produce joints directly. 

Soldering 

Soldering fillers melt below 250°C. Molten 

fillers are then drawn into the gaps between 

materials. 

The heat for soldering can be made from gas 

flame or soldering iron, as the temperatures 

needed are relatively low. 

 

Brazing 

Brazing is similar in operation to soldering, but 

it can be used on nearly all metals. 

However, the melting temperatures of the 

fillers are much higher than those in soldering 

(about 750 °C). But the joint strength is also 

higher. 

Welding 
Arcs, burning gases (such as oxyacetylene) and 

laser can all be used to weld materials. 
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Oxyacetylene Welding 

Oxyacetylene welding is generally used on 

steel plates of 0.5 to 4 mm in thickness (Figure 

2.48). 

 

 

   

        Figure 2.48 Welding torch           Figure 2.49 Compressed gas cylinders 

Electric Arc Welding 

In arc welding, a metal electrode covered with flux is used to produce an arc of high heat to ignite the 

flux and the workpiece (Figure 2.50). 

 

Figure 2.50 Electric arc welding 

The metal electrode melts and droplets are transferred across the welding arc to help forming the weld 

bead (Figure 2.51). 

 

  

Figure 2.51 Schematic illustration of electric  Figure 2.52 Spot welder arc welding 
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Spot Welding 

Sheet materials are clamped between copper 

electrodes, and then are joined together by 

intense heat generated at the point of maximum 

resistance (the interface) (Figure 2.53). 

This process is most commonly used for 

welding metal sheets, especially in the 

production of cars and washing machines. 

 

Figure 2.53 Spot welding 

Forge Welding 

The parts are heated to 1000°C, and at this 

temperature the metal is in a softened state and 

the surface oxides are in liquid form. 

The parts are then hammered together forcing 

out the molten oxides and bringing them into 

suitably close contact to form bonding. 

Friction Welding 

One of the components to be joined is held 

stationary and the other is rotated in contact 

with it. 

Friction produces high temperatures at the 

junction, and the components are joined 

together. 

(III) Chemical Methods 

 Glues, waxes, casein gums, carbohydrates (such as starch) and rubber are all examples of typical 

natural adhesives. 

 Modern synthetic counterparts tend to have toxic substances and require care in use. 

 Table 2.1 lists some modern adhesives that can be used for general purposes. 

 

Type Curing method Notes 

1. Anaerobic 

acrylic resins 

Action of a catalyst out 

of contact with the air 

Single type; cyanoacrylates cure by reacting 

with moisture on the surfaces. 

2.  Modified 

phenolic resins  

Application of heat and 

pressure 

These resins provided the first successful 

adhesives for metal-metal, metal-wood and 

metal-plastic joints. The basic phenol 

formaldehyde resin is typically mixed with 

nylon, neoprene or polyvinyl butyrate. These 

are thermosetting. 

3.  Epoxy 

adhesives  

Action of a hardening 

compound on the epoxy 

resin, although some 

single-part epoxy resins 

are cured by heat. 

Different epoxy adhesives have great 

differences in terms of heat resistance, water 

resistance, solvent resistance, light 

permeability, coefficient of refraction and 

adhesion to different materials. 
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Type Curing method Notes 

4.  PVA adhesives  Removal of water from 

the emulsion 

Used to bond porous materials such as wood or 

concrete. PVA is a thermoplastic material. 

5. Hot glue  Action of heat A special polymer used to produce quick joints 

for lightly loaded structures. 

6. Polyurethane 

adhesives  

Reaction between two 

compounds 

Fast joining. 

7.  Modified PVC 

dispersions  

Action of heat With the increasing addition of glass beads, the 

toughness and heat resistance of the composite 

are gradually improved, and the material is 

endowed with good melt flowability. 

8.  Rubber 

adhesives  

Evaporation of a 

solvent 

They are usually added during compounding of 

glue stock. A good adhesive effect can be 

obtained by vulcanisation. 

Table 2.1 Common adhesive types 

 

Figure 2.54 Hot glue gun 

Some advantages of adhesives: 

 They can bond non-similar materials and 

composites; 

 A separate sealing operation can sometimes 

be avoided; and 

 Adhesive joints may act as insulators, 

thereby reducing the risk of galvanic 

corrosion between different metals. 

Some disadvantages of adhesives: 

 Joints must be held firmly during curing; 

 Strength tends to fall off sharply between 

80 to 100 °C; and 

 Adhesives are usually expensive and have 

limited shelf lives. 



 Design and Applied Technology (Secondary 4-6) Learning and Teaching Resources – Simplified Version Module 3 

56 

 

2.1.5 Advantages of Using Fixtures 

Fixtures are mainly used to secure a material or a tool in a fixed position for machining. 

 

Figure 2.55a Fixture to secure a 

workpiece 

Figure 2.55b Fixture for manufacture of 

bicycle racks 

An advantage of using fixtures is that they can 

simplify the manufacturing process of the same 

kind of products. Since the materials are fixed, 

workers, even not very skilful, may complete 

the process correctly and accurately, as long as 

they know where proper tools should be used. 

This will increase production efficiency and 

reduce product defects and variations. 

 

2.1.6 How to Choose the Right Manufacturing Process 

Choosing the right manufacturing process 

means determining the machining method and 

sequence of a product. 

The following factors should be considered: 

1. Choose the most suitable equipment and 

machining method for each part. For 

example, thicker workpieces should be 

bored with a drill press instead of an electric 

hand drill. 

2. Consider which machining methods are 

apparently related. For example, to mill a 

round hole on a workpiece, a hole should be 

bored first before the milling. 

3. Consider the mutual impacts of machining 

methods. For example, drilling may damage 

the surface of an electroplated workpiece.  

4. Reduce any machining sequence which may 

hamper the work. For example, it may be 

more difficult to conduct drilling after 

folding the metal.  

5. Consider the material properties of the 

workpiece. For example. the machining of 

wood and metal would require different 

tools and machines. 

6. Also, consider the degree of precision, 

surface treatment and other factors required 

for the workpiece. 

7. Finally, choose the manufacturing process 

accordingly for small-batch production or 

mass production. 
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2.2  Scale of Production 

Manufacturing systems can be classified as: 

 Continuous production 

 Mass production 

 Batch production 

 Jobbing production 

2.2.1 Continuous Production 

Continuous production (or process production) 

is where the plant or the factory may run 24/7 

for a period of time. 

It is commonly used in industries such as 

chemical processing, electricity, food 

production and steel making. 

Products with large demands or short life 

cycles are often produced continuously. 

Most production lines are controlled by 

computers, so few hands are needed to monitor 

them. 

2.2.2 Mass Production 

Large quantities are involved in mass 

production. Specialised and expensive 

machines are also used. 

Robots are used in many machining and 

assembly jobs. They fabricate products faster 

and with consistent quality. 

Most equipment in the mass production system 

monitors and controls the processes through 

computers to ensure smooth implementation. 

2.2.3 Batch Production 

Products that are batch produced are made in 

specific quantities. 

The machinery and labour needed to make 

batch products must be adaptable. 

Machines may be used to make different 

products according to the batch in production. 

2.2.4 Jobbing Production 

Jobbing production is also known as build-to-

order (BTO), which caters to a single 

customer's specifications at a time. 

Skills are needed in such production. Therefore, 

only skilled workers and conventional 

equipment are used. 

BTO products are often expensive, such as 

large yachts, space satellites, oil rigs, etc. 

Traditional handicrafts such as jewellery, 

statues and pottery are usually made with 

jobbing production techniques. 

 

 

Figure 2.56 Bronze statue 
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2.2.5  How to Determine the Scale of 

Production and the Required 

Equipment or System 

Scale of production refers to the way of making 

products, mainly including capacity, facility 

layout, equipment, system organisation, etc.. 

To determine the scale of production and the 

required equipment, the following factors 

should be considered: 

(a) expected output (quantity) of production; 

(b) product variations and types;  

(c) product life cycle or durability; 

(d) flexibility of production equipment; and 

(e) available resources (including skilled 

manpower, equipment, machinery, space 

and funds). 

2.2.6 Improving Manufacturing 

Processes 

Manufacturer seek to update and improve their 

manufacturing processes, for the sake of: 

(a) Reducing costs - less material wastage and 

less manpower employedIncreasing output 

- more products made per hour / day 

(b) Better profits 

2.2.7 Value Engineering 

Value engineering analyses the functions of 

items and systems to ensure they are achieved 

at the lowest possible life-cycle cost. 

It can improve reliability, conserve resources, 

eliminate non-essential functions and simplify 

operation and maintenance. 

The job plan of a value research group is 

mainly composed of six phases: 

(a) Information gathering 

(b) Function analysis 

(c) Creation of alternatives 

(d) Evaluation of all alternatives 

(e) Proposal 

(f) Implementation 

 

2.3 Quality Assurance and Quality Control 

2.3.1 Tolerance Level 

In order to ensure that all components fit together 

properly, their acceptability must be set in 

advance. 

The acceptable dimensions of a component are 

usually expressed by two numbers (i.e., the lower 

and upper limits). 

For example, the length of a workpiece must be 

between 9.9 mm (lower limit) to 10.1 mm (upper 

limit), i.e., 9.9  10.1mm. 

The lower and upper limits in dimensions can 

also be expressed in terms of the principal 

dimension and the tolerance. 

Tolerance refers to the permissible variation in a 

dimension. Therefore, acceptable dimensions 

can be expressed as: 

Acceptable dimension = Principal dimension + 

Tolerance 

For example: Lower limit 9.9 mm = 10.0  0.1 

mm; upper limit 10.1 mm = 10.0 + 0.1 mm 

In other words, the principal dimension = 10.0 

mm, and the tolerance = 0.1 mm 

Acceptable dimension = 10.0  0.1 mm 

When the dimension variation of a workpiece 

exceeds the specified tolerance, it is not suitable 

for the design. 

The smaller the tolerance, the higher the 

dimension requirement of the components (i.e., 

the smaller the gap between the lower and the 

upper limits). 

For example:   The length of workpiece = 10.0  

0.1 mm, i.e., the acceptable length is 9.9 - 10.1 

mm 

The length of workpiece = 10.00  0.01 mm，

i.e., the acceptable length is 9.99 - 10.01 mm. 

Generally speaking, the smaller the tolerance is, 

the better the quality of the product will be, but 

the cost will also increase. 
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2.3.2 Quality Assurance 

The goal of quality assurance (QA) is to ensure 

high quality throughout the production process. 

Accuracy: Indicate how close the measured 

value is to the specified value 

Tolerance limits: Indicates the permissible 

variations of the measured value within the 

range of the specified value. 

QA covers the development and monitoring of 

standards, procedures, communications and 

documentation by different manufacturers, 

including:  

(a) Dimensions (length, width, height, 

diameter, angle, etc.) 

(b) Mechanical, physical and chemical 

properties 

(c) Surface finishing 

2.3.3 Design Manuals 

The design manual of a manufacturer usually 

contains all the necessary information for its 

design team, including:  

 Detailed engineering knowledge, i.e., 

everything that is related to the type of 

products being produced by that industrial 

sector; 

 Standard components to be used, such as an 

engine part or a fastener; and 

 Suppliers’ catalogues of components, 

giving technical specifications and price 

information. 

2.3.4 Quality Control 

It is very time-consuming and costly to check 

each finished product to ensure its quality, so 

samples are often taken for testing. 

Samples are subject to rigorous testing. If a 

component is close to an unacceptable 

tolerance limit, the machine must be adjusted 

or repaired. 

Computerised testing machines offer a higher 

level of quality control, thereby reducing the 

number of defective products (Figure 2.65). 

 

 

Figure 2.57 Computerised testing machine 

2.3.5 Testing Product Samples 

Testing product samples for defects includes a series of steps: 

i. Inspecting incoming materials to ensure 

that they have the appropriate properties, 

dimensions and surface finishing; 

ii. Inspecting individual components to 

make sure they meet specifications; 

iii. Inspecting the product to ensure that parts 

have been assembled properly; and 

iv. Testing the product to make sure it 

functions as designed and intended.
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2.3.6 Statistical Process Control 

Statistical process control uses statistically-

based tools to evaluate and monitor 

manufacturing processes. 

The goal is to manufacture as many products as 

possible that conform with specifications and 

to minimise the quantity of wasters. 

This method is applicable to any 

manufacturing process in which the product 

quality can be quantified, such as mass 

production lines.  

Control chart is one of the most commonly 

used statistical tools. 

 

Figure 2.58 Example of control chart 

A control chart is used for the testing of product samples at different times to see if they 

are within the acceptable upper and lower limits. 

The production process is deemed stable if there are no significant variations in the data 

obtained from the control chart. 

Otherwise the production process is deemed unstable. Problems must be identified and 

rectified. 

 

2.3.7 Quality Inspection 

Generally, there are three possible decisions afterwards: 

 Acceptable quality - this means the inspected component or part matches the 

tolerances specified.  

 Rework - this means that the component or part does not meet specifications but it 

can be fixed. 

 Reject - this means that the component or part cannot be modified to meet 

specifications, and thus must be scrapped 

Basically, there are four areas where inspection occurs during manufacturing, Figure 2.59: 
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Figure 2.59 Areas of quality inspection 
 

Examples 

Toy electric car: Plastic body, Motor, battery box, switch, wiring, screws, etc. 

Scope of inspection 
Target of 

inspection 
Test examples 

Incoming raw material Plastics Toxic elements tests 

Semi-finished product Plastic body Flammability test, mechanical tests (such as torque) 

Purchased components Motor Electrical tests 

Finished product Toy electric car Performance tests (e.g. durability), physical tests 

(e.g. sharp corners) 

2.3.8 Quality Circles 

Quality circles are intended to improve the 

quality of products. The quality standards of a 

product are the technical basis for evaluating its 

quality. They are generally expressed in 

measurable properties, such as size, strength, 

hardness, etc.. 

A quality circle refers to a group of technicians 

who meet regularly to discuss and solve quality 

problems, including: 

 To investigate the causes of faults; 

 To recommend changes; and 

 To take corrective actions. 

  



 Design and Applied Technology (Secondary 4-6) Learning and Teaching Resources – Simplified Version Module 3 

63 

 

Know More About Technology - ISO 9000 and 9001 

Developed by the International Standards Organization (ISO), the ISO 9000 Quality Management 

System standard series sets forth a model to establish, document and maintain an effective and 

efficient management system. 

 

In December 2000, the ISO 9000 Year 2000 Edition was officially released with three main 
standards – ISO 9000, ISO 9001 and ISO 9004. And ISO 9001 is the only standard used for 
certification intent. (Source: Hong Kong Quality Assurance Agency (HKQAA)) 
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3.1 Computer Numerical Control (CNC) & Computer-aided Manufacturing (CAM) 

Computer numerical control (CNC) machine 

tools are controlled by computers and related 

software. 

Computers can assist engineers and designers 

in: 

 Programming machine tools 

 Programming robots 

 Designing tools 

 Implementing quality control 

3.1.1 CNC Machines 

CNC machine tools (Figure 3.1) input the 

related part programme, and run the machine 

by following the steps. 

The quality of the product depends largely on 

that part program compiled by the CNC 

programmer. 

CNC Programmers 

CNC programmers analyse drawings, figure 

the sizes and positions of the cuts, determine 

the sequence of machine operations, select 

tools and calculate the machine speed and feed 

rates. 

Next, they compile the part program into the 

language of the machine controller, and store it 

after verifying the programme and the tool path. 

Programming CNC Machines 

 Users and suppliers can communicate with 

each other with international standard 

coding systems for CNC. The most 

common ones are the G-codes and the M-

codes. 

 Table 3.1 shows the CNC codes of some 

common machining processes. 

G00 Rapid positioning, point to point  M02 End of program 

G01 Linear interpolation  M03 Spindle start forward 

G02 Circular interpolation, CW  M04 Spindle start reverse 

G03 Circular interpolation, CCW  M05 Spindle stop 

G70 Imperial units selected  M06 Tool change 

G71 Metric units selected  M08 Coolant ON 

G81 
Outside diameter (parallel) 
turning cycle 

 
M09 Coolant OFF 

G82 Facing / grooving cycle  M39 Close air chuck 

G83 Peck drilling cycle  M40 Open air chuck 

G84 Tapping cycle 

G90 Absolute programming selected 

G91 
Incremental programming 
selected 

Table 3.1 Selected codes used to describe turning operations 

G-codes (for tool movements) can be 

combined with other codes, such as M03 

(spindle start forward) and M06 (tool change) 

to make up a block. 

A set of blocks then performs a part programme 

(Figure 3.2), which is then entered to run the 

software. 

Before actually cutting the material, we can see 

the simulation results of the input data on the 

screen (Figure 3.3). 

Chapter 3  Computer-aided Manufacturing  

 

Chapter 3  Computer-aided Manufacturing  
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Figure 3.01 Part programme     

 

  
Figure 3.02 

Computer simulation of the cutting process 

  

CNC Machining 

After the computer has been programmed to 

make the machine tool to perform a sequence 

of operations, the programme can run over and 

over again to produce many identical 

components or parts. 

 

Figure 3.03 CNC lathe 

Uses of CNC machine tools in school include: 

 Milling and turning 

 Paper/plastic printing and cutting 

 Laser engraving and cutting  

Limitations of CNC machining 

 High prices and costly installation of 

machines 

 More knowledge and training required for 

operators 

 High costs of repair and maintenance 

 Restriction to small-batch production 

Advantages of CNC machining: 

 Consistent accuracy 

 Increased productivity 

 Less operator involvement 

 Easiness of machining complex shapes 

 Reduced tooling costs 

 Uniformity of products 

 Improved waste management 
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3.1.2 Computer-aided Manufacturing 

Computer-aided manufacturing (CAM) refers 

to the use of computer software to control 

machine tools in the manufacturing of 

workpieces. 

CAM is often used in conjunction with CAD to 

develop products. 

The designer firstly design and test the product 

with the CAD software to design and test the 

product, and may produce a rapid prototype. 

When the design of the product is completed, 

the designer puts it in the CAM system to 

manufacture the workpiece. 

CAD is now used in many industries, ranging 

from mechanical engineering and car design, to 

the furniture industry and fashion design. 

The entire process from the beginning of the 

design stage to the actual manufacture is 

known as the CAD/CAM process. 

CAD / CAM boasts the following advantages: 

 Machines can work 24 hours a day; 

 The quality produced by machines is more 

reliable; and 

 Machines can work in more hazardous 

locations 

 

Figure 3.04 CAD and CAM products 
 

 

Figure 3.05 Precise dental implants made with CAM 

Choosing to Use CAM 

When choosing to use CAM, we should 

consider: 

 The set-up (or fixed) costs; 

 Whether there are consequential savings in 

the cost of each component or part 

produced (the variable costs); and 

 Whether the investment can be justified. 

CAD/CAM Systems 

 At present, a lot of CAD software can be 

used in conjunction with CAM machine 

tools. 

 When the designer or engineer completes 

the design drawing, the software can 

simulate the production process of the 

computer-aided machine tool, so that the 

engineer may consider or revise the 

drawing. 
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3.2 Basic Concepts of Computer Integrated Manufacturing (CIM) and Flexible 

Manufacturing Systems (FMS) 

3.2.1 Computer Integrated Manufacturing (CIM) 

Modern computers are now integrated with the 

functions of designing, organising and 

monitoring materials, as well as production. 

They can also be used for stock control and 

information storage via bar codes. 

With sophisticated computer hardware and 

software, manufacturers are able to: 

 Improve product quality; 

 Minimise manufacturing 

costs 

 Reduce product 

development time 

 Make better use of materials, manpower 

and machinery; and 

 Maintain a competitive edge in local and 

international markets 

Designers or engineers can input data directly 

to manufacturing operations through computer 

connections (Figure 3.06). 

 

 

 

Figure 3.06 A CAD workstation 
 

Work Cells 

When manufacturing products, it is 

unnecessary to do everything at one time, and 

components can be introduced in batches at 

different stages. 

Figure 3.07 shows a flexible work cell that is 

able to produce a variety of components which 

consequently form parts of a product. 

 

Figure 3.07 A flexible work cell - CNC lathe  
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CIM systems also need to include some components, such as automated inspection and materials 

handling equipment 

Figure 3.08 shows a small CIM system for training students. 

 

Figure 3.08 A small CIM system for training 

When developing a CIM system, we can firstly simulate the production line on the computer, in order 

to find out probable flaws (Figure 3.09). 

 

Figure 3.09 Computer screen simulation of a CIM system 

 

CIM Elements 

CIM elements include the followings (Figure 

3.10): 

 CAD which allows new products to be 

developed and visualised more easily; 

 Computer-aided design and drafting 

(CADD) which puts early designs into the 

3D form for easy modifications, and which 

conducts simulation tests; 

CAM which can control and monitor 

manufacturing operations; 

 Computer-aided process planning (CAPP) 

which estimates the costs or the time taken 

to perform a certain manufacturing 

operation; and 

 Management information systems for 

marketing, finance, payroll etc. 
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Figure 3.10 CIM elements 

 

3.2.2 Flexible Manufacturing Systems (FMS) 

FMS links all the work cells to a central computer and 

creates a highly automated system (Figure 3.11). 

A work cell is usually a group of machines involving different operations on parts or components.  

 

Figure 3.11 Work cells in FMS / car pro 

An FMS is highly automated and is able to optimise every step in the overall production process. 

Each step may include several processes, such as mechanical machining, grinding, cutting, forming, 

heat treatment, finishing, raw material handling, inspection and assembly. (Figure 3.12). 
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Figure 3.12 Conceptual map of an FMS 

 

3.3  The Impact of CAM on Manufacturing 

3.3.1 Changing Industrial Environment 

Technological changes result in changes to our 

society, with impacts mainly on these areas of 

industry: 

 The workforce, including labour and skills; 

and 

 The actual locations of industries 

Workforce 

Reforms to the workforce usually take place in 

the following areas: 

 The demands for workforce; and 

 The skills of worker 

Advantages of Robots 

Here are some of the advantages of robots: 

 They can be capable than human beings, 

being able to lift heavier weights or apply 

greater forces; 

 They can work for very long periods and 

they do not request holidays; 

 They are reliable, capable of repeating tasks 

precisely, without becoming tired; and 

 They can work in disgusting or dangerous 

environments such as those with extremely 

temperatures, radiation or darkness. 

Employment 

The manufacturing now needs much less 

manpower than ever before. Workers must 

look for new forms of employment. 

Future job opportunities are likely to focus on 

those requiring high qualifications and those in 

the service industry. 

3.3.2 Advantages of CAD and CAM 

CAD has a lot of advantages, including: 

 Easiness of making changes in the design 

process; and 

 Simulation of product operation during 

design 
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The industrial benefits of CAM include: 

 Providing quality products for customers; 

 Keeping production costs at the lowest 

level; 

 Reducing product development time; 

 Making use of materials, machinery and 

manpower more effectively; and 

 Offering competitive prices in both local 

and international markets 

3.3.3 Disadvantages of CAM 

 CAM runs on electricity, power outages 

will halt factory operations and increase 

follow-up work; 

 Machines cannot issue warnings before 

breaking down or repair themselves 

afterwards; and 

 When a breakdown occurs, a highly skilled 

engineer is required for the repair. 

3.3.4 Control of Industrial Processes 

There are two key conditions for profit making 

in manufacturing industry:  

 Making sales means making customers 

satisfied; and 

 Reducing costs to increase the profit from 

each sale 

Production Control Systems 

A product is usually composed of many 

different components, which must be available 

at the same time to be assembled, 

Manufacturers can use computerised 

production control systems to assist in 

production planning, so as to ensure on-time 

completion. 

Component Production 

One of the key issues that manufacturers need 

to consider is whether related components 

should be "manufactured in house" or 

"outsourced from others". Manufacturers can 

invest in FMS to reduce risks. 

Production Information Systems 

Computer systems can be used to monitor the 

production process effectively, but they require 

the input of information. 

Bar codes can be used in automation systems 

for the automatic recording of information. 

Components are added with bar codes to be 

automatically identified by related readers, 

before the workers complete the recording 

procedures. 

Information provided by automation systems is 

more convenient and rich, which can improve 

quality control and quality assurance. 

Assembly 

 To enable customers to choose the details 

of the products they buy:  

 There should be a huge stock of all 

alternatives (which, however, requires a lot 

of space and money); or 

 Manufacturers should be able to take orders 

and assemble products for customers 

promptly 

 Manufacturer must adopt assembly control 

systems and ensure the sufficient supplies 

of components. 

Assembly Control Systems 

Assembly control systems need to receive 

reliable and up-to-date information and to 

process it swiftly. 

New systems tend to be fully automated, and 

bar code readers are used to input information. 

JIT systems must ensure close contact with 

suppliers, and must ensure the collection and 

integration of information.  

Just-in-Time (JIT) Systems 

Over-production wastes materials, energy and 

manpower, while storage of stocks requires 

space and locks up capital. 

JIT is suitable for continuous production, mass 

production and batch production. 

JIT systems are intended to: 

 Outsource supplies of materials and 

components from outside suppliers just in 

time before production; 

 Produce parts just in time to be made into 

sub-assemblies; 
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 Produce sub-assemblies just in time to be 

assembled into finished products; and 

 Produce and deliver finished goods just in 

time to be sold 

JIT systems rely on suppliers delivering 

materials and components that meet 

specifications just in time. 

For JIT systems, materials and components are 

ordered in smaller quantities but usually more 

frequently than before. Advantages of delivery 

in small quantities: 

 Inspections can be carried out better; 

 Storage costs are reduced thanks to a small 

inventory; 

 Quality checks on delivery ensure better 

raw materials and components, as well as 

lower wastage rates of production; 

 Final products are better in quality and 

lower in costs; 

 Technological advances also have impacts 

on stock control management: 

 New mechanical and automated equipment 

enables better use of warehouses and more 

efficient stock movements; and 

 IT-based stock control systems with bar 

codes enable better control of order 

assembly and stock availability 

Product Logistics Support 

(a) Production logistics 

If a product is being assembled, it is essential 

that all of the components to be used are 

available in the right sequence and at the right 

time. 

On the contrary, any components stored in 

house incur costs, and inventory takes up costly 

storage space. 

(b) Inventory control 

Inventory considerations include: 

 The larger the inventory, the more money is 

needed for storing components; 

 The larger the inventory of components, the 

more space is needed in the factory; 

 The larger the factory, the longer it takes to 

send the components to the assembly site; 

 The smaller the inventory, the more likely 

there is a lack of components less at the 

time and the site of assembly. 

An inventory control system must prompt 

suppliers to provide goods at the appropriate 

time. 

Factory Size 

When setting up a factory, the manufacturer 

should also consider and ensure space for 

future expansion. 

In the case of insufficient space, the 

manufacturer should consider reusing available 

space or adopting a JIT system. 

Packaging and Distribution 

There are many functions of product packaging, 

including: 

 To make products attractive to customers; 

and 

 To avoid damages during transportation. 

Distribution is intended to ensure that products 

are properly delivered to customers, including 

at the right time and location. 

The cost of distribution may be even higher 

than that of manufacture. 

3.3.5 The Future of Manufacturing 

The latest developments in CIM have changed 

the relationship between marketing and 

manufacturing. 

Mass Customisation 

The two major criteria for determining the lot 

size include: 

 The cost of setting up machinery for each 

batch; and 

 The inventory cost of the factory 

For small-batch production, the setup cost per 

unit of production would be significant (fixed 

cost divided by the quantity). 

Mass production increases the production time, 

and the inventory of materials to be machined 

is also larger. 

A CIM system can be used to find out the 

optimal lot size and to minimise the total cost. 
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Know More About Technology - Print-on-Demand (POD) 

 

 

 

 

 

 

 

 

  

 

Conventional printing techniques require high fixed costs (such as for plate-making). Mass printing 

can reduce the average cost of each copy. 

For POD, books are printed and bound by means of computer technologies and automation machines, 

thus saving fixed costs and the production time. It is suitable for printing in small quantities whenever 

needed. 


