
Chapter 1 Opening Remarks

1.0  Introduction

Stepping on a car’s gas pedal increases
the power produced by the engine. It is
essential that the torque generated by the
engine be transmitted to the wheels without
any part of the system failing. When the car
is loaded with passengers, the chassis
distorts. The deflections of the car frame
must be small enough so that the doors can
continue to open and close.

A bridge must be sufficiently strong to
support the loads due to traffic and the
environment without breaking into several
portions. Additionally, the bridge must be
stiff enough so that its deflections are small,
otherwise drivers and passengers would feel
apprehensive about using the bridge. 

Micro-electromechanical systems
(MEMS), must be designed with the proper
stiffness (force-deflection response) to
perform their functions as sensors and
actuators. Biomedical implants used for hip
and heart valve replacements must be strong
enough to function for long periods of time under cyclic loads, and be biocompatible.

How do engineers design a physical system that is strong enough and that has the
appropriate stiffness? The purpose of this text is to introduce the methods used to ensure
the reliability of engineering systems subjected to various loading conditions.

1.1  Strength and Stiffness 

The Golden Gate Bridge (Figure 1.2) was designed to be strong enough to support its
daily traffic load, as well as the environmental loads placed on it (e.g., wind). The bridge’s

Figure 1.1.  Galileo Galilei (1564-1642) 
is recognized as the first to attempt to 
understand mathematically how 
structures and materials respond to their 
applied loads. This is his drawing of a 
cantilever beam under a tip load.
1
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deflection was also considered in the
design. Under a full 6-lane load of traffic
and full sidewalks, the bridge was
designed to deflect downward 10 feet. 

In your Statics course, the primary
goal was to determine the reaction forces
that acted on a system, as well as the
loads internal to the system. In
engineering design and analysis, the
next questions that need to be asked are: 

Is the system STRONG enough?
No component of the bridge can break
into two separate parts; e.g., the cables
must not break. In a building, the floor
joists (the beams that support floors) must be strong enough to support the loads of people,
furniture, etc. Artificial heart valves must sustain many millions of cycles.

Is the system STIFF enough? The components must not deflect excessively under
load. The distance between the Golden Gate Bridge’s towers – the span – is 4200 feet.
Since it was designed to deflect 10 ft under its maximum service load, the deflection-to-
span ratio is 1/420. In buildings, the ratio specified for roof beams that support plastered
ceilings is 1/360 in order to avoid cracks. Relative to the length of the structure (the bridge
or ceiling beam), these deflections are difficult to see. When deflections become readily
visible, structures that are sufficiently strong seem unsafe.

Strength is how much load a system can support without failure. Stiffness is the
ability of a system to resist deformation when subjected to load. By determining the
strength and stiffness of a system, and comparing it to the design requirements, the
engineer can determine if the system is adequate or if it needs to be redesigned.

1.2  Size and Shape

A structural component’s size and shape contribute to its strength and stiffness.
Component geometry may be specified or constrained by the requirements of the
customer, or may result from the design process.

Size
The range of sizes of engineering structures is great. Three systems of significantly

different size are shown in Figures 1.2 and 1.3. 

• The distance between towers of the Golden Gate Bridge is 1280 m;
• the distance between axles of a bicycle is about 1 m; 

Figure 1.2.  The Golden Gate Bridge, San 
Francisco. Photo by David Emory, 2002.
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• the distance between supports of the V-beam 
Atomic Force Microscope (AFM) is about 
80×10–6 m.

The bridge is 1280 times, or 3 orders of
magnitude (103), larger than the bicycle. The bicycle
is about 12,500, or 4 orders of magnitude (104) larger
than the AFM. The bridge is therefore 7 orders of
magnitude larger than the AFM. 

The methods of analysis described in the text
apply over these ranges of scale. However, as objects
become smaller than the AFM beam, atomic
interactions become significant. Analysis using
nano-mechanics (beyond the scope of this text) must
then be considered.

Shape
Wooden structural members have traditionally

had rectangular cross-sections. In steel construction,
I-beam cross-sections are generally used
(Figure 1.4). Although I-beams are more costly to
manufacture than rectangular cross-sections, the I-
beam shape is more efficient (per unit weight) in
supporting bending loads, the primary type of load in
a beam. The cost savings in material compensates for
the cost of forming the I-beam. It is now common to
see wooden joists with I-beam cross-sections.

Circular cross-sections are generally used to
transmit torsional (twisting) loads in rotating shafts.
Circular cross-sections are more efficient than square cross-sections in supporting such
loads. Hollow tubes are used in bicycles due to their strength and stiffness efficiency,
weight savings, as well as being inexpensive to manufacture.

1.3  Loads

Building loads are generally well-defined in building codes. They include:

• Dead Loads – the self-weight of the structure and any permanent equipment such as 
fire suppression and air conditioning equipment.

• Live Loads – people, office equipment, the weight of stored materials, vehicle 
loads, and other moveable loads. A few representative values of live loads are 
given in Table 1-1.

Figure 1.5.  (a) Rigid Bar AB 
under load P. (b) FBD of AB. (c) 
AB pivots about Point A. The 
displacements at Points C and D 
can be measured relative to the 
displacement at the tip, δ.

Figure 1.3.  (a) A bicycle, and 
(b) a V-beam Atomic Force 
Microscope.

(a)

(b)

Figure 1.4.  Common cross-
sections for beams. A steel I-
beam and a wooden rectangular 
beam.
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• Wind Loads – wind causes 
pressure loading on a 
building’s surfaces. The 
equivalent static pressure p in 
pounds per square foot (lb/ft2, 
commonly called psf) of wind 
traveling with velocity V in 
miles per hour (mph) is: 

[Eq. 1.1]

This pressure is modified 
(multiplied by a correction 
factor) depending on the 
building surface being 
considered. Wind speeds vary 
throughout the United States, 
and wind maps are available 
in the various building codes. 
A typical design value for the 
steady-state wind speed is 
90 mph.

• Snow Loads – snow loads also 
vary throughout the United 
States. In snowy areas, the 
design snow load on roofs is 
typically 30 psf or more.

• Seismic Loads – dynamic 
seismic forces are especially 
important in earthquake-prone 
regions such as California and 
the Pacific Rim. 

Loads in Engines. In gasoline and diesel engines, power is generated by the
combustion of fuel. The combustion increases the pressure of gas that expands and pushes
against the piston. The linear motion of the piston is converted into rotational motion by
the crankshaft.

The maximum torque output of the engine of a typical pickup truck (2002 Ford
Ranger, 4.0L, V-6) is 238 ft-lb at 3000 rpm. The maximum torque output of a larger truck
(2002 Ford SuperDuty 7.3L, V-8) is 505 ft-lb at 1600 rpm. The power (torque multiplied
by angular velocity) of both engines operating at their maximum torque is similar (136 hp,
154 hp, respectively). However, since diesel engines transfer higher torques, they must be
made stronger and therefore are heavier than gasoline engines. 

p 0.00256V2=

Figure 1.5.  Buildings must support various 
types of loads.

Table 1-1.  Minimum Uniformly Distributed Live 
Loads on Floors, 2000 International Building 

Code (S.I. units converted, rounded up).

Building Type
Distributed Load

lb/ft2 kN/m2

Residential, Basic Floor 40 2.0
Classrooms 40 2.0
Offices 50 2.4
Lobbies; First Floor Corridors 100 4.8
Corridors above First Floor 80 3.9
Library Reading Rooms 60 2.9
Library Stack Rooms 150 7.2
Retail Stores, First Floor 100 4.8
Garages (passenger cars) 50 2.4
Light Manufacturing; Storage 125 6.0
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The operating conditions in gasoline and diesel engines are also different because of
the form of combustion. In gasoline engines combustion is caused by an electric spark; in
diesel engines combustion is caused by high pressure. The high pressure in diesel
cylinders requires them to be made of sufficient strength and size, a second reason that
diesel engines are more substantial than gasoline engines.

Cyclic Loads. In a four-stroke engine, pressure is applied to each piston and cylinder
once every two cycles (2 strokes per cycle). The large-pressure stroke is followed by three
strokes for which the pressure is small. Such repetitive loading is known as cyclic loading.
Cyclic loading can cause failure by a phenomenon known as fatigue. Such failure must be
considered in the design of engines, rotating parts and other systems subjected to repeated
loads.

Loads in Micro-electromechanical Devices. Micro-structures of dimensions on the
order of 100 µm (= 100×10–6 m) long and 10 µm thick, are used as micro-sensors and
actuators. An example of a micro-sensor is an accelerometer used to detect large negative
accelerations that trigger air bag deployment in automobiles. The behavior of micro-
cantilever beams is the key to the operation of the atomic force microscope. The forces in
these devices can be 10 nN (1 nanonewton = 10–9 N); in biological systems, the loads can
be 10 pN (1 piconewton = 10–12 N). Micro-mechanisms are useful tools in medicine,
environmental engineering and microscale manufacturing.

1.4  Failure Modes

When creating a new product, the designer must anticipate the many ways – modes –
in which it might fail. Failure is when a component or system can no longer safely
perform its intended function within the specified requirements. Time spent thinking
through possible failure modes is time well spent. A lack of good information does not
stifle the creative process, but encourages it. With experience, information is gradually
filled out and is often incorporated into design practices and building codes. Experience
gained from structural failures of the Loma Prieta (1989) and Northridge (1997)
earthquakes in California, and other earthquakes, along with experimental and theoretical
studies facilitated by computer modeling, is used to continually improve the earthquake
requirements of building codes. 

The following is a partial list of failure modes.

Excessive Deflection of a Component
While a structure may not break into two parts, it may become unusable because it

deflects too much. The requirements on deflection are rather severe and deflection can be
the limiting failure condition in many structural applications.

Deflection of Bridges. Bridges are often designed so that the maximum deflection is
no more than 1/240 of the span. This translates into a 12-inch deflection for a 240-ft
bridge. If the deflection is too large, drivers would become aware of the sag and believe
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the bridge to be unsafe even though it does not break into two parts or permanently
deform. The criterion is therefore based partly on psychological factors. The Golden Gate
Bridge was designed to have a maximum deflection-to-span ratio of 1/420.

Deflection of Buildings. In buildings, the deflection of roof beams that support non-
plaster ceilings must be less than 1/240 of the span, while the deflection of floor beams
due to live loads must be less than 1/360 of the span (2000 International Building Code,
Table 1604.3). Doors must still open when the wind load changes direction and
magnitude, or as the building’s occupancy weight increases. Pre-fabricated units such as
shelves and ceramic plumbing fixtures must continue to fit in place. Brittle plaster ceilings
must not crack; their supports are limited in deflection to 1/360 of the span. 

Deflection of Vehicles. The distortion of vehicles such as automobiles, trains and
subway cars must be small. When passengers enter or exit a vehicle, it is essential that the
doors continue to operate. A requirement for the stiffness of an automobile chassis is that
the relative displacement of any corner point must be less than about 0.5 inches. Since a
chassis is typically 10-feet long, the ratio of displacement to the span is 1/240. 

These examples of the performance of load-bearing systems demonstrate that the
requirements across different industries are often similar.

Deflection of Aircraft Wings. By contrast with the previous examples, deflection is
rarely a limiting factor in aircraft. The maximum tip deflection/wing span ratio is on the
order of 1/12. The deflections in large aircraft are large enough to be observed visually,
which can be a little disconcerting to nervous passengers. Although there are large
deflections, airplanes still function properly and safely.

Overloading a Component
Fracture. In any manufacturing or construction program, it is impossible to avoid

flaws and cracks. A common source of flaws occurs during welding. If the size of a crack
introduced during manufacture of a component is greater than a critical crack length, then
when a sufficient load is applied, the component will fracture or break into two parts. The
larger the crack or flaw, the smaller the applied load that will cause fracture.

Yielding. Although a component may not break into two parts, the applied loads may
cause the material to permanently deform or yield. This plastic deformation is easily
demonstrated by bending a paper clip; when the paper clip is permanently deformed, it no
longer serves its intended purpose. A more significant example is seen in automobile
accidents. Crumple zones are part of an automobile’s design; the kinetic energy of a
moving car is partially dissipated by plastic deformation of its structure.

Fatigue. Fatigue is one of the most common modes of failure and occurs when the
applied loads are cyclic over time. Such failure is common in engines, and rotating shafts
and axles. An unfortunate feature of fatigue is that there is little indication that failure is
close at hand. One moment all seems well, and the next, the component has broken in two.
Fatigue failures tend to occur at locations where there is a change in component geometry
that causes the stress to be locally higher than the average stress.
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Corrosion. When steel is exposed to water and oxygen, the iron in the steel combines
with hydrogen and oxygen to form a surface layer of ferrous oxide – rust. The layer
becomes thicker with time and eventually spalls off. Consequently the less material is
available and the load-carrying capacity of the component is diminished. Steel surfaces are
often painted or coated to provide protection in a corrosive environment (the Golden Gate
Bridge is painted continuously).

1.5  Materials

Various systems are made from different materials. The choice of material depends on
the requirements and constraints of the application. A bridge is primarily made of steel
and concrete; a bicycle is made of aluminum or a composite material; an atomic force
microscope (AFM) is made of silicon nitride; hip replacements are made of titanium. Each
material was chosen for each application due to its particular properties or characteristics.
In this text, the more important properties include:

• density – the mass per unit volume of a material; 
- weight density – the weight per unit volume of a material; 

• strength – the maximum force per unit area that a material can support without
failure;

• stiffness – the ability of a material to resist deformation. 

If two bicycle frames with the same dimensions are built, one of steel and the other of
aluminum, the qualitative responses are similar, but the quantitative responses differ:

• steel is three times stiffer than aluminum, so under the same load (e.g., the weight of 
the biker), the aluminum frame deflects three times more than the steel frame; 
however,

• steel is three times denser than aluminum – the steel bike is three times as heavy.

Density is a physical property, a characteristic of a material’s physical nature. Strength
and stiffness are mechanical properties that characterize the material’s response when
subjected to forces and moments.

Other factors, such as ductility (material elongation at failure), corrosion resistance,
thermal expansion, heat and electrical conductivity, ease of manufacture, cost of raw
material, overall weight of the structure, etc., are also issues to consider when choosing a
material for a system.

Representative material properties are presented throughout the text, in Appendix B,
and in the Online Notes. These approximate properties should not be used for actual
design. Properties may also be found in printed references and on various web sites. When
designing and analyzing actual systems, the properties used should be those provided by
manufacturers or found through mechanical tests on the actual material.



8 Ch. 1 Opening Remarks
1.6  Factor of Safety, Proof Testing

Factor of Safety
The load at which a system fails is the Failure Load or Ultimate Load Pf , which is

determined by calculations or by actual tests on the component. The Design Load or
Working Load PD  is the maximum load that the system is expected to support during
service. This load is also referred to as the Allowable Load. The design load is determined
from the performance requirements, e.g., building codes.

The Factor of Safety F.S. is the ratio of the Failure Load to the Design Load:

[Eq. 1.2]

A Factor of Safety is used in design to account for uncertainties in loads, construction
methods and materials.

Factor of Safety values depend upon the industry. In construction, a typical Factor of
Safety is 2.0; the structure should support twice the maximum load that it is expected to
carry. Where the manufacturing environment is very controlled, such as in aircraft
engines, the F.S. can be made closer to 1.0. 

Example 1.1  Factor of Safety 

Given: A number of specimens are tested from a production
run of Steel A36 bars. Each bar has a cross-sectional area
A = 1.0 in2 (Figure 1.6), and on average, each supports at
least a 36,000-lb tension force before yielding (before it starts
to permanently deform). The steel designation A36 indicates
a material with a Yield Strength of 36,000 lb/in2 (psi).

Req’d: If the required Factor of Safety is 2.0 against
yielding, determine the Allowable Load (the Design Load, or
maximum Working Load), PD .

Sol’n:

Ans. Note: 1 kip = 1000 lb

In service, the bar should not be loaded to more than
PD = 18,000 lb.

F.S.
Pf

PD
-------=

PD

Pf

F.S.
---------- 36 000 lb,

2.0
----------------------- 18 000 lb,= = =

PD 18 kips=⇒

Figure 1.6.  A steel bar 
loaded with tensile 
force P. 
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Margin of Safety
In the aerospace industry, a common measure is the Margin of Safety. The Margin of

Safety, m, is the fraction of the Design Load that the Failure Load Pf is above the Design
Load PD :

[Eq. 1.3]

For an acceptable design, the values of m must be positive since F.S. > 1.0 to avoid failure.
In the above example problem, F.S. = 2.0, so m = 1.0. If F.S. = 1.5, which is common in
aircraft applications, then m = 0.5.

Proof Testing
Before purchasing an automobile, it is

common practice to give it a test drive to
determine if it meets your requirements.
Likewise, for many systems, it is important
to test them before they are placed into
service to prove that they work. A Proof Test
is especially necessary when the system or
construction methods are new, the structure
is difficult to analyze, or when the failure of
the system is dangerous to human life or can
cause significant damage to other systems.

The load at which a component or system is tested is called the Proof Load PP
(Figure 1.7). The Proof Load is greater than the Design Load PD (to prove that the system
will work at its maximum expected load), but less than the Failure Load Pf (the purpose of
the test is to prove the component works, not to break it). 

Pressure vessels, such as propane tanks or steam pipes, often contain gasses at high
pressure. Fracture of these vessels releases a large amount of energy that can tear a vessel
apart and result in serious injuries to people nearby. Even if the vessel does not
catastrophically fail, a leak in a toxic-gas vessel is dangerous.

The American Society of Mechanical Engineers (A.S.M.E.) Design Code for Pressure
Vessels specifies that pressure vessels are, in general, to be tested at a Proof Load of 1.5
times the maximum Working Pressure. Proof testing of gas pressure vessels is often done
with water because the energy stored in a pressurized liquid is much less than that in a
compressed gas under the same pressure. If the vessel breaks during testing, the water
simply gushes out of the vessel as opposed to there being a violent gas-explosion. 

Modern analysis techniques and experience reduce, if not eliminate, the need for proof
testing. However, whenever there is any uncertainty, a proof test should be performed.

m
Pf PD–

PD
------------------

Pf

PD
-------= 1 F.S. 1–=–=

Figure 1.7.  Graph showing the 
relationship between the various loads. 
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1.7  Unit Systems

There are two systems of
measurement used by American
engineers: (1) the U.S. Customary
System, English System or British
Imperial System, and (2) the
International System of Units, or
simply, the S.I. System (from the French
Système International d’Unités). The
most important units in this text are
force and length.

The U.S. Customary System
The unit of force in the U.S.

Customary System (U.S.C.S.) is the
pound (lb). One thousand pounds is
known as a kilopound, abbreviated as
kip (1 kip = 1000 lb). The unit of length
is the foot (ft). The inch (1 ft = 12 in) is
used for dimensioning parts and
specifying cross-sectional areas. The
unit of time is the second (sec). 

The S.I. System
The unit of force in the S.I. System is the newton (N). One thousand newtons is

known as a kilonewton, abbreviated as kN. The unit of length is the meter (m). The unit of
time is the second (s).

Order of magnitude in the S.I. System is efficiently indicated by adding a preface to
the base unit. For example, 0.001 meters (m) is a millimeter (mm); 1000 newtons (N) is a
kilonewton (kN); 1,000,000 watts (W) is a megawatt (MW). It is much easier to write and
read 1.0 MW than 1,000,000 W. In this way, the numerical values are kept at a reasonable
size – generally between 0.1 and 1000 – while the prefix (k, M, etc.) gives the order of
magnitude. The prefixes for the standard orders of magnitude in the S.I. System are given
in Table 1-2. Results are typically given using the standard S.I. prefix form.

Conversion
Four basic conversion factors for length and force are listed in Table 1-3. For

example, 1.000 m equals 39.37 in, and 1.000 lb equals 4.448 N. For back-of-the-envelope
approximations, 1 m is about 40 in or 3.25 ft (~1.5% error) or 3.0 ft (~8.6% error), and
1 lb is about 4.5 N (~1.2% error). 

Figure 1.8.  Comparison of length, area and 
force between U.S. and S.I. systems. 
(a) Length. (b) Area. (c) Two plates of the 
same material and same thickness, one 
weighing 1 newton, one weighing 1 pound. 
Note: Figures are to scale within each 
comparison (length, area, weight) only.

1 foot = 12 inches

1 meter = 39.37 inches

(a)

1 newton

1 pound(c)(b)

Square
Meter

Square Foot

1 lb = 4.448 N
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 * http://seds.lpl.arizona.edu/nineplanets/nineplanets/data.html Accessed January, 2005.
 ** http://physicsweb.org/articles/world/12/9/9 Accessed March 2005.

A table of conversion factors for length, force and temperature, and for other quantities, is
given in the Online Notes. Conversion calculators are also available at various Internet
sites and in computer analysis tools. 

Example 1.2  Converting Units 1

Req’d: How fast is 60.0 miles per hour (mph) in meters per second (m/s)?

Sol’n: The velocity V = 60.0 mph, is multiplied by various conversion factors as follows:

Ans.

In this example, a step-by-step conversion has been performed, using unit equalities that
the reader should be familiar with. The term in each set of parentheses is simply equal to
one (1), as shown here:

Table 1-2.  Standard prefixes of the S.I. System between 10–12 and 1012.

Letter 
Preface 

Preface Value Value Example

T tera- 1012 trillion Saturn is 1.43 Tm from the Sun (1,430,000,000,000 m)*

G giga- 109 billion 3.0 GHz (processor speed)

M mega- 106 million 50 MW (electrical power)

k kilo- 103 thousand 
8.288 kN = 2000 lb = 2 kips = 2 kilopounds (a force), 
1.28 km (length of central span of Golden Gate Bridge)

1 one m (meter), N (newton)

m milli- 10–3 one-thousandth 25.4 mm equals 1 inch

µ micro- 10–6 one-millionth 100 µm (diameter of human hair, or composite fiber)

n nano- 10–9 one-billionth the size of an atom is between 0.1 and 0.5 nm

p pico- 10–12 one-trillionth 200 pN (approximate strength of a chemical bond)**

Table 1-3.  Basic Conversion Factors for Length and Force.

To convert from multiply by to get. To convert from multiply by to get

inches, in 0.0254 meters, m 39.37 inches, in

pounds, lb 4.448 newtons, N 0.2248 pounds, lb

V 60 
miles
hour
------------- 5280 ft

mile
-----------------
 
  12 in

ft
------------
 
  2.54 cm

in
--------------------
 
  1 m

100 cm
------------------
 
  1 hr

60 min
-----------------
 
  1 min

60 sec
---------------
 
 =

V 26.8 m/s=⇒
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;

The unit names cancel just as if they were variables. For example, miles in the numerator
of the first term cancels with miles in the denominator of the second term:

Likewise, the other units cancel except for meters in the numerator, and seconds in the
denominator.

The Conversion Factor to convert from mph to m/s can be given directly as:

To convert any velocity from mph to m/s, multiply the numerical value of the velocity in
mph by the conversion factor, 0.447; e.g., 100 mph is:

Example 1.3  Converting Units 2

Given: Stress is an important quantity in this text. Stress is the intensity of force per unit
area, and so has units of lb/in2 or N/m2. 

Req’d: Convert a stress of σ = 10.0 ksi (kilopounds per square inch) to its S.I. equivalent
(MN/m2).

Sol’n: The stress of σ = 10.0 ksi is multiplied by conversion factors from Table 1-3:

Ans.

A good rule of thumb is illustrated here: to convert from lb/in2 to N/m2 (a N/m2 is a
pascal, Pa), the conversion factor is approximately 7000; e.g., 10 ksi ~
70,000 kN/m2 = 70 MN/m2 = 70 MPa. Alternatively, multiply lb/in2 by 7 and increase the
prefix by three orders of magnitude (e.g., 1 ksi ~ 7 MN/m2).

Most of the world currently uses the S.I. System (meters, kilograms and seconds). In
the United States, most scientific work is done in S.I. units. However, most U.S. industrial
work and day-to-day measurements are done using the U.S. System (feet, pounds and
seconds). While there has been a long-term effort to convert the United States to the S.I.
System, and the federal government requires the use of S.I. units in technical reports, the

5280 ft 1 mile
5280 ft
1 mile
-----------------→= 1= 60 min 1 hr

1 hr
60 min
-----------------→= 1=

V 60 
miles
hour
------------- 5280 ft

mile
-----------------
 
  60 5280×( ) 

ft
hr
-----==

Vm/s

Vmph
------------ 26.8 m/s

60.0 mph
----------------------- 0.447 

m/s
mph
----------= =

100 mph( ) 0.447 
m/s
mph
----------

 
  44.7 m/s=

σ 10.0
3×10

lb

in2
------- 39.37 in

1.00 m
--------------------
 
 

2 4.448 N
1.00 lb
-------------------
 
  6.894

7×10
N

m2
-------= =

σ 68.9 MN/m2=⇒
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American engineer will need to work in both systems – U.S.C.S. and S.I. – for years to
come. Engineers must be aware of the differences between the two systems, and always
communicate which system they are working with. 

Mass and Weight
The difference between mass and weight (force) can be a source of confusion, so a

word may be appropriate here.

Mass

Mass is the amount of matter (very simply, the quantity of protons and neutrons) that
an object is composed of. The mass of an object is constant regardless of where it is in the
universe. 

Newton’s Second Law states that the vector acceleration a of an object is proportional
to the resultant force F acting on it, and that a is in the direction of the force. For an object
of mass m, the relationship is: 

[Eq. 1.4]

Mass is therefore a measure of an object’s inertia – the resistance the object has to changes
in velocity. The more mass an object has, the more force is required to give it a certain
acceleration (change in velocity).

In the S.I. System the unit of mass is the kilogram (kg). The kilogram is one of the
base or fundamental units in the S.I. System (the meter and second are two others). The
S.I. unit of force, the newton, is a derived unit. One newton is required to accelerate 1 kg
by 1 m/s2:

[Eq. 1.5]

In the U.S. Customary System, the unit of mass is the slug. The slug is a derived unit,
defined in terms of the U.S. base units of pound, foot and second. One pound is required to
accelerate 1 slug by 1 ft/s2:

[Eq. 1.6]

Weight
Weight is the force of gravitational attraction of the earth on an object: 

[Eq. 1.7]

where g is the acceleration of gravity, taken as constant at the surface of the earth. In the
S.I. System, the standard value of g is 9.81 m/s2, and in the U.S. System, the standard
value is 32.2 m/s2. Since g has units of acceleration, weight has units of force. Note that
weight is proportional to mass.

In the S.I. System the unit of weight (gravitational force) is the newton. A mass of
1 kg weighs 9.81 N. In the U.S. System, a mass of 1 slug weighs 32.2 lb.

F ma=

1 N = 1 kg( ) 1 m/s2( )

1 lb = 1 slug( ) 1 ft/s2( )

W mg=
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[Eq. 1.8]

[Eq. 1.9]

Away from the earth – in space, on the moon, or on another planet – the weight of an
object is still proportional to its mass, but the effective value of g varies per Newton’s
Universal Law of Gravitation. Unlike mass, weight does depend on where an object is in
the universe.

When to multiply by g
The weight of an object in the metric system is often given in kilograms (or kilogram

force, kgf), which in a scientific context is its mass. If the weight (mass) of an object is
given in kilograms, it is necessary to multiply by the acceleration of gravity g = 9.81 m/s2

to obtain the weight (gravitational force) in newtons.

When weight is given in newtons, it is not necessary to multiply by g.

In the U.S. System, weight is given in pounds, the unit of force; it is not necessary to
multiply by g.

1.8  Coordinate Systems

Most problems in this text use the
standard cartesian (x-y-z) coordinate
system, and many problems can be
reduced to a planar or two-
dimensional x-y-coordinate system
(Figure 1.9). In 2-d, the x-direction is
commonly drawn horizontal, the y-
direction vertical, and the z-direction
is out of the paper (Figure 1.9b).

There are times when these
directions are not convenient. It is
often useful to have the x-axis
correspond to the axis of a rod or a
beam, and this may not coincide with
a horizontal line on the paper
(Figure 1.10b). To avoid confusion, it
is a good idea to draw the coordinate
system triad, or at least the two in-
plane axes, on each drawing.

Sometimes, more than one
coordinate system in necessary to
describe a system and its components.

9.81 N = 1 kg( ) 9.81 m/s2( )

32.2 lb = 1 slug( ) 32.2 ft/s2( )

Figure 1.9.  (a) 3-d and (b) 2-d coordinate 
systems.
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y
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x
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A set of axes associated with the entire
structure is called the global coordinate
system (X-Y, Figure 1.10a), while a set of
axes specific to a particular member is a
local coordinate system (x-y, Figure 1.10b).

The Right Hand Rule
The cartesian coordinate system consists

of three orthogonal (mutually perpendicular)
axes. The positive direction of the z-axis
(third axis) is defined by the Right Hand
Rule. The positive directions of the x- and y-
axes are 90º to each other, with the +y-axis
being found by rotating counterclockwise
from the +x-axis.

The Right Hand Rule is performed as shown in Figure 1.11. Using the leftmost figure,
the fingers of the right hand are initially pointed in the +x-direction (palm upward). The
fingers are then closed upon themselves (counterclockwise) towards the +y-axis, wrapping
around the z-axis. The direction of the right thumb is along the +z-axis.

The Right Hand Rule is important when defining the positive and negative sense of
torques and moments (loads acting in one plane that cause twisting or bending about a
third axis). Mathematically, the Right Hand Rule gives the direction of the cross-product
result of two vectors. The cross-product of the x- and y-direction unit vectors, i and j, is the
unit vector in the z-direction: k = i × j.

Position, Displacements and Angles
The position of a point is indicated by its x-y-z coordinates. The displacement (change

in position or movement) of a point in the x-, y- and z-directions are u, v and w,
respectively. Displacements are positive if they are in the same direction as the positive
axis of interest; otherwise they are negative.

Figure 1.11.  The Right Hand Rule. Positive moment about each axis, 
using the unit vectors: (a) i × j = k, (b) j × k = i, and (c) k × i = j.

Figure 1.10.  (a) Truss ABC in the 
traditional X-Y set of axes. (b) A set of 
axes based on the orientation of a 
particular member is a local coordinate 
system, while a set of axes describing 
the entire system is a global coordinate 
system, e.g., Part (a).
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Angles are positive counterclockwise – in the same sense as the Right Hand Rule
(Figure 1.11).

Forces
A force F is a vector:

F = Fxi + Fyj + Fzk [Eq. 1.10]

with scalar components in the x-, y- and z-directions, Fx , Fy and Fz , respectively. If the x-
component of the force acts in the positive x-direction, then scalar component Fx is
positive. If the x-component of the force acts in the negative direction, then component Fx
is negative. The same rules hold for the y- and z-components.

Moments and Torques
A moment M is also a vector:

M = Mxi + Myj + Mzk [Eq. 1.11]

with scalar components Mx , My and Mz (Mx acts
about the x-axis). When the x-axis corresponds
to the axis of a shaft or beam, the x-component
Mx is known as the torque. 

A component of the moment (e.g., Mz) is
positive if it causes counterclockwise rotation
about its corresponding positive axis (e.g., the
positive z-axis). The positive sense about each
axis is illustrated in Figure 1.11.

A moment or torque is represented in this
text in one of two ways: by a curved (circular)
arrow about an axis, or by a straight vector with
a double arrowhead (Figure 1.12). 

In Figure 1.13, the planar object (pinned at
Point A and rotating about the O-O axis
perpendicular to the object) is acted on by force
F at Point B. The moment arm is d – the
perpendicular distance from the moment center
(Point A) to the line of action of the force. The
resultant moment about Point A, M = Fd, is
represented by either the circular arrow, or the
double-headed vector. The curved arrow is the
path that the fingers of the right hand follow
when performing the Right Hand Rule. The
double-headed vector defines the axis and

Figure 1.12.  The Circular Arrow in 
the x-y plane indicates twisting about 
the positive z-axis. The Double 
Arrowhead Vector along the +z-axis 
represents the same action.

Figure 1.13.  The Right Hand Rule.
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direction of rotation, with the arrow coinciding with the direction of the thumb during the
Right Hand Rule.

1.9  Numbers

Significant Digits (Significant Figures)
When using a calculator, it is tempting to write down all ten digits that the calculator

might display. Engineering solutions should conform to the rules of Significant Digits or
Significant Figures. These rules may be reviewed in any basic chemistry or physics
textbook. The number of significant digits indicates the precision to which a value is
known. For example, reporting a force of 34.32 N implies that it is known to ±0.01 N;
writing it as 34 N implies that it is known to ±1 N.

A calculated answer should contain no more significant digits than the number of
significant digits in the given data. For example, if a rectangle is measured to be 5.72 by
4.39 inches (three significant digits each), and the area is to be determined, a calculator
will display six digits: 25.1108 in2. Since there are at most three significant digits in the
given data, the area should be given to three digits: 25.1 in2. Any more digits in the result
would imply that the calculated area is known to a better degree of precision than the
actual measurements. The 6-digit answer implies a precision of ±0.0001 in 25.1108
(0.0004%), while the best measurement only has a precision of ±0.01 in 4.39 (0.2%).

Care should be taken not to round intermediate answers too soon during a solution.
This will cause a loss of accuracy in the final answer. If the final answer is to have three
significant digits, intermediate steps should use at least four, if not more, significant digits.

Engineering Data and Estimates
Most engineering data is only reliable to two or three significant digits, so realistic

answers generally have no more than two or three significant digits. Typical textbook
problems are usually assumed to be good to three digits. 

Estimates, error calculations, and other rough calculations using approximate data, are
given to one, or at most two, significant digits.

Angles
Since angles are a measure of direction rather than magnitude, they do not follow the

standard rules of significant digits. The final answers for angles should consistently be
given to the same number of digits beyond the decimal point; e.g., to one decimal point:
21.3° and 221.3°, not 21.3° and 221°.

To avoid round-off error when using trigonometric functions, angles in intermediate
calculations should generally be taken to two decimal places.
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Engineering Notation
When writing very large or very small numbers, it is convenient to use engineering

notation. Engineering notation is scientific notation except that the exponent must be
divisible by three. In scientific notation 23,500 is 2.35×104; in engineering notation it is
23.5×103. In engineering notation, the numerical value is generally written so that it is
between 0.1 and 1000.

Engineering notation coincides with the standard S.I. prefixes, which change every
three orders of magnitude (e.g., kilo = 103; mega = 106, etc.). Engineering notation is thus
preferable to scientific notation. Final results should be written using either engineering
notation or S.I. prefixes.

Finally, when writing a number less than 1.0, a zero should be placed before the
decimal point, e.g., one-fourth is “0.25”, not “.25”. Not including a zero may lead to the
decimal point being overlooked, or may leave the reader wondering if there should be a
non-zero number in front of the decimal point. Engineering communication should be
clear and without sources of possible confusion.

1.10  Analysis and Problem Solving

The first step in analyzing any problem is to define the problem as accurately as
possible. What is the intended function of the system? What is its overall geometry and
shape? What materials are to be used? What are the loads? How are they applied to the
system? How is the system supported? What is known? What is unknown? What are the
constraints? 

It is vital to make a sketch, no matter how simple, of the basic system geometry and
expected loads. A sketch or drawing helps in visualizing the problem, and in getting ideas
across to other engineers reviewing the problem, as well as to managers, customers, etc.
Free Body Diagrams showing the forces acting on part of the system or on the entire
system, are invaluable to the solution process. An error in the FBD will result in the entire
analysis being incorrect.

It is wise to stop and think about a problem before using an equation that happens to
have similar variables as the quantities listed in the problem statement. There are many
equations that solve for the quantity known as stress, but only one will fit a particular
situation. First understand what is physically going on in the problem, and then select the
appropriate solution method and equation(s).

While the correct content (the solution process) and the correct result are the goals,
presentation is important. Homework grades can sometimes be based on the neatness and
clarity of student work. There is little value in a solution that cannot be clearly presented
to others. The care taken as a student to do presentable work that logically leads the reader
through the solution process will help develop those skills necessary to do presentable
work as an engineering professional.
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In this text, the examples follow a consistent format, already illustrated. The Given
information (i.e., the system and the knowns) and the Required result (i.e., what needs to
be solved) are first stated: (“Given:”, “Req’d:”). A figure of the problem at hand is given,
followed by a free body diagram and other sketches. The problem solution is then
presented (“Sol’n:”). The final answer, including appropriate units, is underlined. Your
instructor may ask for a similar format to be followed; your solution will then be a stand-
alone document, without need for the reader or yourself to refer back to the original text.

1.11  Modeling

Modeling
The process involved in deciding which college to attend, which career to follow or

which house to buy, is complicated. To make a good decision requires a good strategy
supported by information. The process of developing the strategy combined with
information is referred to as modeling. A model is used to predict what will happen in the
real situation.

Business models and economic models are used to help make financial decisions. In
the same way, an engineering model is needed to design, develop and analyze a new
product. The modeling process is rarely clear cut, with advantages and disadvantages
associated with different models, but even simple (but correct) models help to clarify
understanding and guide a rational decision making process. A good model is one that can
be used repeatedly for different circumstances.

A good drawing or sketch helps to formulate a good model. Many projects involve
people from different disciplines working together. Communication is most effective
when the objective is clear and the participants can explain their work to others. 

At the early stages of the design of a new product, it is most productive to use the
simplest model possible. Basic design decisions can then be made with little cost and
within a reasonable time. As the design evolves, more details can be introduced. In this
way, the progress of the design remains in the hands of the designer. It is easy to make
models and problems complicated. It is more difficult to keep them simple. 

Effective models are detailed enough to realistically describe the physical
phenomenon, but simple enough to keep the calculations cost-effective.

An Example of a Simple Model
A simple model that leads to simple calculations, and that is useful in practice, is the

two-bar model shown in Figure 1.14. The model consists of two bars, Bars 1 and 2, each
supported at one end by a solid foundation which holds them in place, and at the other end
by a rigid boss that is constrained to move in the same direction as the axes of the bars.
Force F is applied to the boss, and the system elongates by distance δ.
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Two examples for which this model is
useful are in modeling composite materials
and in modeling surface coatings on metal
components (Figure 1.15). 

A composite material is one in which
two discrete materials are combined to form
a new material with superior properties. One
of the most common is reinforced concrete,
where steel bars are strong in tension, and
the concrete matrix is less expensive,
formable, and strong in compression.
Modern aircraft and space vehicles are made
of composite materials in which strong
small-diameter fibers are set in a polymer
matrix. This combination makes for a strong
and light-weight structure. In 1986, Burt
Rutan’s Voyager, completely constructed
with composites, made the first-ever non-
stop, un-refueled flight around the world. 

Turbine blades in aircraft engines
consist of a metal structure with a ceramic
coating. The metal provides the strength,
while the ceramic thermal barrier coating
protects the metal from exposure to high
temperatures.

The performance of both composite and
coated systems can be studied with the two-
bar model. For the composite, one bar
represents the fibers and the other the
matrix; for the coated substrate, one bar
represents the coating and the other the
substrate. Once the model has been set up,
application of loads to these two different
technical problems is simple and computer
design studies relatively easy. Basic design
decisions based on these calculations can
then be made before more expensive and
time-consuming analyses are performed.

Figure 1.15.  (a) Unidirectional 
composite. The fibers may be modeled 
as Bar 1 and the matrix as Bar 2 in 
Figure 1.14. (b) Coated substrate. In a 
1-dimensional analysis, the coating can 
be modeled as Bar 1 and the substrate 
as Bar 2.

Figure 1.14.  A two-bar model. The bars 
may have different cross-sectional areas 
and be made of different materials.
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1.12  Computer Tools

Provided that a model is sufficiently simple, it is possible to carry out the design and
analysis of an engineering system a with pencil, paper and a hand-calculator. A design
notebook containing calculations, graphs and hand-sketches tracks the history and
progress of the design and analysis. 

However, engineering systems can be very complex, requiring many design iterations,
each iteration possibly requiring many difficult and/or lengthy calculations. Computers are
very efficient in performing mathematical operations, and thus provide an invaluable tool
for the modern engineer in determining the reliability of a system. 

Software packages such as MATLAB and Mathcad have been developed to model the
pencil-paper-calculator approach to analyze a system. Spreadsheet programs such as
Microsoft Excel can be configured to automatically perform numerous calculations and
compare data. Many pages of the traditional design notebook have been replaced by
electronic files. However, there is still great value in being able to draw an appropriate
sketch, perform hand-calculations, and have a feeling for how the system will respond.

There are advantages to using computer software. Many basic and complex
calculations are easily carried out and results and graphs are quickly generated. MATLAB
and Mathcad can be used to symbolically manipulate algebraic equations and to perform
calculus operations. The grunt work of traditional pencil-and-paper methods is greatly
eased and the analysis of the system accelerated. However, it takes time and commitment
to learn how to correctly and effectively use any software package, and to understand its
limitations.

Also available are Finite Element Analysis (FEA) packages that are capable of
analyzing very complex systems in 2- and 3-dimensions, containing thousands of
structural members or elements. The use of these powerful tools should be delayed until
the step-by-step traditional practice of carefully solving and understanding problems is
complete and the results of a complex computer analysis can be properly understood and
appreciated. 

The engineer should have a rough idea from paper calculations what output to expect;
there should be no major surprises. An unexpected result may mean an error in
formulating the model (“garbage-in, garbage-out”), an analysis that is beyond the limits of
the software, or a misunderstanding of the physical principles that govern the problem. It
is very embarrassing to present the results of complex work using an expensive software
package only for someone to notice a very simple error. Computer tools rarely come with
a guarantee of reliability. If a design fails because of error in the software, the
responsibility for failure rests with the engineer.

Software is also available on the Internet for specialized calculations. Calculations
required to rotate the 2-dimensional stresses that develop in a material occur commonly in
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practice. Software to complete these repetitive Stress Transformation calculations is
available in the Online Notes. 

Another example of an online tool covering a specialized topic is at
www.fatiguecalculator.com. Software is available to determine the life of systems
subjected to cyclic loading. This site is a reliable source for material fatigue properties,
fatigue life predictions and stress concentration factors.

In addition to printed references, each engineer should build a library of software
packages and Internet sites that fit his or her particular needs. These are the electronic
tools and resources that help in the design and analysis of new systems.
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