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Preface

Perhaps surprisingly for someone fascinated by physics from an early age, I never
planned to study the subject at university. Instead I grew up with my heart set on a
career in the entertainment industry, and spent my teenage years training as a singer
and trying to learn all I could about stagecraft and how to survive in show-business.
During school holidays I could often be found in the wings of various theatres
around the UK watching friends performing in shows, and studying their inter-
actions with the audience.

Of course I was only allowed to stand in certain places so that I was not only out
of sight of the audience but also well out of the way of scenery, props, and lighting
being moved around by the stage technicians. My curiosity about science coupled
with a growing habit for asking questions about anything I didn’t understand meant
I was soon familiar with some of the physics and technology used in theatrical
productions.

After a nasty bout of glandular fever damaged my singing voice, I needed to re-
think my career options and as a result I applied to take a degree in physics. Fast
forward through my doctorate and nearly 20 years of working as a freelance science
writer and broadcaster and those early experiences, together with my fondness for
visiting art galleries and learning about fashion history and different disciplines of
design, led me to come up with the idea for this book which explores some of the
physics and technology inherent to the arts, design and architecture.

My main aim for the book is to give students, and other interested readers, an
insight into the diverse range of applications for physics outside of the scientific
research environment. To help achieve this, I have chosen to cover several different
areas of the arts and design ranging from stage lighting to the creation of sculpture.
In each case I have interviewed experts working in that sector, who have generously
given up their time to explain how physics and technology impact on their work, and
also provided some stunning images.

Since I am hoping this book will be useful for readers with a wide range of
backgrounds, I have kept the number of equations low, and explained the less
familiar scientific terminology and notation. I have also presented the more detailed
physics in boxes interspersed among, but separate from, the main text.

I make no apology for choosing to write about topics that I have a personal
interest in—and in some cases have previously written articles or broadcast about—
as I suspect I won’t be alone in my enthusiasm for these subjects! I hope they will not
only provide an interesting general read, but also some useful examples of how the
physics encountered in taught courses relates to the real world. As someone who has
written extensively about careers, and has had to re-assess their intended profes-
sional path, I also hope the contents of this book might inspire readers as yet
undecided on their future career, or looking for a change in direction, to think about
career options that they might not otherwise have considered.
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Chapter 1

Introduction

Whether you’re hearing about the latest physics breakthroughs on the news, or
attending university lectures and labs given by physicists, it can be easy to think of
physics as purely an academic subject that is separate from the other aspects of your
life. But physics does more than just describe how all types of matter and energy
behave, and so reveals how almost everything around us, and even within us, works.
Physics-based technologies are integral to many of the everyday work and leisure
activities we carry out when science is the last thing on our minds.

In this book we will explore applications of physics in the visual and performing
arts, as well as in the design of some of our houses, and of our clothing and footwear.
We will see how professionals in many different fields use physics and physics-based
technologies in their day-to-day working lives. We will also discover how in some
cases developments in physics have led to revolutions in seemingly unrelated areas.

For instance, as we will see in chapter 2, physics is utilised by sculptors who are
creating public artworks with the help of laser-line generators, CAD packages (see
figure 1.1), flame cutting, and the results of stress calculations.

Chapter 3 describes how theatrical productions are enhanced thanks to modern
variations on physics-based techniques that have helped wow audiences for
centuries. While stage lighting has changed dramatically since the torches and
candles used to light some of the earliest productions, the rope and pulley systems
used to raise and lower scenery have changed very little in the last 400 years.

Many of us also enjoy being entertained in the comfort of our own homes via
television and radio. Chapter 4 explores the physics behind sound recording for
radio and television, while chapter 5 reveals how musical instruments create their
own distinctive sound and how professional musicians harness physics phenomena
to help them produce the sounds they want.

In chapter 6 we hear how ultrasound and laser welding are starting to be used by
the fashion industry for mass manufacturing of seam free garments, and how
some designers are incorporating physics-based technologies into their clothing

doi:10.1088/978-1-6817-4469-8ch1 1-1 ª Sharon Ann Holgate 2017
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Figure 1.1. CAD drawings of the stainless steel and stone sculpture Glorious Beauty by Simon Hitchens,
including details of the 75 mm diameter stainless steel rod stabilising the structure, and the underground
stainless steel base plate with welded-on stainless steel blocks which the sculpture is bolted and resin bonded to.
(ª Simon Hitchens. Reproduced with permission.)
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(see figure 1.2). This chapter also describes how physics can be used to produce
innovative footwear designs (see figure 1.3).

The final chapter, chapter 7, discusses the role of physics in producing sustainable
and visionary architecture. As this chapter reveals, physics-based technologies such
as solar panels and heat exchangers are enabling buildings to use much less energy
(see figure 1.4), while the possibilities offered by augmented reality are inspiring
visionary architects.

For each chapter, I have spoken with experts working in the respective fields, who
have given an insight into their work and how physics impacts on it. Additional
details about the physics mentioned, and related physics topics, are presented in
boxes interspersed among the main text.

Throughout this book I have used the S.I. system of units when describing the
sizes of measurable physical quantities—which include mass, length, pressure,
electric charge, and time. This system of units—Système Internationale d’Unités

Figure 1.2. Thunderstorm dress by Amy Winters, with electroluminescent panels which respond to sound
detected via an embedded microphone and sound sensor. (Photograph ª Amy Winters. Reproduced with
permission.)
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to give it its full title—is, as its name suggests, the internationally agreed system for
detailing the sizes of physical quantities. One of its main advantages is removing any
confusion that can be created by using different systems of units to describe the size
of the same quantity, and hence having to convert numbers from one unit to
another. Such as, for instance, converting a temperature measured in Fahrenheit

Figure 1.4. Siemens new HQ in Munich, Germany has a range of features to make it as sustainable as
possible. These include triple glazing, solar panels that will generate about a third of the building’s electricity,
and LED luminaries that consume around half the electricity required by conventional lighting. (Courtesy of
Siemens. www.siemens.com/press.)

Figure 1.3. Resin shoe by Chau Har Lee made by 3D printing. (Photo by Charlotte Visser. Courtesy of Chau
Har Lee. Reproduced with permission.)
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into its S.I. unit of Celsius. Table 1.1 shows a selection of physical quantities along
with their associated S.I. unit, while table 1.2 lists the prefixes used to describe
multiples of S.I. units.

As table 1.2 reveals, some prefixes are uppercase, and others are lowercase. It is
important not to muddle the two as the same letter can represent very different sized
units. For example, lowercase m stands for milli while M denotes mega. Different
countries can vary in how they use S.I. units. In some countries for instance drinks
are labelled in cl while in other countries the labels show the quantity in ml.

Table 1.1. Some physical quantities and their respective S.I. units.

Physical quantity Name of S.I. unit Symbol of S.I. unit

mass kilogram kg
time second s
length metre m
electric current ampere A
electric potential volt V
luminous intensity candela cd
illuminance lux lx
force newton N
pressure pascal Pa
power watt W
frequency hertz Hz
energy joule J

Table 1.2. Prefixes used to describe multiples of S.I. units (a) getting smaller, where 10−3 is a shorthand way of
writing 0.001, and 10−6 is equivalent to 0.000001, and so on. Part (b) shows the prefixes for getting bigger,
where 102 is equivalent to 10 × 10 i.e. 100, and 103 is mathematical shorthand for 10 × 10 × 10 i.e. 1000, and
so on.

(a) (b)

Factor Prefix Symbol Factor Prefix Symbol

10−1 deci d 10 deca da
10−2 centi c 102 hecto h
10−3 milli m 103 kilo k
10−6 micro μ 106 mega M
10−9 nano n 109 giga G
10−12 pico p 1012 tera T
10−15 femto f 1015 peta P
10−18 atto a 1018 exa E
10−21 zepto z 1021 zetta Z
10−24 yocto y 1024 yotta Y
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As Greek letters are used to describe some of the quantities covered in this book,
table 1.3 provides a quick reference point for the Greek alphabet.

Each chapter concludes with some suggestions for further reading and a selection
of web links—including links to video footage and additional photographs—that
will enable the work of the various interviewees, and in some cases the physics topics
covered, to be explored further.

Although there are some trends emerging, it is difficult to foresee exactly what
impact current physics research will have on the arts and design. But for the next few
decades at least the influence of physics, and the technology it helps create, looks set
to continue shaping not only the aesthetics of our surroundings, but how we are
entertained, and what we wear.

Table 1.3. The Greek alphabet.

Capital letter Lowercase letter Name

Α α alpha
Β β beta
Γ γ gamma
Δ δ delta
Ε ε epsilon
Ζ ζ zeta
Η η eta
Θ θ theta
Ι ι iota
Κ κ kappa
Λ λ lambda
Μ μ mu
Ν ν nu
Ξ ξ xi
Ο ο omicron
Π π pi
Ρ ρ rho
Σ σ sigma
Τ τ tau
Υ υ upsilon
Φ φ phi
Χ χ chi
Ψ Ψ psi
Ω Ω omega
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Chapter 2

Where art meets technology—using physics and
materials science to create and install sculptures

2.1 Introduction
When we stop to look at a public sculpture, we are likely to consider a range of
things such as its shape and form, what the sculpture means to us, how we feel about
its relationship with its environment, and whether we actually like it or not. But how
many of us think about what goes into creating and installing that artwork? As this
chapter will reveal, physics and materials science play a large part in bringing public
sculptures to life.

We will first hear how sculptor Simon Hitchens, whose intriguing work I
originally encountered at an exhibition in 2010, has used physics and technology
to help create public sculptures in a variety of materials including stone and
polyurethane resin. This includes employing a CAD package, and carrying out
stress calculations. Sculptor Juanjo Novella then explains how his beautifully
intricate machine-cut steel sculptures—which I discovered online while researching
for a Materials World feature—are brought to life with the help of computers and
industrial flame cutting machines.

Thanks to my favourite sculptor Philip Jackson, whose studio work of masked
Venetian figures has captivated me for over 20 years, we will next discover the steps
taken to create work ready for casting in bronze. Philip also reveals how he uses laser-
based technology to help with the welding together of his sculptures after casting.

Sarah Craske and Stephen Melton who operate a foundry at SPACER then
describe the basic steps in the centuries-old ‘lost wax’ casting process. I first
interviewed Sarah and Stephen for my Materials World feature (which forms the
origin for this chapter) having discovered Sarah’s work via a book she has written
about bronze casting (see references). In this chapter we will see how they are
evolving the lost-wax process via their commitment to the use of greener materials
and green energy.

doi:10.1088/978-1-6817-4469-8ch2 2-1 ª Sharon Ann Holgate 2017
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The chapter concludes with a look at the working practices of Jonathan Hateley,
a sculptor whose work I first admired at a sculpture exhibition in 2009. Jonathan
describes how he creates works in bronze resin thanks to the use of a range of
materials including fibreglass and silicone, and a diamond grinding tool.

2.2 Working with varied materials
For Simon Hitchens, a UK based sculptor whose public commissions include Unity
in King’s Cross, London, (see figure 2.1) and Glorious Beauty in Kensington in
London (see figure 2.2), physics and computing are often an integral part of the
creative process. He sometimes uses computer modelling prior to beginning a
sculpture if he needs to create a CGI model as well as a physical one to show the

Figure 2.1. Unity by Simon Hitchens. (a) The sculpture in situ in King’s Cross, London; (b) Unity’s granite
block being cut; (c) Simon using a power tool to carve the granite half of Unity; (d) holding down bolts going
through the resin and granite bases of Unity. (ª Simon Hitchens. Reproduced with permission.)
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prospective sculpture to clients, and has used technology in various ways to create
his finished works.

‘I find it really fascinating to make sculptures that I have to scratch my head
about how on earth it is going to be made. It’s worth getting up in the morning if I’ve
got a challenge to do something new and different and push my limits [by] working
technologically or materially in different ways,’ says Simon.

He first used a digital method of creation for Glorious Beauty, which has a lost
wax cast (see section 2.5) stainless steel top section that closely mirrors a garnet
amphibolite boulder beneath (see figure 2.2(a)). ‘I took the boulder, laser scanned it,

Figure 2.2. Glorious Beauty by Simon Hitchens. (a) The sculpture in situ in Kensington in London; (b) the base
showing the three stainless steel blocks welded to a stainless steel base plate that the sculpture is bolted and
resin bonded to. (ª Simon Hitchens. Reproduced with permission.)
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and [digitally] flipped the boulder turning it inside out to make the mirrored form of
the stainless steel section,’ he explains.

For another sculpture, this time made from stone, Simon used CAD to turn his
drawings and calculations of the sculpture into a 3D digital model. This could be
twisted around and sliced up to help him determine down to the millimetre where to
place the guide lines for cutting into the raw stone block from the quarry.

Computers are also employed to carry out calculations to ensure his public
sculptures are safely supported. The external forces acting on sculptures can come
from accidental collisions, high winds, vandalism, people climbing over them, or
from their own weight, explains Simon, who sometimes consults structural engineers
to calculate these stresses. The results of their stress calculations together with their
computed values for the centre of gravity, toppling points, and thermal expansion
rates enable Simon to design suitable bespoke supports and bases for his sculptures.
(See box 2.1 for more on stress.)

‘Most of my sculptures are reasonably heavy and they actually stand up quite
happily under their own weight without any securing or pinning. Obviously that
can’t happen in the public realm, but they are that stable. So if you then
mechanically fix them to large concrete foundations you cannot push them over.
These sculptures are designed to be up for 100 years and look as good, hopefully, as
they do today,’ continues Simon, whose sculptures are generally supported by
stainless steel.

For example, Glorious Beauty is stabilised via ‘a 600 mm long stainless steel solid
rod about 75 mm in diameter. This goes from the very top inside the hollow stainless
steel boulder, through its bottom where it touches the stone boulder and then carries
on for 600 mm down into the heart of the stone where it is resin bonded in place.

Box 2.1. Stress

In physics and materials science, stress is defined as the force per unit cross-sectional
area acting on a material object. When stress is applied to a solid material, it causes the
material to deform and so change shape. The S.I. derived unit for stress is the pascal
(Pa), which is named after the French mathematician and physicist Blaise Pascal
(1623–62). 1 Pa is equivalent to 1 N m−2 (one newton per square metre), as can be seen
from the following simple equation for stress

σ = F
A

(2.1)

where σ is the stress in pascals, F is the force in newtons and A is the cross-sectional
area in metres squared of the solid material that the force is acting on.

There are three different types of stress: tensile stress, compressive stress, and shear
stress. Each type causes a different change in shape, as shown in figure 2.3. While
tensile stress pulls on an object and stretches it, compressive stress squeezes an object
and squashes it, and shear stress creates a distortion.
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So those two units that look precariously balanced are not,’ he says. (Figure 1.1
reveals the positioning of the stainless steel rod inside the sculpture.) Glorious Beauty
is also bolted and resin bonded to three stainless steel blocks (see figure 2.2 (b)) that
are welded to a buried stainless steel base plate.

Physics calculations do not only play a role in fixing Simon’s sculptures. To
create Unity, Simon says he needed to consult the engineer he regularly works with
to gain a thorough understanding of the thermal expansion properties of the
materials used and how they would operate together. (See box 2.2 for more on
thermal expansion.)

Although at first glance they appear to be touching, he explains that the granite
half and cast polyurethane resin half of Unity had to be installed such that a 10 mm
gap was left at the closest part ‘to allow the resin to expand and contract throughout
the day on hot days and cool evenings’. Because the resin expands by around 0.25%
over 20 °C, without the gap ‘the daily 1 cm expansion would cause the middle part of
the sculpture to gradually wear away,’ says Simon. He also needed to take the
thermal properties of the resin into account while creating Unity, as he explains.
‘This resin shrinks by approximately 2% while it cures so I took a cast of the stone
form then built this up with modelling wax to give an oversized mould for the resin
so that when it shrank it matched.’

2.3 Machining sculptures from steel
When starting a new commission the first step for sculptor Juanjo Novella is to
create a reduced-size model of the finished steel sculpture. ‘My approach to projects
is always through models rather than drawings. These models are created from the
same material as the final sculpture, which is machine-cut steel. Developing a project
directly from models allows me to be involved with the project from a sculptural
sense, meaning that I am working with physical things, spaces, and actual concepts,
not only with ideas. Also, by using the same material and shape on models you can
best anticipate any kinds of issues that could arise on the real-life large sculpture,’
says Juanjo, whose public sculptures include Welcome to my Safe Home, to my
Sheltered Haven in Nelson, New Zealand (see figure 2.4(a)), Durango in Abu Dhabi

Tensile
Compressive

Shear

Figure 2.3. The type of deformation produced by the three different types of stress—tensile stress,
compressive stress and shear stress. The bold lines in each of these drawings represent the shape of the
original object, while the dotted lines indicate the shape changes produced by the stress.
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Box 2.2. Thermal expansion

It is not just sculptors who have to allow for solids expanding and contracting as their
temperature alters. Architects and designers need to take expansion and contraction
into account when they design any construction or object that will be exposed to a
range of different temperatures. For instance, the arch of Sydney Harbour Bridge
in Australia can become 18 cm higher on a really hot day, so this change must be
allowed for.

For a reasonably wide range of temperatures, if a solid rod is heated the resulting
increase in its length is proportional to the increase in temperature. This relationship is
shown mathematically in the following equation

αΔ = Δl
l

T (2.2)l
0

where l0 is the length of the rod before it is heated, Δl is the change in its length, ΔT is
the change in temperature and αl is the ‘linear coefficient of thermal expansion’ for
whatever material the rod is made from.

Table 2.1 shows the value of the linear expansion coefficient for a variety of solids.
αl increases as the temperature rises, and table 2.1 shows the room temperature values.
When making any object, including a sculpture, from two or more different materials it
is best to choose materials that have similar thermal expansion properties. This is
because different rates and amounts of thermal expansion in the different materials will
produce mechanical stresses that can cause damage to the object.

Equation (2.2) can be adapted to represent the changes in volume that occur when a
solid expands by replacing the initial length and the change in length by initial volume
and change in volume respectively, and αl by αv which is the ‘volume coefficient of
thermal expansion’. For a lot of materials αv has a different value along different
directions in the material.

Table 2.1. The room temperature linear thermal expansion coefficient, αl,
for a selection of solids.

Material
Linear coefficient of thermal
expansion, αl × 10−5(K−1)

Polyethylene (low density) 18–40
Aluminium 2.39
Silver 1.89
Brass 1.8
Copper 1.7
Iron 1.17
Glass (pyrex) 0.32
Quartz 0.05
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in the United Arab Emirates (see figure 2.5(a)), and Stream in Phoenix, Arizona in
the USA (see figure 2.6(a) and (b)).

To bring a model to life, Juanjo hand draws both the pattern that will be cut out
and the overall shape of the finished work after familiarising himself with the shape
of the intended art site, and the daily light patterns and human activity there. He
then translates this drawing into a computer file that programs a laser cutting
machine to precisely cut out a model of the sculpture from a piece of steel. (See box
2.3 for an explanation of how lasers work.)

This manufacturing process is an example of CNC (Computer Numerical
Control) machining, as is the cutting of the final sculpture. Rather than being
laser cut, this is cut by a flame cutting machine controlled via a scaled-up version of

Figure 2.4. Welcome to my Safe Home, to my Sheltered Haven by Juanjo Novella. (a) the sculpture in situ in
Nelson, New Zealand; (b) part of the sculpture being worked on in New Zealand. (ª Juanjo Novella.
Reproduced with permission.)
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