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Science, engineering and big questions

Approaching the ‘big questions’ of  
middle-years school biology through  
the thinking of C. H. Waddington
Neil R. Ingram

Abstract Conrad Hal Waddington (1905–1975) was an English biologist who was especially interested 
in the big (metaphysical) questions of life. His thinking has become part of the foundation of modern 
systems biology. This article applies his thinking to middle-years school biology curricula (for ages 
11–16), to see if their approach to epistemic questions might be reframed to allow students to 
understand more about the nature of life.

The 1920s and all that jazz

Although the 1920s was a decade of austerity and loss 
for many, it was also a time of renewal. Emerging from 
the darkness of the First World War, it was an age of 
radical thinking, iconoclastically smashing the legacy 
of the past. Einstein’s theory of general relativity, in 
1916, paved the way, breaking the hold of the ordered, 
deterministic, universe envisaged by Newton’s theories 
of mechanics. Later, Heisenberg’s uncertainty prin-
ciple and the work of Bohr and Schrödinger heralded 
the indeterminism of the quantum world. Modernism 
in the arts was flowering: T. S. Eliot’s The Waste Land 
was published in 1922, the same year that Paul Klee 
painted his celebrated  Senecio (Figure 1). Jazz music was 
becoming established as a mainstream musical form, 
threatening the authority of the classical traditions.

In philosophy, A. N. Whitehead, a mathematician 
turned philosopher, was drawing inspiration from the 
new physics to reinvent the material world, not as a 
series of discrete particle-like atoms, but as intercon-
nected networks of interacting processes (Whitehead, 
1925). Biology, on the other hand, was an undevel-
oped frontier, largely still a descriptive account of the 
structure and functions of animals and plants. Later, 
in the 1930s, a group of young scientists, many from 
Cambridge University, formed a discussion group called 
the Theoretical Biology Club, keen to develop a frame-
work to unify the study of the living world and put the 
science of biology on an equal theoretical footing with 
physics. Central to this was an attempt to use the meta-
physics of Whitehead to understand the nature of life, 
the most fundamental of the ‘big questions’ in biology. It 
was a loose affiliation of friends, but their core members 

in 1932 included Joseph Henry Woodger, Joseph 
Needham, Conrad Hal Waddington, John Desmond 
Bernal, Dorothy Needham and Dorothy Wrinch.

What is metaphysics and why is it 
useful?

This article uses the term ‘metaphysics’ to mean ‘the 
branch of philosophy that deals with the first princi-
ples of things or reality, including questions about being, 
substance, time and space, causation, change, and iden-
tity’ (OED, 2019). Metaphysics concerns the essence of 

Figure 1 Senecio by Paul Klee (1922)
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being alive, the abstract principles that determine the 
nature of all living organisms. There are two aspects to 
this: the nature or essence of being or existence, which 
is ontology, and particular theories of knowledge and 
understanding, especially their methods, validity, and 
scope, which is epistemology.

We think metaphysically, whether we recognise it or 
not. Bohm (1969) described metaphysics as being:

a set of basic assumptions about the general order and 
structures of existence. Whenever we say, ‘All is X’ or ‘X 
is basic’ or ‘X is always (or never) true’ we are expressing 
a metaphysical position. (p. 41)

Biology has always had an uncomfortable rela-
tionship with ontology. Many practical ‘hard-headed’ 
scientists, who ‘only go by what they see’ claim to have 
no metaphysical position, although, as Bohm points out, 
this is, itself, a metaphysical position, which he regards 
as dangerous because it is unconscious. Science is much 
more comfortable with epistemic questions, as they are 
its stock in trade. Epistemology is about the way that we 
know things about the biological world. It concerns meth-
ods, observations, measurements and generalisations.

Waddington: balancing science and 
metaphysics

The Theoretical Biology Club was especially influen-
tial for one of its long-standing members, Conrad Hal 
Waddington (Figure 2), who continued to develop and 
refine its ideas throughout his life. Waddington (1905–
1975) has been described as ‘the last of the Renaissance 
biologists’ (Slack, 2002). This is, in part, because of his 
remarkable schooling at Clifton College, Bristol, where, 
alongside science, he was introduced to the metaphysics 
of alchemy and modern art (Ingram, 2019a). Wadding-
ton was an outstanding experimental biologist and his 

major contributions were to systems and developmental 
biology, evolution and, especially, epigenetics. Many of 
his ideas have become established in mainstream biolog-
ical thought without people necessarily recognising that 
the ideas were originally his (Bard, 2008). Waddington 
is widely regarded as the ‘father’ of epigenetics. This will 
be discussed further in a separate article in a future issue 
of School Science Review (Ingram, in press).

Waddington’s work is central to systems biology, which 
is currently unifying many disparate fields of biology into 
a coherent model of life (Noble, 2015). It is timely, there-
fore, to assess Waddington’s potential contribution to the 
thinking of students of middle-years biology education 
(ages 11–16), as they explore the ‘big questions’ of life. 
This article is a contribution to that debate.

Tools for Thought (Waddington, 1977), one of two 
books published posthumously, shows Waddington’s 
thinking at its most intimate and most accessible. In a 
few pages it outlines the philosophical ideas discussed 
in this article and which are expounded at considera-
ble length by Woodger (1929) and Needham (1936). 
Waddington (1977) says:

Philosophy does matter. It matters particularly to those . . . 
whose life is devoted to bringing about changes of some 
kind or other in the world. (p. 15)

Philosophies do not need to be detailed. In fact, if they are 
too detailed, they become counter-productive. The essential 
function of philosophy is to provide a mental machinery 
for dealing with a large variety of things  . . . and inter-
preting them into something which has ‘meaning’. (p. 17)

Much of this article is concerned with the implications 
of metaphysics and epistemology for biology and, espe-
cially, the relationships between them. It is a valid activity 
to explore the metaphysical assumptions of school biology 
curricula across the world, since this will shape how people 
understand the nature of life. These are the ‘big questions’ 
of biology. The philosophical principles are illustrated 
by examples that have been selected to be of interest to 
students. These examples could provide contexts for 
teachers to discuss these wider principles with their classes.

Can we reframe our approach to epistemic questions 
so that we might understand more about the nature of life? 
If we can, then we will address a fundamental problem 
of middle-years school biology, which talks incessantly 
about what life does, without ever saying what life is. Even 
though, as Capra and Luisi (2014) point out, ‘it is impos-
sible to provide a scientific definition of life that is universally 
accepted’ (p. 129), this article adopts an approach that is 
consistent with modern systems biology (e.g. Noble, 
2016). The glimpses of meaning may only be ‘hints and 
guesses, hints followed by guesses’ (Eliot, 1941), but they are 
the best hints and guesses that we currently have.

Figure 2 Conrad Hal Waddington, 1905–1975; 
© National Portrait Gallery, London
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Big question: What is the connection 
between knowledge and experience?

We can only know the world through experience: the 
methods and tools we use to observe and measure the 
natural world become an integral part of our under-
standing of it. Their biases are our biases and become 
incorporated into our knowledge structures, until we 
become aware of them and revise our understanding. 
This may take a hundred years or more.

Leonardo da Vinci, for example, was an exceptional 
anatomist and artist, who was nonetheless strongly influ-
enced by the teachings of the ancient Greek physician 
Galen. Galen argued that the human heart consisted of 
two basic chambers with pores across the septum that 
separates the left and right sides. Blood flows through 
these pores into the left side of the heart, where it gains 
‘vital spirits’ when mixed with ‘pneuma’ brought in by 
the trachea. This misconception persisted over 1500 
years, until the pioneering research of William Harvey 
in 1628 (Edwards, 2011).

Da Vinci’s drawing from about 1490 illustrates this 
clearly (Figure 3), despite it being drawn directly from 
a human cadaver. What we know affects what we see, 
just as much as what we see affects what we know. For 
middle-years biology teachers, there are significant 
pedagogical implications to be learned from this. Across 
the world each year, millions of students experience the 
dissection of a mammalian heart. Do teachers allow 
their students to explore the dissection with no prior 
knowledge of the heart structure, or only after the struc-
ture and function is fully explained in advance? This will 
change the experiences of the students and affect what 
they can see. There are advantages and disadvantages to 
both approaches.

Waddington asserted that the inability to separate 
the observer from the observed is always a significant 

issue for biologists undertaking any methodological 
work. For example:

[A biological system] is essentially a unity. Any attempt 
to analyse it into component parts injures it in some way. 
Yet we cannot do anything with it unless we do analyse 
it. Our first step towards an analysis is to dissect the 
unity into an experiencing subject and an experienced 
object. The dividing line between these two is both arbi-
trary and artificial. It can be drawn through various 
positions, and wherever it is drawn it is never anything 
more than a convenience. (Waddington, 1975: 4)

Just as it was impossible for da Vinci to separate 
himself from the heart he was observing, for any biol-
ogist it is imperative to accept that the act of observing 
or measuring a biological system alters the system in 
some way, and that has to be accounted for when draw-
ing generalisable conclusions about the system. This is a 
principle that can be expounded whenever practical work 
is undertaken, and is, in fact, a rationale for undertaking 
practical work in schools. Uncertainty is a key feature of 
science, and science becomes dangerous to society when 
it asserts itself as a system of unchallengeable truth.

The biggest challenge for school curriculum devel-
opers and teachers, however, is to gauge just how much 
detailed knowledge their students need. Students can 
easily get buried under the weight of unfamiliar termi-
nology and ideas. The constant challenge for curriculum 
developers is to decide what is important. Knowledge 
without experience is just as unbalanced as experience 
without knowledge.

Knowledge is more than discrete units of information. 
Epistemology shows how knowledge is interconnected in 
systems of thought. It is in the interactions between ideas 
from different parts of the biological sciences that biol-
ogy comes alive. For example, in the late Carboniferous 
period, dragonflies with 70 cm wingspans flew, as the 
oxygen levels rose as high as 35% (Figure 4). The land 

Figure 3 A drawing of the heart by Leonardo da Vinci Figure 4 A dragonfly fossil from the Carboniferous period
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was covered with tree ferns, in a climate that favoured 
photosynthesis. The death and partial decay of such 
organisms led to the formation of the coal and oil that has 
driven the modern industrial expansion of human society, 
precipitated global warming and is driving the latest mass 
extinction of life. It is through the interaction of all of the 
key epistemic principles listed above, that we approach 
a more metaphysical idea, that, whatever else life is, it is 
adaptive to changing circumstances, even if this means 
mass extinction, allowing new forms of life to emerge.

Big question: How are organisms 
‘being and becoming’?

Waddington frequently wrote about the importance of 
Whitehead in his thinking and some of these ideas are 
useful tools for our thinking.

The fundamental materials that compose the universe 
are not molecules or atoms, but processes. Waddington, 
the observer, called them ‘occasions of experience’ 
(Waddington, 1975: 4). Whitehead calls these entities, 
‘events’. A stone, a watch and a person are all events, 
although of increasing levels of organisation and complex-
ity. An event can have a structure, consisting of objects 
that interact in ways that lead to an internal organisation.

A stone, for example, consists of atoms, grouped into 
molecules of minerals that interact in such a way that a 
characteristic organisation emerges, which we can recog-
nise as typical of limestone, granite or shale. Moreover, 
the event that we call a stone exists in time. Its atoms have 
origins in deep space and deep time, and came together 
to form this stone, probably millions of years ago. The 
stone has a present and a future, too. It changes over time.

A watch has a greater level of complexity than a stone. 
It consists of a number of sub-processes that interact 
together. When they interact successfully, the hands of 
the watch move in the rhythm of time. Minute by minute, 
the watch is in the process of ‘becoming’. The ability to 
track time is an ‘emergent property’ (Broad, 1925) of the 
watch, which emerges when the sub-processes interact 
successfully together. If any of these sub-processes stops 
interacting, then the property disappears, and the watch 
can no longer track time. Whenever sub-processes work 
together, new properties emerge that were not present in 
the component parts. Speed emerges from a motorcycle 
when the components of the cycle, the driver and the 
road interact together. If any of these components stops 
interacting, then the speed disappears.

A person has more complex organisation than a stone 
or a watch. It has a hierarchical organisation, each level 
of which is an interconnected network of events:

molecules > cells > tissues > organs > organ systems > 
organisms > ecosystems > biosphere

People also have a present and a future. They, too, 
change over time.

A stone, a watch and a person are events that exist 
in time. They can maintain their current form and can 
develop into new forms. They are, in the process of 
‘being and becoming’.

Life is an emergent property of an organism, when 
its component parts interact together. Life disappears, 
when these components no longer interact, and the 
organism dies. A person can die in a few minutes from 
ingesting cyanide, which prevents the synthesis of ATP, 
a chemical energy store for cells. The regular supply of 
energy is one of the many processes that are integral to 
the emergence and maintenance of life.

‘Being and becoming’ is a phrase used by some 
philosophers to simplify the complexity of Whitehead’s 
thought. They are metaphysical conceptions that have 
strong epistemological equivalents in biology, where 
‘being’ equates to ‘maintenance’ and ‘becoming’ equates 
to ‘development’. The original Nuffield A-level biology 
course held the two ideas in equivalence, with units on 
both ‘Maintenance of the organism’ and ‘The develop-
ing organism’. More recent curriculum initiatives have 
tended to neglect developmental biology in favour of 
modern advances in genetic technology. This is, perhaps, 
a question for discussion for curriculum developers 
across the world.

Big question: How is life 
interconnected?

For Waddington, the event that is an organism contains 
developmental processes that are capable of self- 
organisation, and life is a property that emerges through 
this self-organisation (Waddington, 1957). Organisms 
can, through reproduction, transmit these capabilities 
to future generations. Natural selection ensures that, 
over time, these processes organise the development of 
organisms that are best adapted to their environments.

This leads to the second of Waddington’s assertions. 
All events are linked to other events by connections that 
he calls ‘prehensions’. Events can interact together to form 
new events, and this is the philosophical essence of metab-
olism, growth and development, sexual reproduction and 
evolution. Waddington argues that living organisms can 
self-organise by developing new  characteristics as their 
biological systems interact with the environment. This is 
called ‘epigenesis’.

All living organisms that have ever existed or could 
ever exist have an unbroken line of descent from a single 
organism that lived about 3.8 billion years ago. They are 
all connected together by prehensions that we call the 
‘tree of life’, and this should shape the way that students 
understand the living world at a fundamental level.

Ingram Approaching the ‘big questions’ of middle-years school biology through the thinking of C. H. Waddington
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Ecology is one area of middle-school years biology, 
where the interconnectedness of life is emphasised in the 
interdependence of food webs, the cycling of nutrients 
and the flow of energy. It is a systems-based approach, 
built around the pioneering work of Charles Elton 
(Elton, 1927). A challenge to teachers is to extend this 
systems thinking to all aspects of the biology curriculum.

Big question: How do organisms 
maintain a recognisable form as 
they age?

Waddington (1957) includes an essay on form and time; 
it contains some useful ‘tools for thought’, which give 
additional clarity on how organisms are organised in 
space and time. He writes:

All living organisms  . . . are characterised by possessing a 
characteristic form or shape. This is not a mere static config-
uration, in which the organism happens to be produced and 
which it simply retains, as a stone or a mass of iron might 
do. The form of a living plant or animal is continuously 
kept in being in spite of the fact that material is passing all 
the time through the system. The form  . . . is more nearly 
comparable to a river than to a mass of solid rock. Finally, 
organic forms have a quality, which is often referred to as 
‘wholeness’ or ‘integration’. This is almost an aesthetic qual-
ity – a character of self-sufficiency and completeness. (p. 2)

A key principle for middle-years biology courses is 
that all the information needed to determine and main-
tain the form is contained within the genome (rather 
than ‘genes’), mostly found in the nucleus of each cell 
(Ingram, 2019b). The expression of the genome is stim-
ulated and regulated by the organism’s interactions with 
the environment. Variation is neither genetic nor envi-
ronmental: it always emerges through the interactions of 
the genome and its environment. This is how an individ-
ual creosote bush in the Mojave Desert in California can 
maintain its characteristic form, even though the plant 
is 11 700 years old (Figure 5), and there are no tissues 

alive that were present in the original germinating seed. 
Yet, many of the characteristics that have served it so 
well over the years – height (it can grow up to 3 m tall), 
large seeds, long lifespan and evergreen leaves – put it 
at a disadvantage in recovering from the forest fires that 
are now common in the Mojave Desert as a consequence 
of global warming (Shryock, Defalco and Todd, 2014). 
This reminds us that what we call form is simply a snap-
shot of the organism at a moment in time.

Waddington (1957) also considers time:

On the largest [time] scale is evolution; any living thing 
must be thought of as the product of a long line of ancestors 
and itself the potential ancestor of a line of descendants. 
On the medium scale, an animal or plant must be thought 
of as something which has a life history  . . . Finally, on the 
shortest time scale, a living thing keeps itself going only by 
a rapid turnover of energy or chemical change; it takes in 
and digests food, it breathes and so on. (p. 6)

It follows that a rounded middle-years biology course 
should give students access to organisms across each of 
these timescales. Coverage in biology curricula across 
the world is patchy, as evidenced by an analysis of the 
curriculum specifications. Much emphasis is placed on 
molecular interactions that occur in less than a second, 
but relatively little emphasis is placed on macro-evolu-
tion at any key stage. Only curricula in England, and 
some US states (Indiana and California) seem to include 
references to fossils. There is some emphasis on life 
cycles of a mammal, amphibian, an insect and a bird 
in primary education in England, Australia, California, 
New York, Georgia and Norway.

The monarch butterfly life cycle

A richer appreciation of the significance of life cycles 
can be obtained by learning about the life cycles in an 
ecological context. A good illustration is the mass migra-
tion of the monarch butterfly, an iconic organism in the 
United States. The monarch butterfly has a typical Lepi-
doptera life cycle (Figure 6):

egg > 5 larval stages > pupa > adult

Starting in the spring, the life cycle of the monarch 
butterfly occurs up to five times each year, while under-
taking a migration from its overwintering grounds in 
Mexico back to the northern United States. Then, in 
the autumn, individual adult butterflies undertake the 
journey south to the overwintering grounds. The devel-
opment of these butterflies is arrested to prevent their 
reproduction and increase their longevity. This is caused 
by a reduction in the production of juvenile hormone.

The migration cycles are synchronised to the calen-
dar, with the first butterflies arriving in Mexico around 

Figure 5 The King Clone creosote bush in the Mojave 
Desert
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1 November, coinciding with the celebrations for the Day 
of the Dead, and leaving around 15 March the follow-
ing year. The migrations involve millions of butterflies 
migrating considerable distances – up to 5000 km – and 
are closely studied by amateur naturalists.

It is claimed that the monarchs return to the 
same trees in Mexico each year to hibernate. Yet, the 
monarchs that arrive each November are not the same 
as those that left Mexico in the previous spring. Do 
monarch butterflies encode a map somewhere in their 
systems? Monarch butterflies have, within their anten-
nae, compasses that can navigate using the position of 
the Sun in the sky. These are regulated and corrected 
by a circadian clock that is under tight genetic control. 
There is a second magnetic navigation system, which 
the butterfly uses when cloud hides the Sun. This 
suggests that butterflies navigate using compasses 
rather than internal maps, but the map hypothesis 
cannot yet be rejected because of a lack of experimen-
tal research.

What is clear is that the annual monarch butterfly 
migrations have been going on for about a million years 
and the butterflies have co-evolved with the milkweed 
plant, which is the primary food source for the larvae. 
The northwards migration of the butterflies is coordi-
nated with the emergence of the new milkweed plants.

Unravelling the mystery of the migration of the 
monarch butterfly has involved detailed, reductive, 
experimental work in many fields of biology. Yet, it is 
only when these independent pieces of research are inte-
grated that a rounded picture of the migrations emerges 
(Reppert and de Roode, 2018).

Big question: What is life?

The philosophical idea that living organisms held a 
‘spark of life’, which distinguished them from non-liv-
ing organisms, is called ‘vitalism’ and was popular until 
the 1920s. Such ideas were comprehensively rejected by 
Woodger (1929) in a 50-page dialectic and have gained 

only limited support since. What is left is a ‘mechanis-
tic’ philosophy that assumes that living organisms are no 
more than complex machines, whose properties can be 
wholly explained by analysing their component parts, so 
that, ultimately, life can be explained wholly in terms of 
the physiochemical interactions of molecules.

Such thinking is reductionist and says that organ-
isms are never more than ‘wet machines’. Causal changes 
can only occur from the bottom levels upwards to the 
top. There is significant merit in such thinking. The 
Carboniferous dragonflies with the large wings were 
dependent upon oxygen released by the hydrolysis of 
water in chloroplasts, empowered by quanta of light. 
Yet, the impact of the Carboniferous chloroplasts on the 
mass extinctions of the 21st century could not have been 
recognised by purely reductive reasoning. This required 
holistic thinking, where the reductionist ideas about 
Carboniferous photosynthesis can only be fully under-
stood within the context of the larger whole, in this case, 
the changes to the biosphere over time.

The ideas presented in this article are called ‘organ-
icism’. Organicism is a third way, between vitalism and 
mechanism, combining the power of reductive thinking, 
especially in practical biology, with the reintegration of 
the knowledge in the context of the whole organism. 
The essential unity of the organism (and also ecosystems 
in the biosphere) is respected.

In mechanistic reductionism, the significance of 
important emergent characteristics, such as the mind, 
self-awareness and consciousness, is reduced to the level 
of inconsequential epiphenomena: in organicism, they 
are given biological significance. Organicism has led the 
way into systems biology, where living organisms are 
networks of interacting components and, in turn, play 
roles in networks within ecosystems. Likewise, ecosys-
tems form interacting networks within the biosphere. 
Changes in a biological system can be from the bottom 
upwards or from the top downwards.

Organicism has been extended into the autopoiesis 
hypothesis by two Chilean philosophers, Maturana and 
Varela (1987). An autopoietic system is one that can 
reproduce and maintain itself; it is the fundamental unit 
of life and is usually associated with cells or organisms. 
An autopoietic system is an open system, requiring a 
continual input of energy and nutrients from the envi-
ronment. It is bounded and sustained by a membrane 
of its own making. Within this membrane, it is able to 
organise and maintain all the processes associated with 
the functioning cell or organism.

Life emerges when all these processes work together 
in collaboration with the environment. The organ-
ism dies when these processes fail to integrate, and the 
organism becomes a habitat for other organisms and a 
resource for other processes.

Figure 6 The life cycle of the monarch butterfly
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Life is not just an emergent property of an individual 
organism, it is also a property shared between organisms 
in a population, an ecosystem or even a biosphere. Each 
organism alive is dependent on other organisms in many 
different interconnected ways. A change to the numbers 
of one type of organism affects the entire ecosystem. 
Such is the nature of interconnectedness.

Conclusion

The biological knowledge needed to understand the 
principles outlined above is already available in middle-
years school biology curricula across the world. What is 
needed is some reframing of the epistemic questions by 
curriculum developers and teachers, so that discussions 
about the nature of life can emerge. New connections 
between ideas need to be made, including:

l How the evidence we collect to understand the 
world is changed by the methods and tools we use. 
Any investigation disrupts the essential unity of the 
organism and can lead to bias and misconceptions.

l For each practical activity, teachers need to 
think carefully about the prior knowledge and 
understanding of their students, for this will 
influence the experiences of the students and their 
subsequent understanding.

l Curricula should emphasise the functional 
significance of structures within biological processes 
and restrict the use of biological terminology to the 
absolute minimum to understand the processes.

l The hierarchical organisation of life into:

molecules > cells > tissues > organs > organ systems > 
organisms > ecosystems > biosphere

	 should be developed to consider the new properties 
that emerge at each level of organisation.

l The interconnectedness of life to a ‘last universal 
common ancestor’, 3.8 billion years ago, should 
be emphasised.

l The importance of life existing on multiple 
timescales provides opportunities to reassess the 
importance of life cycles, developmental biology 
and macroevolution in school curricula.

l The importance of cell membranes in allowing 
cells and organisms to be self-sustaining needs to 
be emphasised.

Finally, life is too important an idea to be left in isola-
tion in the biology classroom: all domains of knowledge 
and all curriculum areas have unique insights about 
life to bring together in a whole-school celebration of 
this extraordinary emergent property of planet Earth. 
Nonetheless, biology has something pretty special to say 
within that celebration.
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Science, engineering and big questions

Can a robot think for itself?  
Helping young people to ask big questions  

about human and electronic personhood
Berry Billingsley and Mehdi Nassaji

Abstract It is common to use anthropomorphic labels when talking about technology, for example 
describing some robots and phones as smart, thinking and talking. This article describes a workshop in 
which students considered ways that words such as ‘hearing’, ‘smart’ and ‘intelligence’ might change 
in meaning when they are used in the context of robotics and machines. The aim was to help students 
to recognise that thinking, talking and other human capabilities have multifaceted meanings and to be 
cautious about the risk of uncritically reducing their meaning to a simpler, functional level. This workshop 
fits into a series that juxtaposes ideas and questions in biology with ideas and questions in engineering. 
Biology encourages us to be curious about what is ‘inside’ a robot or organism as a way to understand 
the behaviours we see from the outside. Biological knowledge and terms can help lawyers and politicians 
to create definitions and criteria for new situations and problems arising from technological advances.

Can a robot think for itself?

Many decades ago, Alan Turing (1950: 442) anticipated 
the day when saying that a machine can think would no 
longer be challenged:

At the end of the century the use of words and general 
educated opinion will have altered so much that one will 
be able to speak of machines thinking without expecting 
to be contradicted.

The 20th century ended some time ago and today 
it is not only people who talk of thinking machines, 
but also machines themselves. Consider, for example, 
the conversation below, which took place between the 
second author and a phone:

Researcher: Hello Siri!
Siri: Greetings Mehdi.
Researcher: Are you Siri?
Siri: Siri! That’s me.
Researcher: Are you a human?
Siri: Sorry! I have been advised not to discuss my  

   existential status.
Researcher: Can you think?
Siri: I most certainly can think.
Researcher: Can you hear?
Siri: I can hear. Go ahead.
Researcher: Can you talk?
Siri: I can indeed.

Researcher: Are you smart?
Siri: I am smart enough not to answer that question.

In this conversation, Siri states that it can think, talk 
and hear and there is a play with words in response to a 
question about being smart. Words such as ‘thinking’, 
‘hearing’ and ‘intelligence’ have rich and complex mean-
ings in everyday speech. Our interest here is the impact 
of using these terms to also describe what robots and 
artificial intelligence are doing. One of the undesirable 
effects of flattening or reducing the meaning of language 
like thinking, hearing and talking would be if robots are 
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perceived to be capable of more than they are really capa-
ble of. Another possibility is that public understanding 
of the word ‘thinking’ becomes reduced – and our every-
day perception of what a human is doing when thinking 
seems to be less impressive – as though the technology has 
revealed a secret mechanism or set of rules that explains 
what initially appeared to be a complex behaviour. In this 
article we explore ways to draw students’ attention to the 
importance of the meanings of words such as ‘thinking’ 
by considering the power and limitations of science today 
to understand the mechanisms of thinking in a person.

When engineers create new products, it creates 
opportunities for lawyers and law makers to come up 
with new definitions and criteria to govern how they are 
used and sold. At such times, science informs our think-
ing by offering scientific knowledge. More than this, it 
has established scholarly ways of working. In science, we 
carefully frame questions, choose and defend our meth-
ods, and maintain established norms of thought. Science 
nurtures and supports our curiosity about the mecha-
nisms that might explain the observations we make in 
the natural world. Science gives us methods that we can 
use to test and justify our hypotheses. Science also calls 
for epistemic humility. This means giving considera-
tion not only to the limitations of our understanding 
of nature but also to the limitations of our methods and 
tools when we are looking for and writing explanations.

Background

The use of the term ‘think’ to describe what robots do 
today is not universally accepted. One way to defend this 
is to say that the meaning of the term is changing now 
that in everyday speech it also applies to machines. Rapa-
port (2005) draws a parallel with what has happened to 
the meaning of the word ‘computer’:

What is a computer? Originally, a computer was a 
human who computed. That was the case till about 
the 1950s, but, a half-century later, a computer is a 
machine. . . . The same, as we will see, is slowly becom-
ing true for the word ‘think’. But some philosophers 
argue that what computers do is not really thinking.

Artificial intelligence is developed by producing and 
testing algorithms designed to give machines the abil-
ity to reason and perform cognitive functions such as 
problem-solving, object and word recognition, and deci-
sion-making. Artificial intelligence has its roots in a range 
of disciplines – another illustration of the complexity of 
this field of study. These include robotics, philosophy, 
psychology, linguistics and statistics. Mueller (2016) 
emphasises that as intelligent systems become both 
increasingly complex and ubiquitous, it becomes increas-
ingly important that they are self-explanatory, so that users 

can be confident about what these systems are doing and 
why. In an article entitled ‘Principles of robotics: regu-
lating robots in the real world’, Boden et al. (2017: 127) 
argue that ‘Robots are manufactured artefacts. They should 
not be designed in a deceptive way to exploit vulnerable users; 
instead their machine nature should be transparent.’ The 
authors warn that it is inappropriate ‘to insist that robots 
behave in certain ways, as if they were people’ and that:

As we consider the ethical implications of having robots 
in our society, it becomes obvious that robots themselves 
are not where responsibility lies. Robots are simply tools of 
various kinds, albeit very special tools, and the responsibil-
ity of making sure they behave well must always lie with 
human beings. Accordingly, rules for real robots in real life, 
must be transformed into rules advising those who design, 
sell and use robots about how they should act. (p. 125)

Wortham, Theodorou and Bryson (2016) point out 
that humans have a natural if limited ability to under-
stand others; however, this ability has evolved and 
developed within a company of like beings and we are 
drawing on a multitude of underpinning associations 
when we make sense of the behaviours we see. In other 
words, when we see a human-like machine performing 
an action such as a wave of a hand, we associate what 
we are seeing with how we feel when we make a similar 
action. This raises the question – if a robot has the capa-
bility to recognise a familiar person and give a wave, is 
the wave by a robot so very different from the thinking 
and emotions behind a friendly human wave?

Summary of the problem and 
workshop design

The workshop we set out below is part of a larger research 
project to introduce students to real-world contexts that 
raise big questions such as the nature of personhood in 
the context of increasingly human-like machines. During 
exploratory work with students in focus groups and inter-
views, we noted that students were readily engaged by the 
conundrum of whether a robot can and should one day 
have the status of being a person (Billingsley and Nassaji, 
2019). This prompted us to wonder whether students have 
access to the language and frameworks that the scholars are 
using to analyse and defend different perspectives on what 
robots can do now, and will one day be able to be and do.

Activity 1

The first activity is designed to draw students’ attention 
to the complexity of researching, analysing and modelling 
human-to-human interaction. The activity highlights 
that there is a big jump from investigating and modelling 
scientifically how a very simple object behaves (a strand 
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of spaghetti acting as a bridge) and the challenge of inves-
tigating and modelling how people behave and interact.

Four volunteers are asked to participate in a game 
called ‘spaghetti bridge’. The materials and arrangement 
we used are shown in Figure  1. A strand of spaghetti 
forms a bridge between two supports, and a gondola 
hangs from the bridge. We used plastic bottles for the 
bridge supports but blocks of wood would also work well.

Students are told that they will shortly be investigat-
ing what happens when they add coins to the gondola 
– and how much weight breaks the bridge. Then they 
are told that to make the investigation more fun to do, 
they are to put penny coins into the gondola in turn 
if they think that they can do so without breaking the 
strand of spaghetti. They are told that there will be a 
loser and a winner. The loser is the person whose penny 
breaks the spaghetti and the winner is the person who 
places the last penny into the gondola without breaking 
the spaghetti bridge. The students are also told that they 
can choose to pass on their turn, if they wish to.

Once students complete the game, the facilitator asks 
the first question:

Question A: How much weight did it take to break 
the spaghetti?

The facilitator counts the number of penny coins 
in the container (for instance, 15 coins) and gives the 
students the following information:
The mass of one penny is 3.56 g. The equation for calcu-
lating the weight is w = mg, where g = 9.8 N kg−1. For 
15 coins, the weight is 15 × 0.00356 × 9.8 = 0.52 N.

The facilitator explains that in order to find the answer 
for Question  A (which is a scientific question), they 
made observations and measurements and these were 
repeatable and available for everyone in the group to see. 
Students are also asked to notice that the investigation 
is reproducible using a similar strand of spaghetti and a 
similar bridge span. Further, based on what happened the 
first time, they can make an informed prediction about 
how the spaghetti will behave and even the weight that 
will break the spaghetti, and, in that sense, the expected 
outcome is to some extent predictable.

After highlighting these specifications for a scientific 
inquiry, the facilitator raises another question:

Question B: Can we predict who is going to win the 
game if we repeat the game with another 
group of volunteers?

The facilitator asks students for their opinions and 
reasons. At this stage, students usually say that science 
cannot predict who the winner will be because human 
minds and internal states are not ‘observable’ and ‘meas-
urable’. The facilitator may explain to students that even 
if we repeat the game with the same participants, the 

winner might be another person, because maybe the play-
ers have learnt from the previous trial, or maybe this time 
someone feels more confident or more motivated to win.

The epistemic insight objective for this discussion 
is to highlight for students that the scientific method 
is a good method for addressing Question  A, because 
all spaghetti strands are almost the same (if they are 
picked from the same pack) and through observation 
and measurement we can formulate a hypothesis about 
how much weight will break another strand. However, 
science cannot resolve Question B because humans are 
not all the same and we cannot fully observe or meas-
ure what is happening in their minds. Individuals can 
behave differently on similar occasions and they can 
also appear to behave in similar ways, but motivated 
by different reasons. For that reason, Question B is less 
amenable to science than Question A. The objective is 
to appreciate that ‘some questions are more amenable to 
science than others’ (an objective in the Epistemic Insight 
Framework for key stage 3).

However, some students may raise a counter argument 
(and if they do not, the facilitator can do this) by saying 
that although currently science cannot fully explain and 
therefore predict human behaviour, it is something possi-
ble in the future. Essentially (they might say), there is no 
fundamental difference between studying a human being 
and a string of spaghetti. The only difference is that 
humans are much more complicated. A human being is 
a combination of billions of neurons and cells but, in the 
end, a human being is made of atoms and electrochemi-
cal processes that can be investigated by science.

The facilitator accepts the above view as a possible 
metaphysical position and explains that there are two 
metaphysical positions about what it means to be human:
Position 1: Humans are just atoms and chemical 
processes that can be investigated by science.

Billingsley and Nassaji Can a robot think for itself? Asking big questions about human and electronic personhood

Figure 1 Spaghetti bridge with bottle supports; in this 
illustration stones rather than coins were used to increase 
the weight being supported
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Position 2: Humans are more than what science can 
investigate with its own limited methods.

Activity 2

The facilitator introduces the next section of the work-
shop with a short video entitled ‘Erica – a human-like 
robot’. Erica uses sentences such as ‘I like you’ and ‘I 
can eat’ that are usually stated by humans. The facilita-
tor asks students whether they believe a robot can have 
feelings, and other human attributes. The facilitator can 
suggest the following questions for discussions:

Can Erica fall in love with someone?

Can Erica get tired if she is assigned a difficult task?

Does Erica understand what she is saying to other people? 

The point here is to help students become critical 
about the words such as ‘fall in love’, ‘think’ and ‘under-
stand’ when these words are attributed to robots. The aim 
is to give them the opportunity to think whether these 
terms really have the same meaning if they are attributed 
to robots or if their meanings are ‘flattened’ and reduced.

The facilitator can deepen the discussion and ask 
whether, even if currently Erica cannot fall in love, think 
and understand in the same sense that humans do, it 
might be possible in the future that a very advanced 
robot may have these attributes with the same meaning 
as when we used them for humans?

Then the facilitator can explain that filling the gap 
between a human being and a robot is a metaphysically 
sensitive question and if we have a physicalist view of 
humans then we might say that it is possible to repli-
cate a human being in robots. However, if we think that 
humans are special in the sense that science cannot fully 
explain their characteristics, then our answer to filling 
the gap between humans and robots would be negative.

The aim of this part of the workshop is to help 
school students improve their level of epistemic insight 
by understanding and recognising ‘metaphysically sensi-
tive’ questions.

The facilitator explains that science is compatible 
with both positions 1 and 2. In other words, the question 
of what it means to be human is a ‘metaphysically sensi-
tive’ question and, depending on which metaphysical 
stance one might have, the answer might be different. If 
someone has a physicalist stance, then their view would 
be that science will be able to explain human behaviour 
at every moment.

Conclusion

This article introduced and discussed a concern that 
when words such as ‘thinking’, ‘intelligence’, ‘mind’ and 
‘smartness’ are also used to describe the activity of robots 
today, this may lead some students to uncritically accept 
that these capabilities can be fully explained at a func-
tional level. We also explained the design of a workshop 
to explore human and robotic capabilities and the choices 
of words that we use to describe them. The workshop 
introduced the phrase ‘metaphysically sensitive ques-
tions’ to give school students a conceptual tool to become 
critical about the power and limitations of science and 
appreciate that questions such as whether science and 
technology can fill the gap between robots and humans 
cannot be answered by the methods of science alone.

The next step for the research is to deliver the work-
shop in schools as a stand-alone session and to conduct 
research to discover its impact on students’ capacities 
to think critically about the meaning of the words in 
different contexts. We envisage that this work will lead 
to strategies that teachers can use to give school students 
greater access to debates and careers that consider and 
design the future of human-like machines.
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