
Einsteinian Physics: Challenging the 
Paradigm for Teaching High School 

Science 
 
 

 
 
 
 
 
 

Tejinder Kaur 
 
 

This thesis is presented for the degree of  

Doctor of Philosophy at 

The University of Western Australia 

School of Physics 

 
 
 

 
 
                                            

2018 



 



	 i	

Declaration 

This thesis contains published work and/or work prepared or in preparation for 

publication, some of which has been co-authored. The bibliography of the work and 

where it appears in the thesis is outlined below. 

The following two papers were co-authored by the student and supervisors, with the 

following percentage contributions: 

Chapter 3 

Einsteinian Physics for High School: The Impact of a One-day Intensive Program on 

Students’ Understanding and Attitudes 

Chapter 7 

Determining the Intelligibility of Einsteinian Concepts with Middle School Students 

• Conceptualization: Student 80%, supervisors 20% 

• Data collection and analysis: Student 100% 

• Writing first draft: Student 100% 

• Editing: Supervisors 20% 

• Preparation of final submission: Student 100% 

The following paper was co-authored by the student, supervisors and other authors, 

with the following percentage contributions: 

Chapter 8 

Gender Response to Einsteinian Physics Interventions in School 

• Conceptualization: Student 80%, supervisors 20% 

• Data collection and analysis: Student 100% 

• Writing first draft: Student 100% 

• Editing: Supervisors and other co-authors 20% 

• Preparation of final submission: Student 100%,  

 



	 ii	

The following three-part paper was co-authored by the student, supervisors and other 

authors, with the following percentage contributions: 

Chapter 4 

Teaching Einsteinian Physics at Schools: Part 1, Models and Analogies for Relativity 

Chapter 5 

Teaching Einsteinian Physics at Schools: Part 2, Models and Analogies for Quantum 

Physics 

Chapter 6 

Teaching Einsteinian Physics at Schools: Part 3, Review of Research Outcomes 

• Conceptualization: Student 80%, supervisors 20% 

• Data collection and analysis: Student 100% 

• Writing first draft: Student 100% 

•  Editing: Supervisors 20% 

•  Preparation of final submission: Student 100%,  

 

 

Student Signature: 
 

Coordinating Supervisor Signature Signed:                               

 
 
 
 
 
 
 
 
 
 

 



	 iii	

Publications Resulting From This Research 
 
 

1. T. Kaur, D. Blair, J. Moschilla, W. Stannard, and M. Zadnik. (2017). 

“Teaching Einsteinian Physics at Schools: Part 1, Models and Analogies for 

Relativity”, Physics Education 52, 065012 (Chapter 4). 

 

2. T. Kaur, D. Blair, J. Moschilla, W. Stannard, and M. Zadnik. (2017). 

“Teaching Einsteinian Physics at Schools: Part 2, Models and Analogies for 

Quantum Physics”, Physics Education 52, 065013 (Chapter 5). 

 

3. T. Kaur, D. Blair, J. Moschilla, W. Stannard, and M. Zadnik. (2017). 

“Teaching Einsteinian Physics at Schools: Part 3, Review of Research 

Outcomes”, Physics Education 52, 065014 (Chapter 6). 

 

4. W. Stannard, D. Blair, M. Zadnik and T. Kaur. (2016). “Why did the apple 

fall? A New Model to Explain Einstein’s Gravity”, European Journal of 

Physics 38, 015603. 

 

5. R. Choudhary, A. Foppoli, T. Kaur, D. Blair, M. Zadnik, and R. Meagher. 

(2018). “Can a short intervention focused on gravitational waves and quantum 

physics improve students’ understanding and attitude?”, Physics Education 

53, 065020. 

                           

     Manuscripts Accepted for Publication 
 

6. T. Kaur, D. Blair, W. Stannard, D. Treagust, G. Venville, M. Zadnik, W.  

Mathews, and D. Perks. (2018). “Determining the Intelligibility of Einsteinian 

Concepts with Middle School Students”, Research in Science Education 

(Chapter 7). 

 

7. A. Fopolli, R. Choudhary, T. Kaur, D. Blair and M. Zadnik (2018). “Public 

and Teacher Response to Einsteinian Physics in Schools”, Physics Education. 



	 iv	

Manuscripts Submitted to the Journal 
 

8.  Manuscript submitted to the Physical Review Physics Education Research  

    “Gender Response to Einsteinian Physics Interventions in School” (Chapter 8). 

 

Manuscript in Preparation 
 

9.   Einsteinian Physics for High School: The Impact of a One-day Intensive  

      Program on Students’ Understanding and Attitudes (Chapter 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 v	

Presentations Resulting From This Research 

 

T. Kaur. (2013). “Tools and Methods for Teaching Einsteinian Physics at Schools”, 

Peer reviewed paper presentation at 4th World Conference on Science and Technology 

Education in Malaysia, 2nd October 2013. 
http://www.icaseonline.net/WorldSTE2013%20Full%20Program%20(1).pdf  

 

T. Kaur. (2013). “Tools and Methods for Teaching Einsteinian Physics at Schools”, 
presented at AIP Postgraduate Conference in Western Australia, November 2013.  

 

T. Kaur, D. Blair, J. Moschilla, W. Stannard and M. Zadnik. (2015).“Why We 

Should Teach Einsteinian Physics in the Earlier Years” presented at CONASTA 

Conference in Perth, Western Australia, 6 July 2015. 

 

T. Kaur. (2015). “Einstein-First: Changing the Paradigm of School Physics 

Education”, paper presentation at XXIX International Astronomical Union (IAU) 

General Assembly in Honolulu, Hawaii, 3 – 14 August 2015. 

	https://astronomy2015.org/sites/default/files/Abstracts%20for%20web%208.11.pdf 

 

T. Kaur, and D. Blair. (2016). “ Teaching the Einsteinian Gravity Paradigm”, paper 

and poster presentation at ASEG – PESA International Geophysical Conference and 

Exhibition in Adelaide, 21 August 2016. 

 

T. Kaur. (2017). “Making Learning Last: Year 9 Students’ Long-term Retention of 

Einsteinian Physics Concepts”, oral presentation at Ninth Australasian Conference on 

General Relativity and Gravitation (ACGRG9), Gingin, Western Australia, 27 – 30 

November 2017,  

 

 



	 vi	

T. Kaur, D. Blair, R. Choudhary and A. Foppolli. (2017). “Students, Teachers and 

Public Response to Einstein-First Programmes”, poster presented at Ninth 

Australasian Conference on General Relativity and Gravitation (ACGRG9), Gingin, 

Western Australia, 27 – 30 November 2017,  

 

T. Kaur, R. Choudhary and A. Foppolli. (2017). “Reconstructing School Science 

Curriculum in an Einsteinian Context:  Latest Results from the Einstein-First Project”, 

presented at The STAWA Future Science Conference in Western Australia, 1 

December 2017.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 



	 vii	

Abstract 
 
 
The detection of gravitational waves announced in 2016 and 2017 culminated in the 

awarding of the 2017 physics Noble Prize and has again confirmed the validity of the 

theory of space, time and gravity formulated by Albert Einstein in 1915. Our modern 

understanding of the Universe is based on two theories of physics – the theory of 

gravity, called general relativity, and the theory of particle interactions called 

quantum mechanics. Einstein played a vital role in the development of these theories; 

hence the use of the term Einsteinian physics to refer to both special and general 

relativity developed by Einstein, and quantum mechanics which is founded on the 

introduction of the photon by Max Planck (Planck, 1901) and Einstein (Einstein, 

1905). Einsteinian physics brings a radical change to our concept of the universe. 

 

The Einstein-First project studies the feasibility of introducing Einsteinian physics 

concepts to school students. In this project, simple and inexpensive physical models 

and analogies were developed. They were then presented through several programmes 

to evaluate just how well students could understand the Einsteinian physics using said 

models and analogies. The following paragraphs summarise the findings of each case 

study.  

 

The first case study was based on the one-day programme of Einsteinian physics 

concepts. In this study, gifted and academically talented students participated from all 

over Australia. This programme, which was conducted at the Gravity Discovery 

Centre, was run in two different years with a total 56 students participating. The day-

long programme was divided into two sessions; the first was based on the concepts of 

general relativity and non-Euclidean geometry while the second was based on the 

concepts of quantum physics. The data was gathered through pre and post-

questionnaires. The findings showed a significant improvement in the students’ 

conceptual understanding of Einsteinian physics concepts. The concepts of the 

geometry of curved space were particularly well understood. In order to understand 

the students’ views regarding this enrichment programme, a post-test was created. 

Students gave very positive responses to the programme. The majority of students 

responded by stating that they would have preferred to learn Einsteinian physics  
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rather than Newtonian physics. The most interesting result of this study was the 

overlap between the concepts that the students perceived as most interesting and most 

difficult, indicating that the students enjoyed intellectual challenges.  

 

The second case study explored the impact of Einsteinian physics concepts such as 

space, time and gravity, photons, diffraction and interference on the students’ 

conceptual understanding. This study also investigated the students’ attitude towards 

physics and Einsteinian physics concepts. For this case study, a total of 120 students 

participated in a 10-week programme in two different years, that is 60 students were 

evaluated for each year. The students were taught the concepts of Einsteinian physics 

through physical models and analogies. The data was collected through conceptual 

pre/post questionnaires and attitudinal pre/post questionnaires. The results indicated a 

statistically significant improvement in the students’ conceptual understanding based 

on the conceptual pre/post questionnaires. These results show that students could 

understand Einsteinian physics concepts at the level presented. By the end of the 

programme, the attitudinal results show that the students’ attitude improved towards 

physics. We found that male students entered the programme with greater interest in 

physics, while their female counterpart showed a significantly increased interest in 

physics after the programme.  

  

The third case study focused on the students’ memory retention of Einsteinian physics 

concepts after one and three years of the programme. The students who participated in 

the Einsteinian physics programme in 2013 were tested exactly a year later, while the 

students who participated in 2014 were tested three years after the programme. The 

data was collected through a questionnaire. Students were asked to write down 

specifics about the different activities they did to learn about curved space, geometry 

of curved space, photons, etc. The results showed that the programme had a lasting 

impact on the students in regard to understanding Einsteinian physics concepts. We 

found that the students who did well on the non-Euclidean concepts in the post 

questionnaire still recalled the concepts even three years after the programme. The 

students remembered which activities that they executed to understand the particle 

nature of light. A few students were also able to solve a mathematical problem based 

on gravitational lensing concepts. 
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Finally, the findings from each study suggested that students could comprehend the 

concepts of Einsteinian physics more readily if these concepts were taught with the 

support of models and analogies. Our research results show that the students are 

agreeable to having these concepts integrated into their school science curriculum. 

Students gave positive responses towards the models and analogies instead of 

pointing out their limitations. Based on our data, this programme appeared to have 

positively changed the student’s attitude towards physics, which is especially 

prominent in the female population sample.  
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Chapter 1: Introduction 
 
 
1.1 Meaning of Einsteinian physics 

 
Gravitational waves from coalescing black holes were directly detected by huge laser 

interferometer detectors in 2015 (Abbott et al., 2016). This momentous discovery is the ultimate 

proof of the century-old Einsteinian model of gravity, which supersedes Newtonian concepts. 

The year 2016 marks the birth of gravitational wave astronomy (Coleman, 2016). Suddenly, 

humanity has the technology to listen to the gravitational wave “sounds” of the universe. As 

technology improves, we will be able to listen to the entire universe, in space and in time, even 

back to the moment of creation during the big bang.  

 

Our modern understanding of the Universe is based on two theories of physics - the theory of 

gravity, called general relativity, and the theory of particle interactions called quantum 

mechanics. The term Einsteinian physics refers to not only special and general relativities, which 

were developed by Einstein, but also encompasses quantum mechanics, which was founded by 

the introduction of photon by both Max Planck (Planck, 1901) and Albert Einstein (Einstein, 

1905). These discoveries have challenged and brought about a change towards the way we view 

the universe. 

 

Both quantum mechanics and Einstein’s general theory of relativity underpin many central 

aspects of modern life. For example, today many of us carry around smart phones. Each one of 

these devices is an embodiment of Einsteinian physics. The GPS navigator depends on the 

knowledge of the time warp around the Earth, and the chip’s operations are based on quantum 

physics.  

 

These theories have been tested to inordinate precision and have never been found to fail. 

Although, from a theoretical standpoint, these theories are known to be mutually inconsistent. 

However, these are the best description we have of space and time and the interactions of matter 

and radiation.  
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1.1.1 Special relativity: The special theory of relativity was developed by Albert Einstein in 

1905. This theory is based on two ideas which are: 

 

A) There is no absolute way to measure motion: you can only measure relative speeds, and there 

is no possible measurement to tell your absolute speed. We often experience this in trains and 

ships when we suddenly cannot tell if it is our train that is moving or one on the next track. 

 

 B) The universality of the speed of light is the second idea. There is no change in the speed of 

light even when you move at a high speed relative to the light source.  

 

After creating his revolutionary special theory of relativity, Einstein developed his general theory 

of relativity. This theory was inspired from his deep study of Maxwell’s equations of electricity 

and magnetism. 

 

1.1.2 General relativity: Einstein’s General Theory of Relativity - his theory of space, time and 

gravity was published in 1916 (Einstein, 1916) and has been shown correct at greater and greater 

precision in experiments and observations that have taken place from 1919 up to the present day 

(Everitt, 2011). Today we know that General Relativity (as well as Special Theory of Relativity, 

that does not include gravitation), is correct to the best precision of current measurement. The old 

Newtonian theory is no longer a sufficient or reliable description for the Universe. Yet the old 

theory persists teaching in schools because Einstein’s theory has been assumed to be too difficult 

to teach. Therefore, we must delve into why this is so. One reason is that Einstein’s theory, 

especially general relativity, when first presented, was mathematically frightening and unfamiliar, 

regarded as beyond the level of high school mathematics. However, there are sufficient special 

cases is mathematically simple and well within the scope of school curricula. It is also important 

to note that Newtonian physics can also be mathematically complex and so this material is also 

excluded in school.  
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The following Wheeler’s statement adequately describes Einstein’s theory of general relativity 

(Wheeler, 1999): 

   Matter tells space-time how to curve; 

Space-time tells matter how to move 

 

1.1.3 Quantum mechanics: Quantum mechanics concepts grew out of the discovery of photons. 

This discovery came from Einstein and Max Planck at the turn of the 20th century. Planck 

introduced the spectrum of radiation from hot objects (black body radiation) and the notion of 

energy quanta (Planck, 1901). Einstein showed that the photoelectric effect, which underpins 

vision and photovoltaic solar cells, could be explained if light comes as photons (Einstein, 1905). 

 

Many seemingly strange ideas in quantum physics can easily be verified in classroom activities. 

For example, the simple reflection of light from a mirror is easily shown to be due to subtle 

quantum processes, and that interference, like the interference of water waves is always 

happening. And yet it is also quite apparent that what is interfering is something other than light. 

Physicists call it the wave function, but its nature is unknown. While these ideas have been 

popularised by people such as Stephen Hawking (Hawking, 2001) and Richard Feynman 

(Feynman, 1985) they have not entered the school curriculum. 

 

In the Newtonian world, Euclidean geometry provides the framework for understanding space; 

the motion of matter is described by forces; and space and time are absolute and independent of 

each other. Most people believe that Newtonian physics and Euclidean geometry correctly 

describe the motion of objects in space. It is a shock for adults to discover that these ideas are 

conceptually untrue, and that laws such as Kepler’s laws of planetary motion are only 

approximations. Thus, Einsteinian physics embodies new ways of thinking. Space is something 

tangible; its shape can be measured, and it has energy. Gravity is the force we must apply to 

things to stop their natural trajectories. Free fall is a natural process that Wheeler preferred to call 

free float: it is the natural motion of all bodies. In free float, all matter satisfies the Principle of 

Maximal Aging which states that time goes fastest in free fall (Taylor and Wheeler, 2001). Any 

force applied to an object decreases its rate of aging. 
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There is a strong argument to include Einsteinian physics in school curricula. Simply put, the 

worldview of Einsteinian physics contradicts that of Newtonian physics. As children, we learn 

language, and we also learn a conceptual language with which to understand the world we live in. 

This language is the framework with which we describe the world. As adults we find it much 

harder to learn new languages. Our observations suggest that the new language of Einsteinian 

physics is difficult for adults to learn because it directly contradicts their deeply ingrained 

Newtonian language. However, we have found that young and malleable minds absorb the 

fundamental concepts of Einsteinian physics with ease, because it does not contradict their prior 

knowledge. 

 

1.2 Statement of the problem 
 
The announcement of the detection of gravitational waves in 2016 and 2017 and the awarding of a 

Noble Prize in 2017 confirmed that the Einstein’s description of space, time and gravity is the best 

description of the universe. Einsteinian physics, which is a combination of the concepts of special 

and general relativity and quantum physics, is of immense importance in modern technology.  

 

Despite this, Einsteinian physics is not a part of the Australian school science curriculum. The 

Newtonian ideas taught in schools are now known to inaccurately describe the universe. It fails to 

explain its ideas when implemented in a micro-world. Therefore, it is quite obsolete to teach 

Newtonian physics especially after the knowledge of Einsteinian physics, which is the best and 

most modern interpretation of the universe.  

 

The general view is that Einsteinian physics is difficult to introduce in the early years of school. 

The fear of the mathematical complexity has meant that Einsteinian physics has always been left to 

advanced university level courses, and even at university, general relativity is not always taught. 

Many relativity specialists are unable to explain the conceptual basis for the theory in simple 

terms. Similarly, the central weirdness of quantum mechanics that makes it fascinating is rarely 

taught to trainee teachers. The result is that many trainee teachers are not exposed to Einsteinian 

physics at a level of presentation suitable for high school teaching. Thus, most teachers are 

equipped only to teach Newtonian physics. 
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To solve these problems, one needs to develop a suitable and uncomplicated way to introduce 

these ideas at a younger age. The Einstein-First project has developed simple and inexpensive 

models and analogies to teach the concepts of Einsteinian physics. The aim of the project is to 

introduce modern ideas of physics in a straightforward and enjoyable manner, while helping 

students absorb core concepts.  

 

1.3 Rationale for the study 

 
As mentioned above, General Relativity (as well as Special Relativity that does not include 

gravitation) is correct to the best accuracy of current measurement. The old Newtonian theory is 

not a sufficient description for the Universe anymore (Blair, 2012). Yet this theory is still taught 

in schools due to the belief that Einstein’s theory is too challenging to relay to younger high 

school students (Blair, 2012).  

The proposition behind this research is that it is important for children of all ages and of all 

backgrounds to be introduced, in appropriate ways, to our best scientific understanding of the 

world. It is Einsteinian physics that has had the greatest impact on the development of science. 

Without an understanding of the quantum world there would have been no solar panels, 

televisions, computers, GPS navigators or nuclear power.  

 

In the previous pilot studies that were part of this larger research project, the researcher observed 

that young students were much less surprised and astonished by aspects of Einsteinian physics 

than older people who were already trained in Newtonian physics (Pitts et al., 2012 and Blair, 

2012). They suggested that the language of Einsteinian physics is difficult for adults to learn 

because it directly contradicts their deeply ingrained Newtonian language (Blair, 2012). By 

introducing these concepts in an appropriate way at early ages, preliminary evidence suggests 

that students will be comfortable with modern physics and they will show more interest in 

physics. This assertion is supported by Stinner and Metz, (2004) who argued that early and 

prolonged exposure to Einstein’s concepts and ideas is necessary to become comfortable with 

them. 
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According to Posner, Strike, Hewson, and Gertzog (1982), a new theory must meet several 

conditions to be accepted by students: it must be understandable, plausible, and effective for 

solving problems. The Einstein-First project has developed comprehensible, plausible and 

effective ways of teaching Einsteinian physics. In this research, these methods have been 

thoroughly outlined and tested. 

 
1.4 Aims and research questions 
 
The overarching aim of this research is to explore the potential of incorporating Einsteinian 

physics into the high school science curriculum. There are three subsidiary aims focusing on: 1. 

Curriculum; 2. Conceptual change; 3. Models and analogies. Each of these aims is elaborated 

below together with associated research questions. 

 

Aim 1: Curriculum 

The first aim of this research is to conduct a systematic review of current curriculum documents 

from several countries to compare and contrast the degree to which concepts related to 

Einsteinian physics are taught in high school in these countries. The systematic review specifies 

the relevant concepts and it was anticipated that these would include gravity, motion, force, light 

and waves as well as mathematical concepts including straight lines, parallel lines, and angles (of 

triangles). Countries including both developed and developing countries, as well as western and 

non-western countries, will be included in the review and relevant curriculum documents will 

need to be available electronically in English. It is anticipated that curriculum documents from 

Australia, India, the USA (California), England, Malaysia and Nigeria will be included in the 

systematic review. The review will focus on high school science from Year 7 to Year 12. The 

review will consider whether concepts are presented from a Newtonian or an Einsteinian 

perspective, or a combination of these perspectives, and how the nature of the curriculum might 

impact on subsequent teaching and learning of physics from an Einsteinian perspective. The two 

research questions related to this aim are: 

 

Research Question 1) How do curriculum documents from specified countries compare with 

regard to the inclusion of physics concepts related to Einsteinian physics? 
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Research Question 2) To what degree do the curriculum documents enable the understanding of 

Einsteinian physics to high school students? 

 

Aim 2: Conceptual change 

The second aim of the research is to investigate the nature of conceptual changes that occur when 

high school students learn Einsteinian physics. Students may start their learning with a 

Newtonian perspective already entrenched in their minds. They may also start learning with very 

limited knowledge and some students may have some prior understanding or misconceptions 

about Einsteinian physics. The aim is to understand the nature and range of students’ 

understanding before they start learning Einsteinian physics and to document the multiple 

pathways that students may take to be able to understand Einsteinian physics. The research 

questions related to this aim are: 

 

Research Question 3) What are high school students’ pre-instructional understandings of 

Einsteinian physics? 

 

Research Question 4) What is the nature of conceptual change when high school students learn 

Einsteinian physics? 

 

Aim 3: Analogies 

The third aim of this research is to explore the efficacy of using analogies to support the teaching 

and learning of Einsteinian physics. There are several analogical models and other analogies 

reported in the literature and in professional journals that are currently used to represent, explain 

and teach concepts related to Einsteinian physics. The aim is to determine the type of analogies 

that may be most beneficial for students to learn specific concepts and to determine how they 

support learning. The research questions related to this aim are: 

 

Research Question 5) What analogies are available to support learning concepts related to 

Einsteinian physics? 
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Research Question 6) How do analogies support learning of specific concepts related to 

Einsteinian physics? 

 
1.5 Research design 
 
This research is conducted in two phases that aligned with the aims and research questions 

outlined above. Quantitative methods of data collection and data analysis are used to increase the 

accuracy and significance of data (Cohen, Manion and Morrison, 2011). The quantitative method 

research paradigm is consistent with the theoretical conceptual change framework that has been 

adopted for the research and is consistent with a number of other studies conducted from a 

conceptual change perspective (e.g. Venville and Treagust, 1998). 

 

 
Phase 1: The first phase of the research involves a systematic review of international curriculum 

documents that addresses the first aim and Research Questions 1 and 2. This phase of the 

research involves a number of steps including the identification of the concepts to be examined 

and the identification of the different countries that are the representatives of an international 

context. The curriculum documents from each of these countries will be downloaded from the 

Internet and a process of systematic review, comparison and critique will be established. 

Processes reported in the literature for the review and comparison of international curriculum 

documents is used to guide this phase of the research (e.g. Tao, Oliver and Venville, 2012). 

 

 
Phase 2: The second phase of the research involves collaboration with a high school physics 

teacher in Perth, Western Australia, to teach modules of Einsteinian physics to four high school 

science classes. This second phase addresses the second and third aims of the research on 

conceptual change and analogies and provides data to answer Research Questions 3, 4, 5 and 6. 

Data collection in this phase involves conceptual pre/post questionnaires and attitudinal pre/post 

questionnaires.  

 

 

 



	
	

9	

1.6 Methods of data collection and analysis  
Quantitative methods were used to collect data. Data was collected through conceptual and 

attitudinal pre/post questionnaires. 

 

1.6.1 Understanding questionnaire: A pre and post-instruction questionnaire was implemented 

with all student participants. The questionnaire included closed and open-ended items to ascertain 

students’ understanding of terms and concepts relevant to the Einsteinian physics, e.g. speed, 

gravity, angles of a triangle and parallel lines. There were approximately ten questions. The 

questionnaires were created and trialled with school students (Pitts et al., 2013) and then 

modified for this research. The quantitative data that was generated was subsequently entered 

into Microsoft Excel and descriptive statistics and paired sample t-tests were conducted to 

determine how the students’ conceptual knowledge changed (Allen and Bennett, 2008).  

 

1.6.2 Attitudes questionnaire: A questionnaire consisting of approximately 10 questions using a 

Likert scale (five points) and open-ended responses to ascertain students’ attitudes towards 

physics and in particular towards Einsteinian physics before and after the programme was 

developed. An existing questionnaire to ascertain students’ attitudes towards Einsteinian physics 

was used (Pitts et al., 2013), but this was firstly modified and improved to suit the project. 

Analysis of this questionnaire involved descriptive statistics for the Likert scale items.   

 

1.7 Validity  

The validity of quantitative studies relies upon cautious instrument construction to make sure that 

the instrument measures what it is supposed to measure. To assess the effect of the programme, 

tests must be valid, meaning that they measure the knowledge or information, which is relevant 

to the expected outcome. The researchers or an expert panel only assess the validity of the 

questionnaires. 
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In designing each questionnaire, several matters were taken into consideration. For example, the 

language of the question asked, so that students could interpret the question in a way that it was 

supposed to be understood. After designing the questionnaire, it was presented to the experts. The 

expert panel read every question carefully by taking everything into consideration and then 

decided which questions were appropriate for the study. Several questions already existed in the 

literature while many were newly created in tandem with the requirement of the research. 

 

1.8 Reliability 

Reliability is defined as the stability, consistency and precision of measurement. Reliability is 

affected by the conditions, under which the study is conducted, the stability of student responses, 

the consistency with the instrument measure what it intends to measure and precision of marking 

the responses. Cronbach’s alpha coefficient or Kuder-Richardson-21 coefficient is used to 

measure the internal consistency. 

 

What are acceptable reliability measures? According to Crowl, for achievement tests, the value 

should be greater than 0.8 while, for attitude measures, the value should exceed 0.7 (Crowl, 

1989). For this study, quantitative value of reliability will accompany the data analyses. In each 

case study, the students were encouraged to respond consistently and honestly. 

 

The whole procedure in data collection for each study is given in Figure 1. This procedure 

ensured an ethical approach to collect data before and after the Einsteinian physics programme to 

capture any change in students’ conceptual understanding of Einsteinian physics concepts. 
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Figure 1: Procedure to collect data in each case study. 

 

 

1.9 Developed teaching activities for the research 
To introduce Einsteinian concepts in high school, members of the larger research group and I 

have developed, and will continue developing, simple and economical classroom learning 

activities for students. An important aspect of this research is that we propose to introduce the 

useful approximations of Newtonian physics only after initial exposure to Einsteinian physics. 

Students need to be able to imagine the concepts of Einsteinian physics. Our approach is to 

provide simple analogies, analogical models and activities that enable this imagination to occur.  
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through post-
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        Table 1: List of activities used to teach Einsteinian physics to school students. 

Name of the activity Concepts taught 

 

 

 

 

 

Space-time simulator 

Matter and space: Understanding how 

matter creates curved space. 

Gravitational motion in curved space: 

Space tells matter how to move. 

Mapping the shape of space with photon 

trajectories. 

Astronomical observations of curved 

space: gravitational lensing. 

Investigating Newtonian gravity: deriving 

a force law for the membrane. 

Measuring orbits: Kepler’s laws. 

The effect of curved space on orbits: 

geodetic precession. 

 

Geometry on woks 

The meaning of a straight line. 

Measure the sum of the angles of a 

triangle drawn on woks. 

Dropping water balloons Measuring the terminal velocity of a 

balloon. 

 

Analogue photons: Nerf gun 

projectiles 

Photography with analogue photons. 

Heisenberg’s uncertainty principle. 

Photoelectric effect. 

 

Human hair 

Diffraction of laser light through a human 

hair.  

Measure the diameter of human hair. 

                      Soap bubble Interference of light in soap bubble film. 

 

All the activities presented above have been discussed more in detail in Chapters 4 and 5. 
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1.10 Design and procedure for teaching Einsteinian physics 
	
To teach physics from an Einsteinian point of view, we start with the fundamentals of Einsteinian 

language. Einsteinian physics in a nutshell is: space and time are unified into space-time, nothing 

can travel faster than light, matter causes space and time to be curved, freely falling objects 

follow the shortest paths in space-time, light comes as photons with energy E = hf, both photons 

and particles (like atoms) carry momentum but can act like waves and undergo interference.  

 

Sometimes, a comparison between the two worldviews is useful. For example, Newton’s first law 

that states that things move in straight lines if they are not acted on by forces, is almost 

equivalent to “Einstein’s first law” that things follow the shortest path in space-time unless acted 

on by forces. However, in one case gravity is a force while in the other, gravity is merely a 

manifestation of curved space. Once students have become familiar with space-time, this concept 

is not difficult and leads to interesting implications. 

 

From just two starting points: that light comes in photons and “Einstein’s first law”, the two most 

surprising aspects of Einsteinian physics can be easily deduced. The first is often called quantum 

weirdness: interference occurs even when only one photon is present in an apparatus at a time. 

The second is the fact that gravity is related to a gradient in time.  

 

In teaching Einsteinian physics, we started by first encouraging students to think about space-

time through various thought experiments and classroom activities. They deduced for themselves 

that space-time can only be properly conceived when space and time are linked by the speed of 

light. Then, we introduced experimental geometry, to help students become familiar with curved 

space. This involved careful attention to the concept of straightness and how it is measured. The 

students realised that only light can define straightness. Then, students studied geometry on 

curved surfaces such as hemispherical cooking pots, and determined experimentally the 

relationship between the sum of the angles of a triangle and its perimeter. They observed the 

crossing of parallel lines and the convergence to Euclidean geometry when the 2-dimensional 

space is flat. Extending the discussion to 3-dimensional spaces, students studied astronomical 

images that displayed gravitational lensing effects due to the curvature of space around galaxies.  
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To develop the knowledge on quantum physics, we started from the discovery of the photon by 

Einstein and Planck. Toys, wave experiments, and laser pointers were used. We used foam rubber 

bullets to simulate photons and also for “photography” and demonstrating the photoelectric 

effect. We developed the concept of the mean spacing between photons and used this to 

emphasise that for many optical situations such as interference in soap bubble films, there is often 

only one photon present at any time. 

 

Water wave interference and interference in many standard wave demonstrations allow the 

general properties of waves to be identified. Green laser pointers provided an outstanding 

resource for studying the wave properties of light.  

 

Having started by discussing light as photons, the wave particle duality became apparent from the 

very outset. Videos of single particle interference, with photons, electrons and neutrons, brought 

wave particle duality into vivid focus for both light and matter.  

 

Newtonian physics has given us many useful tools. These tools can easily be used without 

adopting the whole Newtonian language. It is important not to deprive teachers of their favourite 

Newtonian problems, especially the well-loved problems in ballistics etc. Students will learn 

physics within the modern paradigm but will have access to all the old tools – ballistics, optics, 

electricity and Newton’s Law of Gravitation. It is important to emphasise that these are all useful 

approximations, within the context of the theories that we know today are our best approximation 

of natural phenomena. 

 

1.11 Steps to the frontiers of knowledge  
 

Step 1: Learn the language of Einsteinian physics – curved space, quantum mechanics. 

Step 2: Learn how Newtonian physics is a useful approximation tool in certain situations, and the 

comparison between Einsteinian and Newtonian interpretations. 

Step 3: Frontiers of knowledge:  

• Learn how quantum mechanics and general relativity are inconsistent. 
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• Learn about the mystery of the big bang and how 95% of the Universe is unexplained dark 

matter and dark energy. 

 

By introducing students to Einsteinian physics, we will enable the school curriculum to 

encompass science frontiers which are otherwise beyond the reach of the school curriculum. 

 

1.12 Scope of study 
 
The three case studies conducted as a part of this research considered the impact of Einsteinian 

physics concepts on the students’ conceptual understanding and attitudes.  The findings are 

limited to this particular context, however findings from the different case studies may be applied 

to similar contexts when appropriate. 

 

1.13 Programmes involved in this research 
 
There are a number of programmes with school students and teachers, which were conducted as a 

part of the Einstein-First project. This thesis focused only on the programmes conducted with 

school students. The results obtained from the teachers’ programmes will be written separately as a 

research paper and have not been presented in this thesis. The details of the different programmes 

are as follows: 
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Table 2: A brief description of the programmes run in different years with students and teachers as 

a part of this research. 

 
 

 

1.14 Structure and overview of the thesis  
 
The regulations of the University of Western Australia provide the option for students researching 

for the degree of Doctor of Philosophy to submit their thesis as a series of papers that have been 

published, manuscripts that are submitted but not yet published and manuscripts that are being 

prepared for submission. This thesis has been structured as a series of papers.  

 

Date of the 

programme 

Name of the 

programme 

Participants Duration  Location 

22 January, 2013 National Youth Science 

Forum 

28 Year 11 

students 

One-day Gravity Discovery 

Centre 

 31 May, 2013 Teaching Einsteinian 

Physics 

20 teachers One-day Gravity Discovery 

Centre 

29 July, 2013 Einsteinian Physics 60 Year 9 

students 

10-Week Shenton College, 

Perth 

6 December, 2013 Teaching Einsteinian 

Physics 

20 teachers One-day Gravity Discovery 

Centre 

14 January, 2014 National Youth Science 

Forum 

28 Year 11 

students 

One-day Gravity Discovery 

Centre 

16 June, 2014 Teaching Einsteinian 

Physics 

20 teachers One-day Darwin 

17 June, 2014 Teaching Einsteinian 

Physics:  

15 teachers One-day Darwin 

23 July, 2014 Einsteinian Physics 60 Year 9 

students 

10-Week Shenton College, 

Perth 
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Chapter 1 has included the meaning of term Einsteinian physics, Statement of the problem, 

Rationale for the study, Aims and research questions, Research design, Methods of data 

collection and analysis, Validity, Reliability, Developed teaching activities for the research, 

Design and procedure for teaching Einsteinian physics, Steps to the frontiers of knowledge, 

Scope of the study, Programmes involved in this research and structure of the thesis. 

 

Chapter 2 has included the literature review. Four principal areas have been considered for the 

literature review. Firstly, it is the literature related to the curriculum followed by the literature 

related to the teaching and learning of Einsteinian physics. The third part contained the literature 

on conceptual change and lastly, the literature based on students’ attitude towards physics is 

presented.  

 

Chapter 3 ‘Einsteinian Physics for High School: The Impact of a One-day Intensive Programme 

on Students’ Understanding and Attitudes’, presents the impact of one-day programme on Year 

11 students’ conceptual understanding after attending a one-day programme on Einsteinian 

physics concepts. This programme was conducted at the Gravity Discovery Centre, Gingin in two 

different years, i.e. 2013 and 2014. Fifty-six students across two years (28 students in each year) 

participated in a one-day enrichment programme.  

 

Data was collected through pre/post questionnaires. The research results show a significant 

improvement in students’ conceptual learning after the program. To evaluate their attitude 

towards learning physics, attitudinal pre/post questionnaires were used. Students responded 

positively to the program and most of the students responded they would have preferred to learn 

Einsteinian physics rather than Newtonian physics. Interestingly, there was an overlap between 

concepts the students found interesting and those they found difficult, indicating that the students 

appreciate intellectual challenges. The manuscript from this chapter will be submitted for 

publication soon. 

 

Chapter 4 ‘Teaching Einsteinian Physics at Schools: Part 1 Models and Analogies for 

Relativity’, discusses the various models and analogies to teach the various concepts of general 

and special relativity. In this chapter, the approach of how to teach the concepts of space, time 
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and gravity with simple but engaging models and analogies is presented. Each model and analogy 

is also described in detail. The manuscript from this chapter was published in the journal, Physics 

Education (Kaur et al., 2017). 

 

Chapter 5 ‘Teaching Einsteinian Physics at Schools: Part 2 Models and Analogies for Quantum 

Physics’, discusses the various models and analogies to teach the concepts of photons, 

interference and diffraction. In this chapter, we describe how we can teach the concepts related to 

the nature of light with simple but engaging models and analogies. Each model and analogy is 

described in detail. The manuscript from this chapter was published in the journal, Physics 

Education (Kaur et al., 2017). 

 

Chapter 6 ‘Teaching Einsteinian Physics at Schools: Part 3 Review of Research Outcomes’, 

discusses the research results obtained from Einsteinian physics programmes run by different 

instructors with Years 6, 9, 10, and 11 students using the models and analogies described in 

Chapters 4 and 5. The manuscript from this chapter was published in the journal, Physics 

Education (Kaur et al., 2017). 

 

Chapter 7 ‘Determining the Intelligibility of Einsteinian Concepts with Middle School 

Students’, presents a study that explored the impact of the 10-week programme on the students’ 

conceptual understanding and attitudes. The concepts of Einsteinian physics are generally not 

taught to school students but rather later during university education. Considerable research has 

shown that younger students are capable in learning basic concepts of Einsteinian physics if we 

introduce them in an appropriate way. The purpose of this part of the research was to explore the 

impact of an enrichment program on aspects of Einstein’s theory of general and special relativity 

and quantum physics on Year 9 students’ conceptual understanding and attitudes towards these 

topics. This research was carried out at Shenton College, Perth in two different years, i.e. 2013 

and 2014 and a total of 120 students (60 student in each year) participated in this study.  

Data were collected through pre/post questionnaires. The results indicated a statistically 

significant improvement in the students’ conceptual understanding on the pre/post questionnaires 

and their attitudes towards learning physics seemed to have improved. Analysis of individual 

items on the questionnaire indicated results with regard to particular concepts. For example, after 
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the programme, students were able to better understand curved space and geometry of curved 

space. The memory retention results show that Einsteinian physics has lasting impact on the 

students’ understanding. It was also found that the female students improved considerably more 

than males in both years. Most students reported being interested in the activities run during the 

programme and showed a desire to learn more concepts of Einsteinian physics. The manuscript 

from this chapter was submitted in the journal, Research in Science Education. 

 

Chapter 8 ‘Gender response to Einsteinian physics interventions in school’ discusses the gender 

response to Einsteinian physics concepts in Australia and in Indonesia. Different instructors 

delivered the programme. We compared male and female outcomes and similar results were 

obtained in both countries. In both countries, it was found that the female students entered the 

Einsteinian physics programme with less positive attitude as compared to the males, but after the 

programme, the female students’ attitudes were comparable to the males’. This chapter discusses 

the possible reasons for this effect in detail. The manuscript from this chapter was submitted in 

the journal, Physical Review of Physics Education Research. 

 

Chapter 9 integrates the findings from all the manuscripts. The aim of this research was to 

rectify misconceptions about teaching and learning Einsteinian physics at school levels. This 

chapter provides recommendations for further research given that the findings indicate that 

students are capable to understand the basic concepts of Einsteinian physics in schools.  

 

1.15 Conclusion 

This chapter presents the research on the impact of different programmes conducted at various 

locations, which will be further discussed in later chapters. Case study 1 (Chapter 3) examined the 

impact of a one-day Einsteinian programme on Year 11 students’ conceptual understanding. Case 

study 1 (Chapter 7) investigated the change in Year 9 students’ conceptual knowledge and attitude 

after attending a 10-week programme at Shenton College. This chapter also presents the students’ 

memory retention results one and three years after the programme.  
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Chapter 2: Literature Review 

 
 
2.1 Introduction 
 
There is rather limited literature on the topic of the teaching and learning of Einsteinian physics, 

particularly in the school setting. Here, literature on existing curriculum content and the 

educational research on Einsteinian physics teaching and learning was reviewed. The final part of 

the literature review establishes the theoretical framework for the research, which is situated 

within the tradition of conceptual change. 

 

2.2 Curriculum 
For the purpose of this research, the current school science curricula in India, Australia, 

California, England, Malaysia and Nigeria were chosen to be briefly reviewed as an indication of 

the way that physics is taught internationally. It was found that in almost every country, students 

are learning Newtonian physics with minimal Einsteinian physics content. Concepts of 

Newtonian gravity are taught in preference to modern concepts such as space-time, time dilation, 

or Einstein’s definition of gravity. Some topics of quantum mechanics are taught, but usually 

only to advanced students or as optional material.  

 

In India, where the researcher is originally from, the science curriculum is defined by the Central 

Board of Secondary Education (CBSE, 2017). The curriculum includes some quantum mechanics 

components, but this is combined with all aspects of gravitation being taught in the Newtonian 

paradigm. For example, in Year 9 (age group 14-16), Newton’s Theory of Gravitation is taught, 

and free fall is taught in a Newtonian context. For Years 11 and 12 (age group 16 – 18 years), 

topics include Kepler’s laws of planetary motion, the Universal Law of Gravitation and 

acceleration due to gravity which are also Newtonian concepts. 

  

In Australia, the Physical Sciences element of the Australian Curriculum: Science (ACARA, 

2012) for Kindergarten to Year 10 outlines that students should be taught concepts including how 

an object's motion (direction, speed and acceleration) is influenced by a range of contact and non-

contact forces such as friction, magnetism, gravity and electrostatic forces. This is normally 
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interpreted in a Newtonian context. The new senior secondary Australian Curriculum in physics, 

however, introduces a few concepts of Einsteinian physics.  

 

According to the California Department of Education (2012) in the USA, Grade 7 (age 12 – 13 

years) students start to learn general information about light, such as the electromagnetic 

spectrum, that light travels in straight lines, and how an object can be seen. In Grade 8 (age 14 

years), they are taught Newton’s definition of gravity, the role of gravity in forming and 

maintaining the shapes of planets, stars and the solar system. Grade 9 students learn the Universal 

Law of Gravitation and the effect of gravity on an object at the surface of the Earth. They also 

learn how to calculate potential and kinetic energy. The concepts of waves, interference and 

diffraction are also introduced to Grade 9 students. All the ideas mentioned above are based on 

19th Century physics and do not include Einsteinian concepts. 

 

According to the Curriculum Development Centre, Ministry of Education, Malaysia (2013): 

Physics in secondary schools (age 13-18 years) includes topics about light and waves, reflection 

of waves, refraction of waves, diffraction, interference, light waves, and electromagnetic waves. 

None of the Einsteinian concepts is included. 

 

The English National Curriculum (2014) specifies that Year 7 to Year 9 students (age group 11 – 

14 years) must be taught about gravity forces acting at a distance on the Earth and in space, 

superposition of waves, light waves, the speed of light, and light waves through a vacuum. 

Students of this age also start to learn about lines, parallel lines, and the area of triangles based on 

Euclidean geometry. The curriculum does not include Einsteinian concepts. 

 

In Nigeria, the Secondary School Students’ Curriculum (age group 12-17 years) includes the 

quantum concepts of wave-particle duality, but not the studies of space, time and motion. These 

concepts are specified in a Newtonian context (Adeyemo, 2010). 

 

According to Baldy (2007), in 1993, the school curricula in France (Bulletin Oficiel, 1993), 

recommended using Newton’s Theory of the Interaction of Bodies at a Distance to teach students 

the connection between the Earth’s attraction and weight. In practice, this approach was 
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demonstrated to be unsatisfactory because students were confused and did not understand this 

force - They asked questions such as: “Is it magnetic, Is it magic?” (Baldy, 2007, p.1770). Baldy 

reported that students started to compare the introduced theory with their daily experiences and 

raised questions such as why they do not spontaneously start moving toward each other. Due to 

this misconception, Newton’s theory was taken out of the French curriculum in 1998 (Bulletin 

Oficiel, 1998).  

 

While some quantum concepts are currently taught in some countries, this limited curriculum 

review highlights that the teaching and learning of Newtonian gravitational theory are almost 

universal. Einsteinian gravitational theory is not included in any of the curricula reviewed. To 

replace the Newtonian concept of gravitation with the Einstein’s definition of gravity (which 

articulates that gravity is not an invisible force but is due to curvature of space-time) requires a 

substantial paradigm shift as it encompasses the idea that space-time itself is curved, and time is 

relative. These ideas contradict Euclidean geometry and implicitly contradict the Newtonian 

worldview. Thagard (1992) described this type of paradigm shift that occurred in the history of 

science as a conceptual revolution. For school students to change their thinking in the same way 

requires what is referred to as radical conceptual change (Duit and Treagust, 2003). 

 

The next section explains the theoretical position for teaching and learning Einsteinian physics. 

This content can also be found in the literature view of Chapter 7. 

 

2.3 Theoretical position for teaching and learning Einsteinian 

physics 
The challenging situation described above can be best understood and interpreted by the construct 

of conceptual change which is recognised as a viable and powerful framework to investigate 

student learning in physics as well as the design of instruction (Duit and Treagust 2003; 2012). 

Numerous research studies have shown that students come to science classes with ideas about the 

phenomena and concepts to be learned that are not in harmony with science views and which are 

firmly held and resistant to change (Duit 2009; Duit, Treagust, and Widodo 2013).  
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From the initial research in the late 1970s that took an epistemological view of conceptual change 

with a focus on students’ better understanding of phenomena through learned concepts being 

plausible, intelligible and fruitful, researchers such as Pintrich, Marx and Boyle (1993) and 

Zemblas (2005) argued that conceptual change should address the affective domain including 

attitudes to and enjoyment of science. Another focus on conceptual change argued by Chi (see 

Chi 2008; Chi, Slotta and de Leeuw 1994) is that for conceptual change to occur with certain 

science concepts, students need to switch ontological categories. An example would be the switch 

from the calorific concept of heat to one involving particles moving with increased speed. In an 

effort to examine science learning from a more holistic perspective, Tyson, Venville, Harrison, 

and Treagust (1997) considered learning from a multi-dimensional position that takes into 

account epistemological change, affective change, and ontological change. 

 

In the research we were particularly interested in students being able to change their conceptions 

from a Euclidian or Newtonian view of physics to a relativistic, Einsteinian one. We recognise 

that students will already have experienced a Euclidian or Newtonian view of the world and hold 

such an ontology. Our goal was to challenge this ontology at an early age, while minds are still 

flexible, by introducing students to a relativistic, Einsteinian ontology which they could 

understand, to determine whether students are able to retain these newly introduced conceptions, 

and to provide motivational and enjoyable learning experiences. 

 

 

2.4 Misconceptions about Einsteinian physics concepts 
This section reviews the literature related to research on teaching and learning the relevant 

concepts of gravity, light and geometry. Most of the research highlights the range of 

misconceptions that students have on these topics – which are mainly taught in a Newtonian 

context.  

 

2.4.1 Misconceptions about the term gravity 

Research has shown that students can acquire a range of misconceptions about the term gravity, 

whether Newtonian or Einsteinian. For example, Bar, Zinn, and Rubin (1997) found that Israeli 

students aged 9-17 years often believe that the source of the Earth’s attraction is a magnetic force 
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that requires a medium—such as ‘air’—to be propagated from the Earth to the object. Watts 

(1982) showed that, for 12-year-old English students,	 gravity is ‘selective’ in that it does not 

apply to bodies at rest or bodies thrown up into the air. Palmer (2001) found that many 11-year-

old to 16-year-old Australian students erroneously believe that attraction is a phenomenon that 

only occurs on Earth. Furthermore, students believe that on other celestial bodies, such as the 

Moon, bodies do not fall but float because they are in a vacuum, and the fact that bodies fall is 

often ascribed to the presence of the atmosphere.  

 

2.4.2 Misconceptions about the term light 

Research by Olsen (2002) revealed that secondary school students poorly understood the wave-

particle duality of light. He also mentioned that some students’ clearly demonstrated 

misconceptions rooted in a classical physical worldview. Ireson (2000) showed that many high 

school students mixed the wave and particle descriptions of light. Cheong and Song mentioned 

that some students displayed an uncritical duality notion. This means that they combined wave 

and particle properties, for example by describing light as “particles with wavelength” without 

reflecting on the contradictions between these properties in a classical sense (Cheong and Song, 

2014). Students could not appropriately explain the interference phenomena in relation with 

photons or electrons. 

 

2.4.3 Misconception about straight lines on curved surfaces 

Premalatha Junius (2008) conducted a case study with one of his upper level modern geometry 

class student (age group 13-18 years), Rani. Rani explained her realisation that physics ideas that 

worked and could be applied on a flat surface did not always work on a sphere, and she struggled 

to accept the fact that she had to try a different approach in curved contexts. She had to go 

through a radical conceptual change to be able to view the familiar straight-line concept in a new 

way. Conflict arose when her prior knowledge of the fundamental Euclidean concept of a straight 

line was challenged. Rani’s prior image of a straight line was a line where you usually see no 

curves, waves, or twists. Fence posts, rulers, spirit levels, plum lines and marching bands were 

examples she provided to illustrate a straight line. She gave a definition of straight line as: “A 

straight line is that which is not curved” (p. 998). When she used this definition on a sphere by 

picking up two points on the sphere and connecting them, she was totally confused to see a 
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straight line on a sphere. The case study clearly illustrated the challenges for teaching Einsteinian 

physics when students have previously learned physics from a Newtonian perspective. 

 

Haddad and Pella (1972) reported that Year 6 Lebanese students could learn basic concepts about 

relativity. Pilot studies conducted by the larger research group of which this doctoral study is part 

of, have included carefully developed curriculum material and have shown that students from 

Year 6 to Year 11 are receptive to Einsteinian physics (Carr et al., 2012; Pitts, et al., 2013). 

Results from questionnaires in the pilot studies revealed that 70% of students stated they were not 

too young to understand these ideas (Pitts et al., 2013). Moreover, Year 11 students stated they 

would have liked to learn the ideas of Einsteinian physics at a younger age (Blair, 2012). 

	

2.4.4 Euclidean geometry   

Some of the problems associated with the teaching and learning of Einsteinian physics can be 

traced back to the learning of geometry. Students start to learn Euclidean geometry at early ages. 

For example, in India, Year 9 students start to prove that the sum of the angles of a triangle is 

always 180 degrees and that parallel lines can never meet. Since Euclidean geometry does not 

work on curved surfaces, the failure to teach the fact that Euclidean geometry is an 

approximation to the real world and a mathematical idealisation, underlies the problem of 

teaching Einsteinian physics (Blair, 2012). It is important for students to know that geometry in 

curved space is different from geometry on flat surfaces. This can easily be taught using 

appropriate models and activities.  

 

2.5 Conceptual change 
One of the major challenges in science education is that science content matter is often 

challenging to learn because it is more than simply memorising pieces of information; rather, it 

requires a process of conceptual change (Duit and Treagust, 2003). The area of conceptual 

change is a research tradition in science education that will form the theoretical framework for 

this research. 

 

Einstein’s theory of gravity is considered as one of the most beautiful and elegant theories ever 

created. According to Blair (2012), everyday people’s understanding of gravity is at best 
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Newtonian and, at worst, Aristotelian and profoundly misunderstood. Haddad and Pella (1972) 

emphasised that “there are many who believe that concepts included in the conceptual scheme of 

relativity can be understood only by an elite group of scientists — this notion of unintelligibility 

of relativity was not shared by the scientists who developed it” (p. 22). 

 

Thagard (1992) explains that “the adoption of Einstein’s special and general theories of relativity 

involved massive conceptual change and rejection of old assumptions” of the “previous 

combination of principles drawn from Newton, Maxwell, and Lorentz” (p. 211). Cox and 

Forshaw, (2009) concurred that about a century ago, Einstein’s theories of gravity, referred to as 

the Theory of General Relativity and particle interactions, referred to as Quantum Mechanics, 

created a paradigm shift in human thinking not seen since Copernicus changed human 

understanding regarding our world as the centre of the universe. 

 

Given the structure of most school curricula today, students first learn concepts from a 

Newtonian perspective and then, if they choose to or are chosen to participate in higher level 

physics courses, they would be required to pass through a conceptual change process from the 

Newtonian to Einsteinian world views that is analogous to the conceptual revolutions that 

happened in the history of science (Thagard, 1992). This research is about challenging that 

process. In this research, Einsteinian concepts were taught to school students parallel to the 

Newtonian curriculum to determine the impact it has on student learning of physics. 

 

Galili (2001) suggested that the ‘too-complex’ view of modern physics deprives teachers’ 

opportunities to help students obtain clearer understanding of the concepts of gravity and weight.  

Conceptual change in students takes place more readily when the teaching method is based on an 

analogy. Analogies have the power to make abstract concepts concrete and to create connections 

between unknown concepts and ideas and images known and accessible to students (Venville and 

Treagust, 1996). In this research, the researcher used models and analogies extensively to teach 

Einsteinian physics to high school students.  

 

At the University of Western Australia, analogies as well as analogical models and activities have 

already been developed in an attempt to make Einsteinian physics easy and accessible to young 
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students in high school. Previous research has shown that a systematic approach to the use of 

analogies is beneficial for student learning (Harrison, Venville and Treagust, 1998). This doctoral 

research aims to investigate the approach to the use of analogies in the context of teaching and 

learning Einsteinian physics. 

	
2.6 Students’ attitude towards science  
 
Various dynamics may affect a student’s attitude towards science, for instance, personal views 

regarding their teacher and/or said teacher’s teaching methods, teaching environment, their 

motivation and enjoyment of the subject, and perhaps, most importantly for students at this age, 

their peers’ opinions. Thus, students’ attitude towards science is certainly one of the major 

hurdles to overcome in science education (Scantlebury et al., 2001; Osborne et al., 2003). A 

previous study had shown that students’ attitude is positively impacted by an efficient teaching 

setting and method of delivery (Papanastasiou and Zembylas, 2002). In another study, it was 

shown that when students were presented with experiments using everyday objects, it assisted 

them to better understand naturally occurring events. Accompanying activities also improved 

their reasoning skills and affects the students’ attitude overall (Eren, Bayrak, and Benzer, 2015; 

Koç and Böyük, 2012). Other studies also found that scientific activities using simple objects and 

worksheets help better students’ attitude in regard to science (Kurt and Akdeniz, 2002; Ornstein, 

2006; Ba da and Kirisçioglu, 2006). 

 

Taking into account all these tactics, the Einstein-First project endeavoured to deliver the 

Einsteinian concepts to groups of students using models and analogies. In Australia, interest in 

science and positive perception towards it has lessened, perhaps reflected in the decrease of 

science students (Hassan, 2008). As shown in a research, as the level of studies increased, the 

opposite occurs in the students’ attitude to science (Moffat, 1992; Greenfield, 1997; Pell and 

Jarvis, 2001; Murphy, Ambusaidi and Beggs, 2006). 

 

Through this project, it is sincerely believed that the early introduction to Einsteinian physics will 

positively improve students’ perception and maintain their interest in science.  The influences of 
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school curriculum on students’ attitude towards science have been extensively studied. (Osborne, 

Simon, and Collins, 2003; Nieswandt, 2005). 

 

Researchers throughout are pondering over the causes that might affect students’ perception 

towards the subject of science. Several determined that gender plays a pivotal role (Weinburgh, 

1995; Schibeci, 1984; Gardner, 1975), showing that male students commonly respond more 

positively to science compared to their female counterparts (Smist, Archambault and Owen, 

1997). The study into gender distinction in attitude towards the subject of science has been 

delved into by many scientists in the last few decades. This was generally determined by 

contrasting their scores (Hazari, Tai, and Sadler, 2007), presentation (Forster, 2005) and aptitude 

(Williams, 2003). 

 

It is interesting to note that particularly in the subject of physics, both male and female students 

possessed positive attitudes towards it by the end of their primary education. But that declined 

radically for female students by the end of their secondary education (Reid, 2003). It was 

reported that high school seemed to be the most crucial period for students to be exposed to 

scientifically related experiences that could possibly shape their perception towards science. 

Therefore, it is recommended that educators focus on this timeline in order to address the 

significant differences in attitude between the two genders (Jones, 1992). A study showed that 

female students were more oriented towards subject matters regarding social and practical life as 

compared to the male students who were more drawn to systematic applications (Reid, 2003). It 

was suggested that both genders’ interests should be respected and used to design an unbiased 

physics syllabus, thus helping keep their attitude positive. It was later found that hands-on 

activities or dynamic tutoring might be instrumental in reducing the disparity in attitude between 

male and female students (Lorenzo, Crouch, and Mazur, 2006; Pollock, Finkelstein, and Kost, 

2007). 
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2.7 Are we the only ones concerned with these issues? 

Within this century, Gravitational waves were discovered and with it, any remaining doubt 

regarding Einstein’s description of space, time and gravity as the best methods for understanding 

the mysteries of the universe is removed. Unfortunately, some educators believe that Einsteinian 

physics should not be taught to school students due to various abstract concepts and mathematical 

complexity associated with it. However, we believe that it is in everyone’s best interest to make 

these beautiful theories understandable to a broad audience. 

 

Fortunately, many science educators are shifting their thinking and do believe that the science 

curriculum should be based on the concepts which work in the real world. Therefore, they have 

started working on making these concepts understandable to school students. Different 

approaches have been used to make these concepts understandable and suitable to the intellectual 

level of students.  

 

For example, researchers in Norway are working on a project called ReleQuant (Henriksen, 

2014). In this project, they develop digital and research-based learning resources to teach the 

various concepts of general relativity and quantum physics to upper secondary school students. 

Another group of researchers from Germany are using a physical model known as Sector Model 

to teach the concepts of curved spaces and spacetimes, Euclidean space, black hole etc. (Zahn 

and Kraus, 2014). Many other researchers are using different approaches to teach the various 

concepts of special and general relativity and quantum physics (Johansson and Milstead, 2008; 

Gould, 2016; Singh, 2008; Gordon and Gordon, 2012).  

 

As a result, Einsteinian physics is now a part of science curriculum in many countries such as 

Scotland, Norway and South Korea. 

 

Australia, however, is still struggling to convince the National Department of Education and 

Training and State Departments to include modern ideas in the curriculum. So, we, the Einstein 

First team, are working hard to get significant results to show that young minds have the ability 

to grasp these ideas. Our educational approach is similar to other researchers’, but ours 
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encompasses the topics of special relativity, general relativity and quantum physics. Our motto is 

learning by doing rather than simply passive listening in the classroom. Our instruments are 

simple and inexpensive hands-on activities. Students first become familiar with a topic and then 

investigate it with a corresponding model.  

 

In this research, our target audience were high and secondary school students. In future studies, 

the lower year levels will be considered. Our ultimate goal is to educate the masses with the basic 

of Einsteinian physics, as we sincerely believe that every person has the right to be enlightened to 

the mysteries of how the universe and the world work.  

 

As mentioned above, we use interactive hands-on activities and have presented all the material 

regarding them in two different papers, which are detailed in Chapters 4, and 5. These chapters 

explain every activity and model in detail, so that any teacher can replicate it quite easily. 
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Chapter 3: Einsteinian Physics for High School: The Impact of a 

One-day Intensive Programme on Students’ Understanding and 

Attitudes 

	
	
For the Einstein-First project, the first programme I ran was with the National Youth Science 

Forum (NYSF) in which selected academically talented students participated. These students 

came from all over Australia with an interest in science in January 2013. It was a one-day 

programme and a total of 28 physics oriented students participated. For this one-day programme, 

I prepared the conceptual pre/post and attitudinal post questionnaires for the students (see 

Appendices A and B). Along with questionnaires, I prepared a document for the students, which 

summarises all the concepts and take-home ideas (see Appendix H). The other team members 

were also present and delivered the concepts to students. I assisted team members by explaining a 

few activities to students who were divided into four groups. Through this programme, I received 

valuable experience and confidence on how to run future Einsteinian programmes. Subsequently, 

I had a meaningful discussion with all my supervisors about the programme. Based on the 

obvious success of this programme and by taking into account careful analyses, strengths and 

limitations of the programme, the team decided to run another longer programme, which is 

discussed in Chapter 7. The first programme, being Case study 1 of this thesis, is discussed in 

detail in this Chapter. The manuscript of Chapter 3 is in preparation. Once it is completed, I will 

submit it to a suitable journal. 
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3.1 Abstract 

Einsteinian physics concepts are not a part of the secondary school science curriculum. In this 

paper, we present research results, which show that secondary school students are capable of 

learning Einsteinian physics concepts. Fifty-six students across two years (28 each year) 

participated in a one-day enrichment programme. Students completed conceptual pre and post-

tests to measure any change in their understanding of Einsteinian concepts. Students also 

completed an attitudinal post-test to evaluate their views toward Einsteinian physics. The average 

score in post-test was 74%, compared to 30% in the pre-test, indicating significant improvement 

in students’ conceptual understanding of Einsteinian physics. In particular, the concept of non-

Euclidean geometry was well understood. Students responded positively to the programme and 

most of the students responded they would have preferred to learn Einsteinian physics rather than 

Newtonian physics. Interestingly, there was an overlap between concepts students’ found 

interesting and those they found difficult, indicating that students enjoy intellectual challenges. 

 

	

3.2 Introduction 
The expression “Einsteinian physics” refers to the theories of special and general relativity, 

developed by Einstein, as well as quantum mechanics, which was developed by Max Planck, 

Einstein (Einstein, 1905) and others. As the theories developed by Newton are called Newtonian 

physics, those developed by Einstein are called Einsteinian physics. Secondary school students 

do not learn Einsteinian physics at an adequate level. Einsteinian physics is neglected in the 

secondary school science curriculum within Australia and worldwide (ACARA, 2012). 

 

Einsteinian physics has many applications in daily life. We carry smart phones with us, which we 

use for many purposes such as to determine our location, to tell the time, to browse the internet 

etc. To determine our location we use global positioning system (GPS) and GPS navigators 

depend on general relativity. Other technology such as lasers and transistors also rely on 

Einsteinian physics. Einsteinian physics is not only underpins modern technology, but also in 

resources used by humans. For example, people love to wear gold, primarily for its unique 

colour. Both the origin of gold in the universe and its unique colour can only be explained by 
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Einsteinian physics. Many educational researchers know the importance of teaching Einsteinian 

physics to secondary school students (Singh, Belloni and Christian, 2006). 

 

There are several reasons to introduce Einsteinian physics at early ages. For instance, young 

minds can learn a new language easily and once they learn the Einsteinian language at school, 

they will not be astonished at university physics education. Also, students should learn the truth 

of the real world. For example, if we ignored non-Euclidean geometry; geometry of curved 

surfaces, now from school education, then it will be hard to present later on.  

	

There is a perception that Einsteinian physics is difficult for teachers to understand and teach. 

This is a misconception. Teaching Einsteinian physics concepts is not a difficult task for teachers. 

We can teach them with the help of activities and analogies. Previous studies demonstrate that 

activities and analogies are effective methods to teach complex ideas (Justi and Gilbert, 2003). 

This programme utilizes activities and analogies to teach Einsteinian physics concepts. Previous 

research demonstrates that visualization tools help students to take part effectively and 

comprehend modern physics concepts (Singh, Belloni and Christian, 2006).   

	

Most research has focused on either general relativity or quantum physics in isolation. Einstein-

First project considering some topics of general relativity and some topics of quantum physics 

together. Most research was done on university students, but in our research secondary school 

students participated. We are interested in students who have not learnt Einsteinian physics at 

school. In particular, we are interested in the impact of a one-day programme on students’ 

understanding of, and attitude towards the content. 

	

Our research questions were as follows: 

1. How do students’ post-test understanding of Einsteinian physics concepts, compares with 

their pre-test understanding? 

2. Do students’ attitudinal post-tests indicate strong attitudes (whether positive or negative) 

towards Einsteinian physics? 
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3. Is there a correlation between concepts that students perceived to be interesting, as 

indicated by the post test, and the concepts they had difficulty understanding, specifically, 

concepts that were answered poorly (post-test). 

4. On average, is there any overlap between the concepts that students perceived to be the 

most interesting and the concepts they perceived to be the most difficult. 

We hypothesized that there would be a significant improvement in students’ post-test 

understanding compared with their pre-test understanding.  Therefore, we also hypothesized that 

students would be able to understand the Einsteinian physics concepts to a satisfactory level. 

 

Further, we hypothesized that student’s would hold strong positive attitudes toward Einsteinian 

physics. Hence, we also hypothesized students would acknowledge the benefits of learning 

Einsteinian physics before Newtonian physics. 

 

Finally, we hypothesized that there would be some positive correlation between the concepts 

students’ found interesting and their post-test understanding of the concept. 

 

 

3.3 Methods 
3.3.1 Programme 

A one-day programme was designed to introduce some basic concepts of Einsteinian physics to 

Year 11 students. This programme was run over a single day in January 2013, and January 2014 

with a different group of participants. On both occasions, the programme was delivered at the 

Gravity Discovery Centre, a science education centre located 80 km north of Perth, Western 

Australia. The outline of the programme is given in Table 3. 

 

3.3.2 Participants 

A total of 56 Australian secondary school students participated in this study (28 participants each 

in 2013 and 2014). All students had completed Year 11 and were aged 15-16. The class consisted 

of 32 males and 24 females. These students were also participants of the National Youth Science 
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Forum, a programme for academically gifted students with an interest in science and physics in 

particular. These students had never learnt Einsteinian physics before in the classroom. 

 

3.3.3 Teaching 

The programme was designed by the authors of the study to introduce fundamental concepts of 

general relativity and quantum physics (see Table 3). The programme utilized both PowerPoint 

presentations and interactive hands-on activities. The presentations introduced the concepts to the 

whole class in an interactive lecture environment where discussion was encouraged. The 

presentations were designed to explain Einsteinian physics concepts visually and as a result 

included many pictures, videos, animations, and very few words. Activities reinforced concepts 

through active participation. Each activity was designed to capture an aspect of the learning 

concept and demonstrate it visually in a familiar setting. Thus reinforcing the otherwise ‘abstract’ 

concept. 

 

The programme was overseen by four members of a Science Education Enrichment project: two 

physicists and two physics Ph.D. students, all of whom were very familiar with the content and 

had experience teaching. The most senior physicist led the programme, delivering all the 

PowerPoint presentations while the other three members promoted discussion among the class. 

Activities were conducted in four separate groups of equal size. Four activities were run side-by-

side; each led by a different member of the research group. The student groups cycled through the 

activities, spending equal time on each. However, one activity was done as a whole class, led by 

the senior physicist. Two teachers from the National Youth Science Forum were present for the 

duration of the programme, strictly to organise the students and maintain class discipline. 
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Table 3 Description of the one-day programme. 
Time Teaching Method Concepts 

20 min PowerPoint presentation (PPT) 
 

Introduction  

20 min Activity: Spandex sheet  
 

Curved space-time, gravity, 
gravitational lensing 

30 min 
 

Activities:      
1. Wave cable and slinky 

experiment   
2. Vortex ring experiment     
3. Nerf gun photography 
4. Photoelectric effect  

 

Photons, light as photons 

30 min Activity:  
Falling water balloons from the leaning 
tower (40 m high) 
 

 
 Universality of free fall 

30 min PPT  Space-time diagrams: Reducing 4-
dimensions into 2-dimensions and 
plot the journey from home to 
school. 
 

50 min Activity: Geometry on curved surface Testing Euclidean geometry on 
curved surfaces. Check whether 
the sum of the angles of a triangle 
is equal to 1800 or not on curved 
surfaces. 
 

40 min Activities:  
1. Soap bubble interference 
2. Interferences patterns 
3. Human hair diffraction 

 

Wave nature of light, interference,  
Diffraction 

20 min PPT 
	

Discussion on free fall and time 
dilation 
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3.3.4 Data collection 

This study is primarily interested in two criteria: the students’ ability to understand the basic 

concepts of Einsteinian physics and their attitude towards Einsteinian physics. To measure the 

effectiveness of the programme, three tests were designed by the authors.  

A “conceptual pre–test” (see Appendix A) was designed to assess students’ prior conceptual 

knowledge of Einsteinian physics. The pre-test had six questions of 2 different types: 3 open 

ended questions, 3 two-tier questions (Yes/No with justification). This test was given at the 

beginning of the programme and 15 minutes were allowed to complete it.  

The “conceptual post-test” (see Appendix A) was designed to assess students’ conceptual 

knowledge of Einsteinian physics following completion of the programme. It had identical 

questions to the pre-test. This test was given at the end of the programme under identical 

conditions to the pre-test. 

To measure the effectiveness of the programme on students’ conceptual understanding, pre and 

post-tests were analysed and compared.  

The “attitudinal post-test” (see Appendix B) was designed to assess students’ attitudes towards 

Einsteinian physics following completion of the programme. This test had four open-ended type 

questions. It was given at the end of the programme, immediately after the conceptual post-test, 

and 10 minutes were allowed to complete it. 

	

3.3.5 Data analysis 

a) Conceptual understanding 

Improvement in students’ conceptual understanding as a result of the programme was evaluated 

by analysing the quality of conceptual pre and post-test answers.  

 

The pre/post-test questions were assigned scores according to the different types of questions. 

Simple questions = 1 mark, two-tier questions = 2 marks. The students achieved marks according 

to their performance. In simple questions, they got 1 mark if they responded correctly. Half mark 

was given to the partial correct and no mark was given to the incorrect answers. In Two-tier 

questions, students had to justify their chosen answer. If a student chose right/wrong option and 
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gave an incorrect/correct explanation, then 1 mark assigned. If students chose the right option and 

explained it correctly, then 2 marks were given to them. The two tests were assessed in the same 

way since their questions were identical.  

 

The sum scores of the six questions could range from 0 to 9, where 9 corresponds to 100%. The 

sum score represents a students’ conceptual understanding of Einsteinian physics. By comparing 

the students’ pre and post-test sum scores, we have a measure of the improvement in their 

conceptual understanding as a result of the programme. 

 

b) Attitudes 

Students’ views towards Einsteinian physics were assessed through attitudinal post-tests. This 

test had four open-ended questions.  

 

3.4 Results   
3.4.1 Conceptual understanding 

The findings from the pre and post-tests are presented in Figure 2 with the students arranged in 

ascending order by pre-test score. 

 

 
Figure 2. Students’ conceptual understanding of Einsteinian physics concepts before and after the 
programme. 
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91% of students had improved their scores after the programme. The maximum improvement 

was observed in student Id 2, improved by 84%. Students with Id’s 3,4 and 5 improved by 77%. 

Three students (Id’s 22,50 &53) didn’t show any improvement over the programme. There were 

only two students (Id’s 51&56) whose scores went down (11% and 5% respectively). 

 

The t-test was calculated as 14.3 which is statistically significant at 0.01 level of significance. 

The t-test value showed that there was a statistically significant increase in students’ conceptual 

understanding from pre-test (Mean = 2.6, S.D = 1.8) to post-test (Mean = 6.6, S.D = 1.6). The 

mean value increased by 4. 

 

We also analysed students’ results by gender. These results are presented below in Figure 3. 

 

                      
Figure 3. Boys and girls mean scores in conceptual pre and post-tests.  
 
 

Figure 3 shows that girls initial scores were half than boys but their final scores are almost equal 

as that of boys. It is generally believed that girls are less likely to be interested in physics than 

boys. However, our results show that girls improved more than boys and these results are 

consistent with several researchers who have made arguments that to increase physics interest 

among girls, physics must be taught in an interesting way.  
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3.4.2 Question wise results 

The following figure (Figure 4) presents students’ understanding in a specific topic before and 

after the programme.  

            

               
Figure 4.  Students’ understanding of various Einsteinian concepts before and after the programme. 

 
 

In response to Q1 (What does it mean for space to be curved?), 40% of responses were correct 

which indicates that students had prior knowledge that space is curved. This concept was taught 

with an activity. Improvement in scores indicates that students understood the concept of curved 

space. 

 

This programme has improved students’ conceptual understanding of gravity (Q2). A significant 

improvement was observed in this concept. Before the programme, most students answered: 

‘gravity is an invisible force’. After the programme, they understood Einstein’s definition of 

gravity as the curvature of space-time. 

 

Two questions (Q3 and Q4) were designed for testing students understanding about curved space 

geometry. Before the programme, students answered that parallel lines can never meet and the 

sum of the angles of a triangle is always 180 degrees. By doing related activities, students found 

that the sum of the angles of a triangle is not equal to 180 degrees on curved surfaces, and only 

approximating 180 degrees when very small in size. The maximum improvement was observed 

in these concepts. 
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Q5 (Is time different at the top of a mountain compared with its base? Circle Yes or No. Please 

give a reason for your answer) was based on time dilation. The class average scores for this 

question in the pre-test was 43%. Students agreed time could be different at different places, but 

they were unable to justify their answers. After the programme, the average score increased by 

8%, showing a slight improvement in their conceptual understanding. This concept was taught 

only with PPT slides and no activities. There was no activity on time dilation; hence students 

might have lost interest in this concept, explaining the slight improvement in their post-test 

scores. 

 

Before the programme, students did not know how we could measure the shape of a space (Q6). 

They simply answered yes, we can measure the shape of a space, but didn’t describe how. After 

the programme, they gave a proper explanation such as with the help of geometry we can 

measure the shape of a space. Some students gave the wrong explanation in the post-test such as 

with the help of radio telescopes or we cannot measure it.  

 

Overall, students improved their scores in every concept after the programme. 

 

 

3.4.3 Attitudinal  

In response to the question “If you were given the choice, would you have preferred to learn 

Einsteinian physics rather than Newtonian physics?”, 63% of students responded they would 

prefer to learn Einsteinian physics before Newtonian physics. In another question, 86% of 

students thought it is important to know that the formulae of Euclidean geometry are only 

approximations. The results of these questions are given in Table 4. 77% of students performed 

well on the concepts they found interesting. 39% of students performed well on the concepts they 

found difficult. 34% of students found interesting concepts as the difficult concepts. 
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Table 4 Results of the attitudinal test. 
 

Questions asked Yes No Both Not sure 
If you were given the choice, would you 

have preferred to learn Einsteinian physics 

rather than Newtonian physics? 

 
63% 

 
23% 

 
14% 

 
0% 

Do you think it is important to know that 

the formulae of Euclidean geometry are 

only approximations? 

 
86% 

 
9% 

 
_ 

 
5% 

 
 
The following figure (Figure 5) shows students response to the questions “What was the most 

interesting concept that you came across today?” and “What was the most difficult concept that 

you came across today?”  

	
	

                       
                    Figure 5. The concepts that students found difficult and interesting.	

The three topics students identified as most difficult were curved space-time, time dilation and 

photons. Out of 41 students, 29 identified one of these three topics as most interesting. There 

were 15 students who found gravity, non-Euclidean geometry and free fall as the most difficult 

concepts. Out of 15, 7 students identified one of these 3 topics as most interesting. 

	
The correlation between finding topics difficult and interesting tells us that students enjoy being 

challenged by the difficult subject. 
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3.5 Conclusion 
We observed students performed better in the post-tests than the pre-tests. The students who have 

low pre-test scores, they improved their scores significantly after the programme. Three students 

didn’t improve their scores over the programme. Their post-test answers were same as pre-test. 

We conclude that, a one-day programme on Einsteinian physics concepts significantly improved 

students’ understanding. We found that students improved significantly in those concepts, which 

were explored with activities or analogies. The concepts taught by only PowerPoint slides, they 

didn’t improve significantly. Students’ had a positive attitude to learn Einsteinian physics. 

Overall, our research results showed that Australian Secondary school students are capable to 

learn Einsteinian physics.  
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Chapter 4: Teaching Einsteinian Physics at Schools: Part 1, Models 

and Analogies for Relativity 

 
The models and analogies developed by the Einstein-First team for teaching general and special 

relativity are described in this chapter. The manuscript of this chapter has been published in the 

Physics Education journal and the reference is given below: 

 

T. Kaur, D. Blair, J. Moschilla, W. Stannard, and M. Zadnik. (2017). “Teaching Einsteinian 

Physics at Schools: Part 1, Models and Analogies for Relativity”, Physics Education 52, 

065012. 
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4.1 Abstract 
The Einstein-First project aims to change the paradigm of school science teaching through the 

introduction of modern Einsteinian concepts of space and time, gravity and quanta at an early 

age. These concepts are rarely taught to school students despite their central importance to 

modern science and technology. The key to implementing the Einstein-First curriculum is the 

development of appropriate models and analogies. This paper is the first part of a three-paper 

series. It presents the conceptual foundation of our approach, based on simple physical models 

and analogies, followed by a detailed description of the models and analogies used to teach 

concepts of general and special relativity. Two accompanying papers address the teaching of 

quantum physics (Part 2) and research outcomes (Part 3). 

 

4.2 Introduction 
The term ‘Einsteinian Physics’ refers to the theories of special and general relativity developed 

by Einstein (Einstein, 1905), and quantum physics that had its origin in the discovery of photons 

by Einstein (Kuhn, 2012) and Planck (Planck, 1901). These theories are two of the major pillars 

of modern physics. They give the best description to date of the universe in which we live. 

Unfortunately, most of the concepts of Einsteinian physics are rarely part of the school science 

curriculum worldwide (ACARA, 2012; CA, 2012; CBSE, 2017). When aspects of Einsteinian 

physics are introduced, it is usually only for specialist physics students. 

 

It is generally believed that Einsteinian physics is difficult, highly mathematical and only suitable 

for gifted students (Johnston, Crawford and Fletcher, 1998). The question of the difficulty of 

Einsteinian physics can be challenged. Newtonian physics can also be extremely mathematically 

complex, but those aspects are not included in the school science curriculum. Einsteinian physics 

can be taught from an observational point of view, without recourse to complex abstract 

mathematics, either without formulae or with formulae no more complicated than those of 

Newtonian physics.  

 

Many researchers have developed different approaches for introducing the concepts of special 

and general relativity and quantum physics (Johnston, Crawford and Fletcher, 1998; Gould, 
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2016; Henriksen, 2014; Zahn and Kraus, 2014). The program described here enables almost all 

learning to take place through practical activities based on models and analogies.  

 

In this paper, Section 4.3 discusses the conceptual differences between Newtonian and 

Einsteinian physics, and the importance of models and analogies in physics education. Section 

4.4 discusses the models and analogies under three subheadings: general relativity, geometry in 

curved space and special relativity, and how they are used in a systematic introduction to 

Einsteinian physics. Appendix 1 gives detailed instructions to allow teachers to replicate our 

models.  

 

4.3 The importance of models and analogies for teaching physics 
Models and analogies are particularly important for introducing Einsteinian physics. Previous 

research has shown that the use of models and analogies in classroom teaching provides a route 

for students to gain conceptual understanding (Richard, France and Taylor, 2005; Treagust et al., 

1992). These are essential tools not only for a scientific description of the world but also for those 

things which are not directly perceivable by the human senses (Giuseppe, 2000). When models 

and analogies are used, it is important to understand and emphasise the limitations and 

differences between the analogous system and the real world. In the process of using models and 

analogies, we develop ways of understanding what the universe is like, while we can rarely claim 

to know what it is. 

 

The first trials of the Einstein-First research project began with Year 6 primary school students. 

This work was based on the hypothesis that the worldview of Einsteinian physics would be much 

more acceptable to young and malleable minds because it did not contradict their prior 

knowledge (Blair, 2012). 

 

Furthermore, if students are to acquire our best understanding of the universe, we propose that it 

is better that they learn the fundamental concepts of Einsteinian physics before those of 

Newtonian physics. Once they have grasped the Einsteinian concepts, they can easily learn that 

most of the time, on Earth, we can treat time as being absolute, space as being flat, and gravity as 

a force field coming out of the Earth.  
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To teach Einsteinian physics requires the development of suitable models and analogies. The 

challenge for the work described here was to create suitable models and learning sequences to 

allow students to develop a deep understanding of the concepts of Einsteinian physics.  

 

Previous study has shown that working in groups and peer discussion are important in enhancing 

students’ understanding and thinking skills (Richard, France and Taylor, 2005). We used these 

approaches in the Einstein-First project. The Einstein-First program was trialled in different 

schools with different age groups. The content was delivered through models and analogies 

combined with on-screen presentations. The primary component consisted of small group work 

with the physical model systems which were all designed for activity-based learning. When 

possible, we asked students to use a video recording of experiments and to plot the results using 

frame-by-frame analysis.  In the next section, we present an analysis of the models we have used. 

 

4.4 Models and analogies for teaching Einsteinian physics 
This section introduces the models and analogies that we use to encapsulate various concepts of 

Einsteinian physics. It provides the relationship between the physics we intend to teach and the 

models we use for the teaching. In this paper, we focus specifically on the models used for 

introducing general and special relativity. 

 

4.5 General relativity 
An understanding of Einstein’s general theory of relativity (O'Connor and Robertson, 1996) 

requires students to absorb the following concepts: a) Mass causes curvature in space-time, and 

b) Freely falling bodies including photons, follow the shortest paths in space-time. 

 

We suggest that there are two key reasons that general relativity has not entered the mainstream 

of education. Firstly, the above concepts are difficult to visualise and comprehend without a 

methodical introduction to the ideas. Secondly, general relativity is normally presented from a 

mathematical point of view, with mathematics that is far beyond normal high school levels. We 

avoid the complex mathematics completely by making use of simple formulae that refer to black 

holes, weakly curved space and time dilation (Stannard et al., 2016). These formulae are no more 

complex than the standard formulae used in Newtonian physics. Because we see some value in 
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rote learning, we also encourage students to memorise John Wheeler’s aphorism “Matter tells 

space-time how to curve; Space-time tells matter how to move” (Wheeler, 1999). These words 

encapsulate the central concept of general relativity, and we use them to frame a model designed 

to illustrate this relationship. In this model, we use a membrane made from the sports clothing 

material called lycra (or spandex) to represent deformable space and objects of various mass can 

be placed on this membrane to simulate gravitational motion in other objects.  

 

This model, which is sometimes known as ‘the space-time simulator’, has been used since 1993 

(White, 1993) and was independently developed at the University of Western Australia in 2005 

(Blair and Bray). In 2013, White described its use: “A handful of marbles and a large sheet of 

spandex can make a versatile, convenient, and alluring interactive science apparatus for the 

classroom” (White, 2013). In 2014, Wu et al. tested the model theoretically and experimentally, 

showing that it accurately represents planetary orbits, but breaks down for more complicated 

orbital systems, for instance equal mass binary systems (Wu et al., 2014). Because of the intrinsic 

non-Euclidean geometry of the model, it also manifests the geodetic effects of general relativity. 

It is interesting that even though the model was first developed for demonstrating Newtonian 

physics, it is actually much better suited for general relativity, except for the important limitations 

of the model that we discuss later (see Section 4.5.9).  

 

Here we present a systematic approach based on the use of this model that takes students through 

a learning progression designed to create a deep conceptual understanding of general relativity. 

We introduce concepts step by step using qualitative and quantitative experiments, depending on 

the age group. The following concepts are covered: 1) the relationship between matter and 

(curved) space; 2) “space tells matter how to move”, 3) mapping the shape of space using photon 

trajectories, 4) gravitational lensing, 5) testing Newton’s laws of gravitation, as well as 6) 

Kepler’s third law of planetary motion, 7) geodetic precession, and 8) binary star systems and 

gravitational waves.   
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4.5.1 Matter and space: understanding how matter creates curved space 

An elastic membrane stretched across an elevated wooden frame is used to represent space. In its 

neutral state, it represents flat space as shown in Figure 6. Students measure its flatness with a 

ruler and note that a single ball generally experiences no transverse forces. Students are asked to 

check how well this works and note that the edges ‘repel’ the ball (this is a limitation of our 

model).  

 

Adding masses to this membrane will cause it to distort into the third dimension, thus 

representing curved two-dimensional space. By adding increasing amounts of mass, students can 

measure the deformation of the membrane using rulers, and draw a graph of deformation versus 

number of total mass (or number of balls). We ask students to observe the fact that as space is 

deformed the area of the space increases. If white dots are marked on the membrane, students 

also observe that the spacing between dots increases. A plot of this relationship is shown in 

Figure 7. 

 

																											 					
Figure 6. Our space-time simulator in its neutral state representing flat two-dimensional space. In the 

presence of mass, the membrane deforms. For objects on curved space, the force law of gravity is similar 

to Newton’s law of gravitation (see section 4.5.5.)	
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Figure 7. This graph shows typical measurements of the stretching of space between two white dots with 

different central mass. Initially when there is no central mass, the distance between the dots in Figure 6 is 

10 cm. With increasing mass (and increasing curvature), the distance between the dots increases.	

	

	

4.5.2 Gravitational motion in curved space: “Space tells matter how to move” 

Students can examine how masses (balls) placed on this membrane naturally “attract” each other. 

First, students observe pairs of balls rolling together and then examine the acceleration of small 

test balls as a function of the total number of balls that make up the central mass. Students can 

even observe the universality of free fall (the equivalence principle) by using a large central 

mass, and then observing the acceleration of pairs of balls of different masses (Figure 8). As long 

as they are homogeneous solid balls, their in-fall time depends only weakly on their mass. 

Results can be quantitative or qualitative (ie. graphical and mathematically or explanation-based), 

depending on the level of the students. 

 

10	

11	

12	

13	

14	

15	

0	 1	 2	 3	 4	 5	D
is
ta
nc
e	
be
tw
ee
n	
w
hi
te
	d
ot
s	
(c
m
)	

Mass	(Kg)	



	
	

51	

	
Figure 8. Students orbiting golf balls around a central mass. The balls orbit the central mass due to the 

curvature of the membrane caused by the central mass. These orbits resemble the orbit of planets around 

stars. The greater the central mass, the greater the curvature of space-time and the stronger the force of 

gravitation exerted on the orbiting bodies. 

 

4.5.3 Mapping the shape of space with photon trajectories 

Having created large deformations, students can now explore the meaning of straight lines in 

curved space. Students are asked to think of the meaning of two-dimensional curved space. They 

are asked to imagine themselves as two-dimensional organisms (such as microbes or flatworms) 

that only experience the two dimensions of the membrane surface. We now introduce photons: 

we will think of them as projectiles that do not feel any force of gravity, and have no steering. 

They only know the space they are in (in the two-dimensional case, we mean “on”!). They travel 

in a straight line just like a toy car without steering always follows a straight line. For these 

reasons, we adopt a toy car as an analog ‘photon’ or light beam, such as a beam of starlight 

approaching us.  

 

In flat space (an empty membrane or a flat floor) students can confirm that the cars follow 

straight paths. Repeating this on curved space, students will see that the cars follow a curved 

path. The deformation of the trajectory increases as the deformation of the space increases. 

Parallel trajectories can be seen to converge and cross at different distances beyond the central 
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mass. The observed  deviations define the shape of the curved space around the central massive 

body.  

A very important insight can be obtained by replacing the toy cars with fast moving balls. For 

slow motion, balls follow orbits which are easily understood as arising from a central force. At 

high speed, the gravitational deflection is minimised in the same way that it is eliminated using 

the toy car. Students observe that at high speed the ball has the same deflection as toy car, 

because it cannot avoid the spatial curvature effects.  

 

The intersection of parallel paths is a violation of Euclid’s fifth postulate — also called the 

parallel postulate — which states that parallel lines never meet. This is observed in astronomical 

observations which we discuss below. 

4.5.4 Astronomical observations of curved space: Gravitational lensing 

The trajectories that we used above to map the shape of space are an example of gravitational 

lensing. In general, the bending of light near massive objects such as the Sun, is known as 

gravitational lensing. It was first observed rather inaccurately by Eddington in 1919 (Dyson, 

Eddington and Davidson, 1920), then measured more accurately as 1.82± 0.20  arcsecond 

(Physics, 2017) by the Wallal eclipse expedition in Western Australia in 1922 (Pearson, 2009). 

Today the value has been measured as 1.66± 0.18 arcsecond (Jones, 1976). Also today 

astronomical photographs easily available on the internet show the dramatic distortions that 

gravitational lenses create when the light from distant galaxies is distorted by galaxies in the 

forground as discussed below. 

 

The purpose of this topic is to extend students understanding of deflection in two-dimensions, 

enable them to understand these astronomical images.  

 

Using pairs of toy cars in parallel trajectories at opposite sides of the central mass (see Figure 9) 

students can observe focal points that depend on the impact parameter ‘b’ which is the transverse 

distance shown in Figure 9. Students need to understand the incoming parallel paths as light from 

a single very distant light source. Then they need to consider themselves as observers looking 
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from behind the lensing object. At each of the points marked with arrows behind the mass, they 

see the same light from two different directions. The single source has become double. In three-

dimensions it can become multiple and sometimes a single background source is distorted into 

huge arcs. We complete this activity by asking students to search the internet for images of 

gravitational lensing such as Figure 10.  

 

 

                     
 

Figure 9. Diagram of lensing trajectories which can be observed using toy cars on the two-dimensional 

membrane. The impact parameter is denoted by ‘b’.		

 

																																																																							

 

                  

Figure 10. (Shoemaker, 2017). Gravitational lensing of light from a distant galaxy by a much nearer 

massive galaxy, creates a nearly complete Einstein ring. 
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The mathematics of gravitational lensing is simple. The deflection angle ∝, of light of light 

passing an object of mass M is given by 

 

∝ =
4GM
𝑐! b  

 

Where b is the impact parameter, c is the speed of light (c = 3.0 x 108 ms-1), and G is the 

gravitational constant (G = 6.674 x 10-11 m3 kg-1 s-2). Mathematically competent students can use 

this formula to estimate the mass of a lensing galaxy assuming an impact parameter of say 105 

light years. 

 

4.5.5 Investigating Newtonian gravity: deriving a force law for the membrane 

While the spacetime simulator is usually employed to illustrate curved spacetime, it can also be 

used to investigate the Newtonian conception of gravitation. The activity described below allows 

students to measure, and plot, Newton’s force law of gravitation in the context of space-time 

curvature. 

 

For this activity, students will need a toy car with fixed steering (with a mass approximately 10% 

of the central mass). Letting this car roll from the perimeter of the membrane toward the central 

mass, students will observe the car accelerate. It is useful if students video the motion and plot 

the spacetime trajectory. The next step of this activity involves measuring the force of ‘gravity’ 

exerted on the car as a function of distance from the central mass (see Figure 11). This can be 

done by connecting the car to a small digital spring balance with a piece of light string. By 

placing the car at regularly spaced distances from the central mass, students can measure the 

tensile force exerted by the car as a function of distance from the central mass. (Note that our car 

has a space for adding mass.) 

 

This relationship can be plotted (see Figure 12) and represents the ‘force of gravity’ exerted by 

the membrane at increasing radius from the central mass. From this plot, a force law of 

gravitation for the membrane can be derived. Just like real Newtonian gravitation, this force law 

take the form 
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𝐹 =
𝐴𝑚!𝑚!

𝑟!  

 

where 𝐴 is a membrane elasticity factor (which in this model corresponds to the gravitational 

constant G), m1 is the mass of test mass (toy car), m2 is the mass of the central mass, and r is the 

distance from the central mass on a curved surface. 

 

Using Excel or a similar spreadsheet it is easy to match the data of Figure 12 with curves of the 

form F = Br-0.6 where the constant B can be selected by trial and error (formally B = Am1m2). 

Thus the law of gravitation for the membrane is  

𝐹 = 𝐴𝑚!𝑚! 𝑟!.!.  

 

 

                                
Figure 11. A spring balance is used to measure the force of 'gravitation' exerted on a test mass at various 

distances from the central mass. Since the curvature of the membrane is greatest near the central mass, so 

is the force exerted on the test mass.	
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Figure 12. Graph of the force of 'gravitation' exerted on test masses of various mass, with increasing 

distance from the central mass. As expected, the force exerted is greatest for heavier orbiting masses, and 

when the orbiting mass is closest to the central mass. The fitted curves follow the  𝑟!!.! law. 

 

 

4.5.6 Measuring orbits: Kepler’s laws 

Kepler’s third law states that “the square of the orbital period of a planet is proportional to the 

cube of the semi-major axis of its orbit”. Mathematically, 𝑇! ∝ 𝑟!, where T is the orbital period 

and r is the semi-major axis. This law relates the period of a planetary orbit to its distance from 

the Sun.  This law is easily derived in the Newtonian approximation by equating 𝐺 !! !!
!!

 with 

!!!!

!
 (see Appendix 2). While this is true to a very good approximation for planetary orbits, it 

will not be true on the elastic membrane because of the different force law (r-0.6 as opposed to r-2).  

 

It is instructional for students to appreciate this breakdown in the model by testing Kepler’s third 

law on the membrane. Students start this activity by rolling balls in large circular orbits around 

the central mass. In reality the balls always spiral towards the central mass, so circular orbits are 

only approximate. Students either use stop-watches or record videos of the contracting orbits. 

Using frame-by-frame  analysis of  the video (and knowing the frame rate of their recording 

device), they can measure the orbital period for different radii, which can be graphed (see Figure 
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13). This can be compared against theoretical predictions. Students should observe that the period 

of the orbit is the same whether the ball is a golf ball, marble or ball bearing.  

 

                    
Figure 13. A typical plot of a period versus radius for balls orbiting a central mass on the space-time 

simulator. A curve has been fitted to the data (solid blue line). The theoretical curve 

𝑇 ∝ 𝐴𝑟!.! (derived in Appendix 3) for orbits on the space-time simulator is shown for comparison 

(dotted orange line). 

 

Two other beautiful classical orbital phenomena can easily be observed on the spacetime 

simulator. The first is three body interactions, by which a pair of close spaced rolling balls 

transfer energy between them, causing one orbit to rapidly decay while another is boosted. 

Secondly, if a cluster of marbles is rolled in an orbit, the system stays gravitational bound until it 

experiences strong gravity gradient from the central object. Then it is broken up (as observed for 

comet Shoemaker-Levy (Shoemaker) and becomes a long string of objects. 

 

4.5.7 The effect of curved space on orbits: geodetic precession 

In the previous activity, we used the elastic membrane to investigate Newtonian gravity through 

Kepler’s third law. Now we are going to consider how in curved space Kepler’s second law and 

third law of planetary motion are incompatible. Keplers second law states that planetary orbits 

sweep out equal areas in equal times as illustrated in Figure 14. Using elliptical orbits students 

observe high velocity near the central mass and low velocity farther from the central mass.   
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Kepler’s second and third law can be easily derived from Newton’s Law of Gravitation, in flat 

space. However, in the curved geometry of the elastic membrane, these two formulations of 

Keplerian dynamics can be easily shown to be non-commensurate because the area A(r) of an 

orbit increases differently from its circumference C(r), as you increase the deformation of the 

membrane.   

 

Specifically, the area to circumference ratio !(!)
!(!)

 of a circle of radius R is no longer equal to !
!
 as 

it is for circles in Euclidean geometry. This means that an elliptical orbital pattern cannot be 

stationary in curved space, but must precess. This phenomenon is called geodetic precession, and 

has been observed in numerous orbital systems (for example precession in binary pulsars). It was 

observed for Mercury during the 19th century, and provided the first evidence that Newton’s law 

of gravitation was not a complete description of gravity (Clemence, 1947). To observe this 

phenomenon, we ask students to record a video of elliptical orbits, and observe the characteristic 

daisy-like precession pattern shown in Figure 15. Strong precession effects can easily be seen, 

but generally losses in the membrane mean that only two or three precessing orbits can be 

observed. A challenge for students is to obtain the best video of precession. 

 

                                    
 

 

 

 

 

 

 

Figure 14. According to Kepler's second 

law, the line between the Sun and the 

planet sweeps equal areas of space in 

equal lengths of time. This is observed 

for masses orbiting a central mass 

whereby the speed of the orbiting mass 

visibly increases as it nears the central 

mass and slows down as it moves further 

away.	

Figure 15. A diagram of geodetic precession of the 

orbit of a planet around a star. This can be observed 

on the elastic membrane for elliptical orbits of small 

masses orbiting heavy central mass whereby the 

farthest point from the central mass shifts position 

with successive orbits. Due to energy losses on the 

membrane, only a few precessions can be observed 

before the orbit deteriorates.                         	
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4.5.8 Binary star systems and gravitational waves 

Ideally, we would like to observe the rippling space-time vibration produced in binary orbits, that 

appear in many computer simulations such as simulations available on the LIGO website (LIGO, 

2016). The motion of binary star systems is the most difficult phenomenon to observe in 

membrane experiments because the balls experience strong drag from stretching friction. This 

friction arises from the sliding that occurs when the membrane surface is forced to conform to the 

spherical shape of the ball.   

 

In spite of the difficulties, it is very instructive for students to experiment with binary systems on 

the membrane. To observe binary star systems, students need to experiment with pairs of balls of 

different mass ratios. For a small mass orbiting a large mass, the dynamics is dominated by the 

large mass. Friction is small. However, the large mass experiences strong stretching friction and 

fails to show the gravitational recoil that occurs in real gravitating systems. For two equal 

masses, both have large stretching friction and their mutual orbit collapses rapidly. Measurement 

of radial motion recoil is used by astronomers to detect planets, but is very difficult to observe on 

an elastic membrane. 

The purpose of this activity is to enable students to understand the common motion about the 

centre of mass and the recoil of the larger mass. Secondly, students should be able to visualise 

how wave-like vibrations (i.e. gravitational waves) could be created in the membrane. The 

difficulty of creating isolated binary orbits on an elastic membrane becomes an interesting 

challenge. It can be combined with video simulations to achieve significant learning outcomes 

(LIGO, 2017). An interesting video (Mould, 2016) shows how to create gravitational waves on a 

membrane using an electric drill and castor wheels to simulate a high-speed binary orbit. 

 

4.5.9 Limitations of this model 

The above discussion illustrates one limitation of the elastic membrane model. The analogy is 

suitable to show orbital motions, curved space, photon trajectories etc. However discussion of its 

serious limitations is an essential part of the programme. Despite being designed to illustrate the 

conception of gravity put forth by Einstein, all the gravitational effects in the membrane model 

are created by Newtonian gravity. The model creates two-dimensional spatial curvature when	
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gravitation as we experience it on Earth is entirely created by the warping of time. Spatial 

curvature while visible in starlight deflection and geodetic precession has almost no effect for 

gravity on Earth. The elastic membrane uses spatial curvature to mimic the temporal curvature 

(usually called warped time), but then we also use it to discuss spatial curvature effects such as 

precession. To introduce the origin of gravity in Einsteinian physics, it is necessary to focus on 

gravitational time dilation and warping of time. We have addressed this issue in a separate paper 

(Stannard et al., 2016).  

 

4.6 Geometry in curved space: non-Euclidean geometry 
We now consider a different model that we use to deepen students understanding of curved space 

and the associated non-Euclidean geometry. The history of curved space begins with Carl 

Friederich Gauss (1777 – 1855). According to his “Theorema Egregium”, the curvature of any 

surface can be determined by measuring angles and distances within that surface. He invented an 

instrument called “heliotrope” which used sunlight to construct light beam triangles between 

three mountain peaks (Dodd and Smith, 1822). The purpose was to see whether the sum of angles 

equalled 180 degrees (Ferraro, 2007). Now that we know the tiny magnitude of local space-time 

curvature, it is not surprising that Gauss failed to measure any difference from 180 degrees. To 

illustrate non-Euclidean geometry, we use woks and balloons.  

 

4.6.1 The meaning of a straight line 

The concept of a straight line, which people take for granted, is actually a rather sophisticated 

concept. This discussion is designed to introduce students to the concept of a straight line. First, 

we ask students to consider optical sighting as a method of determining whether a line is straight. 

Since nothing moves straighter than light, it would seem reasonable to use light as a measure of 

straightness. However, straight lines are defined as the shortest path between two points. This 

exercise is intended to allow students to experience these two ways of defining straightness in 

two-dimensional curved space. 

 

Our model for curved space is the surface of an upturned metallic wok. To construct a triangle, 

students need to draw three straight lines which can be created in two ways a) a tightly stretched 

string is used to define the shortest distance. b) a “fence line” is created by sighting from two 
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magnetic poles to the next one, thereby defining straightness by local extrapolation of light paths. 

This is the method used by land surveyors. Both methods are as shown in Figure 16. Care must 

be taken to ensure that the string takes the shortest path, because it can deviate due to friction.  

 

4.6.2 Geometry on woks 

Prior to the investigating geometry in curved space, we ask students to draw triangles of various 

sizes on a flat paper using a ruler, and to measure the sum of the angles of each triangle using a 

protractor. They will find that the sum of the angles of a triangle is always 180 degrees. After 

doing this, we ask students to construct triangles of various sizes on upturned woks using strings 

and magnetic poles (as shown in Figure 17), and to measure the sum of the angles using an 

adjustable 360 degrees protractor. For small triangles, students will find that the sum of the 

angles will be approximately 180 degrees, but will exceed 180 degrees for larger triangles.  

 

Students can measure these values using a piece of string and a protractor. Students can plot this 

relationship between the sum of the angles of a triangle and its perimeter (see Figure 18).  

 

																																																 										
	

Figure 16. Students comparing the two methods of defining a straight line in curved space. Magnets are 

used to create sightlines. The stretched string confirms that this is the shortest path. 
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Figure 17. A completed triangle. Students measure the angles with protractor, and the perimeter with a 

piece of string.         	

	

	

																 	
	

Figure 18. The data shown here has been gathered from traingles of increasing perimeters. Starting from 

180 degrees for a triangle of perimeter 10cm, the sum of the angles of a triangle in curved space increases 

with size (perimeter). Note that curves like this depend on the shape of the triangle. 	
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The sum of the angles of a triangle can be used to measure the shape of curved space (since the 

curvature of space determines how the sum of the angles and the perimeter of a triangle are 

related). This idea can be extended to observations of gravitational lensing for light beams 

passing by the Sun. This deflection of starlight past the Sun (1.75 arc seconds) corresponds to a 

sum of angles of a triangle large enough to encompass the Sun equal to 180 degrees plus about 

three times the deflection angle, about five extra arc seconds!. 

 

4.7 Special relativity  
Einstein’s theory of special relativity (Einstein, 1905) is encompassed within general relativity. 

However, it is useful to address its key concepts – spacetime and the universality of the speed of 

light – separately. Special relativity predicts the well-known fact that no object can exceed the 

speed of light. Relativity describes how moving clocks run slower and moving lengths contract 

according to time dilation and length contraction respectively. Moving objects also get heavier 

through relativistic mass increase. 

 

We have chosen to introduce special relativity by focusing on the universality of the speed of 

light and how it is enforced. We do this by generalising the idea of terminal velocity. Relativity 

shows that the universe enforces this speed limit by increasing the mass, and therefore the 

amount of energy required to accelerate a moving object. As an object reaches relativistic 

velocities, more and more energy is used to increase its mass, and thus it becomes more resistant 

to acceleration. As the object approaches the speed of light, its mass approaches infinity, barring 

it from ever reaching this universal constant. This relativistic mass increase is permitted by the 

interchangeability of energy and mass, a concept encapsulated by Einstein’s famous equation 

𝐸 = 𝑚𝑐!. The phenomenon is observed in particle accelerators such as those at CERN. In the 

text below we expand on the above argument. 

 

First we ease students into this counter-intuitive concept of a universal speed limit with an 

experiment involving falling objects that reach terminal velocity after a small drop. Using 

balloons of different mass, students can appreciate how a falling object accelerates until it reaches 

terminal velocity (see Section 4.7.1). Students are then asked to consider physical constraints that 

limit the object to its terminal velocity. We then apply this understanding to other more 
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complicated examples of objects reaching terminal velocity, for example, a car accelerating down 

a highway (with no speed limit). Every system of moving objects has a terminal velocity 

determined by a variety of factors. For a racing car, it may be a balance of fuel availability and 

wind resistance. For a boat, it may be energy lost in the waves it creates. It is very useful for 

students to discuss these factors. 

 

A falling object (mass m) in the atmosphere expends energy mg for every meter fallen. For 

example, 1 kg object that falls 1000 meters has expended 9.8 KJ of energy. Only a small 

proportion of this has turned into kinetic energy. The rest is lost to friction, determined by surface 

area of the object and the viscosity of air. Terminal velocity has been enforced by friction. This is 

illustrated in Figure 19(a). 
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Figure 19. The connection between classical terminal velocity and the speed limit of the universe. Figure 19(a) refers 

to a falling object in the atmosphere, where the energy source is gravitational potential energy. At low speed, air 

resistance is negligible and 𝑣 increases as 𝐸 from the formula for kinetic energy 𝐸 = !
!
𝑚𝑣!. At higher speed, 

acceleration reduces due to viscosity and eventually the object reaches terminal velocity. In Figure 19(b) we consider 

an object accelerated by an external source of energy such as that proposed by project Starshot (Paul, 2016). Using 

the standard relativistic mass formula, the total mass becomes 𝑚! +
!
!!

 . The mass increases with energy as shown. In 

Figure 19(c) the speed initially increases proportional to 𝐸 as shown in Figure 19(a), but now reaches a terminal 

velocity c due to the relativistic mass increase. Figure 19(c) was calculated using the standard relativistic gamma 

factor (Forshaw and Gavin, 2014) which we do not present here.  

Figure 19(a) 

Figure 19(c) 

Figure 19(b) 
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For an object accelerated to relativistic speeds, applied energy begins to increase the mass of the 

object as well as its speed as illustrated in Figure 19(b). As the body reaches the speed of light, an 

increasing fraction of the applied energy is used to increase the mass of the body at the expense 

of increasing speed. Close to the speed of light, almost all the applied energy is used to increase 

the mass. The body can no longer accelerate. This is illustrated in Figure 19(c). The speed limit 

of the universe has been enforced by the relativistic mass increase of the moving object.  

 

Having understood the speed limit of the universe, we ask students to consider how to define 

spacetime when space and time are measured by different and arbitrary human derived units such 

as seconds and meters. First we introduce the familiar concept of measuring distance with time, 

as illustrated by advertising signs such as “McDonalds 5-minutes ahead”. Students recognize that 

such statements imply knowledge of a standard velocity. We have found that having grasped the 

universality of the speed of light students quickly realise this is the universal speed to connect 

space and time. Thus time can be measured in meters by multiplying time intervals by the speed 

of light. Equally distances can be measured in time units such as light seconds or light years. This 

facilitates the higher level understanding needed to understand the origin of gravity (Stannard et 

al., 2016). This topic is beyond the scope of this paper.  

 

4.7.1 Measuring the terminal velocity of a balloon 

The measurement of terminal velocities can be easily accomplished by dropping weighted 

balloons and measuring their fall using modern smartphones capable of displaying video files 

frame-by-frame. We mark 10 cm vertical height divisions on a wall so they can be easily seen 

from a few meters away. One student releases a balloon vertically from a reasonable height 

(sufficient to allow acceleration to terminal velocity) while the other student records its fall. The 

balloon must fall vertically as any sideways drift corrupts results. We ask students to video the 

fall of balloons containing varying amounts of water (~10g - 200g) to obtain varying durations of 

acceleration and terminal velocity values.  

 

 

From the video files students create space-time graphs (distance fallen versus time). Treating the 

initial drop point as the origin (i.e. height equal to zero), and plotting the height (as the distance 
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of the balloon from the origin) of the balloon at each frame, a distance versus time graph such as 

Figure 20 can be easily created. The frame rate of their cameras (usually 25, 30 or 120 frames per 

second) must be known to convert ‘frame number’ to ‘time’. 

 

 

 
Figure 20. Graph of distance versus time for a balloon dropped from a stationary height (1.5 m). The 

balloon accelerates until reaching terminal velocity at 0.5 seconds, at which point it falls with a constant 

velocity. 

 

 

Students can then use this graph to produce a plot of velocity versus time, which will reveal 

information about the terminal velocity of the balloon. Students can see that the balloon quickly 

reaches a maximum velocity that is independent of the initial drop height. Having completed the 

above activity students are equipped to grasp the speed limit of the universe ideas discussed 

above.  
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4.8 Conclusion 
The models and analogies described in this paper have been developed and refined in conjunction 

with many classroom programs over the past five years. We have found them to be effective 

explanatory tools for teaching concepts of relativity in the high school classroom. In addition to 

this, the interactive and engaging nature of these activities were found to enhance students’ 

enjoyment and attitudes toward the sciences, leading to more positive learning outcomes.  

 

More research is needed to evaluate the efficacy of these activities in leading to long-term 

positive learning outcomes for students. Furthermore, future research must investigate and 

develop ways in which these activities can be incorporated into a formal term-based school 

setting, complete with the corresponding learning material, suitable testing measures, and into the 

wider curriculum as a whole. Part 2 of this series of papers considers models and analogies for 

teaching quantum physics and Part 3 reviews some of the research findings from our programs.  
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Appendix 1  
Here we outline the materials required to construct the various models and activities described in 

this paper: 

 

1) Space-time simulator: There are many ways to construct this apparatus, however the one 

described in this paper was constructed using a lycra membrane with dimensions 1.2m x 1.2m, a 

square wooden frame with dimensions 3m x 3m (or 20 tent poles joined in a large ring), 100 golf 

balls, steel ball bearings or various size, and spring loaded toy cars with fixed steering. 
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2) Geometry on woks: We used steel woks of different diameters (30 - 35 cm) and curvatures, 

toy magnets, protractors (ideally a folding ruler with a 180 degree protractor attached to the 

joint), strings, and graph paper. 

 

Appendix 2 
Kepler’s third law of elliptical orbits can be derived directly from Newton’s law of gravitation by 

equating with and the centripetal force due to circular motion. 

 

𝐹 = !!!!!
!!

 = !! !!

!
                               (A1) 

Substituting the velocity of circular motion: v = 2𝜋r/T, we obtain 
!!!!!
!!

= !!!!!!!
!!!

                                    (A2) 

Simplifying, and arranging for period in terms of radius, we get 

𝑇! = 𝑘𝑟!,   𝑤ℎ𝑒𝑟𝑒 𝑘 = !!!

!!!
                     

This is the standard form of Keplers third law  𝑇! ∝ 𝑟!. 

 

Appendix 3 
The method outlined in Appendix 2 can be applied in the same way to derive a modified Kepler’s 

third law for orbits (period in terms of radius) on our space-time simulator.  

As described in section 4.1.1, the force law for ‘gravitation’ on the membrane is given by: 

             𝐹 = !!!!!
!!.!

                                       (A3) 

Following the procedure in Appendix 2 by equating this force with (A2), we obtain 

𝐴𝑚!𝑚!

𝑟!.! =
4𝜋!𝑟!𝑚!

𝑇!𝑟  

Simplifying and arranging for period in terms of radius, we obtain 

𝑇! =
4𝜋!

𝐴𝑚!
𝑟!.! 

Thus orbits on a membrane surface satisfy a modified form of Keplar’s third law given by 

𝑇! ∝ 𝑟!.! 

Hence the period-radius curve in Figure 5 has the form 𝑇  ∝ 𝑟!.!. 
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Chapter 5: Teaching Einsteinian Physics at Schools: Part 2, Models 

and Analogies for Quantum Physics 
 

 
 
The models and analogies developed by the Einstein-First team for teaching quantum physics are 

described in this chapter. The manuscript of this chapter has been published in the Physics 

Education journal and the reference is given below: 

 

T. Kaur, D. Blair, J. Moschilla, W. Stannard, and M. Zadnik. (2017). “Teaching Einsteinian 

Physics at Schools: Part 2, Models and Analogies for Quantum Physics”, Physics Education 

52, 065013. 
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5.1 Abstract 
 
The Einstein-First project approaches the teaching of Einsteinian physics through the use of 

physical models and analogies. This paper presents an approach to the teaching of quantum 

physics which begins by emphasising the particle-nature of light through the use of toy 

projectiles to represent photons. This allows key concepts including the spacing between photons, 

and photon momentum to be introduced. This in-turn allows an intuitive understanding of the 

uncertainty principle. We present optical interference in the context of individual photons, using 

actual videos showing the development of images one at a time. This enables simple laser 

interference experiments to be interpreted through the statistical arrival of photons. The wave 

aspects of  quantum phenomenon are interpreted in terms of the wavelike nature of the arrival 

probabilities.  
 

5.2 Introduction 
 
The age of quantum physics began with two novel and revolutionary explanations for long-

standing unexplained phenomena. The first was Planck’s explanation of blackbody radiation in 

1901, and second was Einstein’s explanation of the photoelectric effect in 1905.  

 

Heinrich Hertz’s discovery of the photoelectric effect in 1887 puzzled the scientific community 

of his day (Hertz, 1887). When Hertz shone light onto a metal surface, he was astounded to find 

that for some metals, sparks were only emitted when irradiated by light in the ultraviolet band. 

Light of higher frequency, rather than higher intensity, was needed to eject electrons from some 

metals (see activity 5.3.5 below). Classically the energy of light was expected to be proportional 

to intensity. Hertz’s observations contradicted this. Eighteen years later Einstein explained the 

photoelectric effect by quantisation of electromagnetic radiation, consistent with Planck’s earlier 

explanation of the blackbody radiation spectrum (Einstein, 1905). 

 

Planck’s explanation of the universal spectrum of blackbody radiation (emitted by hot objects) 

had likewise required quantisation to explain why the spectrum rolls of above a characteristic 

light frequency (dependent only on the temperature). Planck had hypothesised that the radiation 
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is emitted in discrete packets with energy proportional to frequency: 𝐸 = ℎ𝑓, where h is Planck’s 

constant and f is the frequency of light.  

 

Richard Feynman emphasised the importance of these now century-old discoveries in his book 

QED: “I want to emphasise that light comes in this form – particles. It is very important to know 

that light behaves like particles, especially for those of you who have gone to school, where you 

were probably told something about light behaving like waves” (Feynman, 1985). 

 

It is difficult to understand why the particle nature of light should not be a central concept in 

school education. The idea of a stream of photons that have momentum is not difficult. The 

concept of radiation pressure, which follows directly, has been used in the solar sail spacecraft 

Ikaros (Mori, 2009), and is seen in the tails of comets. Early introduction of the particle nature of 

light allows imaging such as photography to be understood in terms of the statistical arrival of 

individual photons and the uncertainty principle to be understood in relation to the momentum 

kicks provided by individual photons as discussed in Sections 5.3.3 and 5.3.4. We suggest that 

these concepts allow a key aspect of the quantum nature of light to be taught at the lowest levels 

of school science.  

 

Many researchers are actively investigating more effective ways of teach quantum physics 

(Henriksen et al., 2014, Johansson and Milstead, 2008 and Hadzidaki et al., 2000). Different 

approaches such as computer games (Gordon and Gordon, 2012), simulations (Malgieri, Onorato 

and Ambrosis 2014), multimedia (Singh, 2008) and virtual experiments (Müller and Wiesner, 

2002) have been tested. Most research focuses on senior high school and tertiary levels.  

 

In this paper we present an observation-based approach to conceptual understanding of quantum 

physics based on the use of models, analogies and thought experiments. The approach is designed 

to allow quantum physics to be taught in early years of school science. It involves activity based 

learning and  minimal mathematics. It is  designed to provide a foundation in quantum physics 

suitable for all students. In particular it is designed to answer the question “what is light” in the 

context of modern physics. 
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Today single photon sensing is commonplace, and it has recently been shown that human eyes 

can sense single photons (Tinsley et al., 2016). Interference experiments that record individual 

photon arrivals show that interference patterns are formed by statistical arrival of individual 

photons. After enough photons have arrived the pattern looks like the pattern one might expect 

from interference of classical waves, despite it having been created by random arrival of single 

photons. The creation of an interference pattern that resembles those created by water waves tells 

us that the probability of photon arrival at each location is determined by the equation of a wave.  

In the 19th century single photon observations were impossible, and observations of interference 

patterns conclusively supported the idea that light is a wave. However today when we view a 

video of interference one photon at a time, the wave-nature of light appears to be an illusion that 

only emerges when a large number of photons make quasi-continuous patterns that resemble the 

patterns created by classical waves. 

 

In our observation-based approach, light is always a particle,  but observations of interference tell 

us that equations of classical-type waves determine the probability that a photon arrives at a 

particular location. In our approach photon themselves are not some weird combination of a wave 

and a particle. The wave-nature of light, revealed by interference is a useful model when light 

intensity is high. Light is not a wave that sometimes shows particle-like behaviour but rather a 

stream of particles that display wave-like behaviour under certain conditions.  

 

Our approach does not elliminate quantum weirdness, but makes it more transparent by using the 

concept of spacing between photons to show that photons themselves do not interfere with each 

other as discussed in Section 5.3.2. Our approach can also be easily extended to allow finite rest 

mass particles to be integrated into the same world view. Like photons, massive particles also 

share wavelength and frequency, and likewise (as observed by electrons, neutrons, atoms and 

buckyballs) equations of waves determine the probability of arrival in interference experiments. 

The fact that interference occurs when the particles arrive one at a time tells us that the 

interference is the interference of possible paths and not the interference of actual objects. The 

intrinsic mystery of why interference occurs is presented as an observational fact that we have to 

accept. 

 



	
	

74	

The conceptual approach presented here is designed to make the modern concept of light 

available to all, and for it to be extendable to all aspects of quantum physics. Learning about the 

nature of light is important not only because it is the basis of observed reality, but also because of 

its immense importance in modern technology. The activities presented here allow students to 

recognise quantum phenomena in everyday experiences. It allows their early learning to be 

consistent with the physics that underpins the design of the computer chips that power our 

laptops, desktops, tablets, smartphones, household appliances and kids toys, as well as the lasers 

that power our telecommunications and scanners we use to pay groceries bills. In every 

smartphone the navigation system relies on both quantum physics and general relativity.  

 

This paper is designed to counter the view that quantum physics is so abstract and challenging 

that it is only suitable for students entering university. Indeed, when students start their university 

education they have difficulties because the new concepts contradict their prior knowledge of 

classical physics. It is inefficient and uneconomical to follow the traditional approach.  Moreover 

it is clear that students are aware that their conventional curriculum does not relate to modern 

technology.  

 

Part 1 of this series presented models and analogies to teach the concepts of relativity. The reason 

for using models and analogies in general relativity is that we cannot see space and visualisation 

of 4-dimensional space-time is very difficult. The use of models and analogies allow us to make 

abstract and challenging concepts tangible. Similarly, we use models and analogies to teach the 

concepts of quantum physics because photons are so small and quantum behaviour is invisible. 

To understand the concept of photons we scale up to easily visualisable objects. But these are 

combined with thought experiments and actual experiments with lasers.  

 

In this paper we present a programme of 6 - 10 lessons that reverses the traditional order, putting 

particle-like behaviour first. For comparing classical waves with patterns created by photons, we 

use videos of water waves and Google Earth images of waves that display diffraction and 

interference patterns. These compliment simple, beautiful laser interference experiments. 

Because single photon detection is too expensive and difficult for the classroom we use videos of 

single photon interference (Steven, 2008). More advanced students can use the spacing-between-
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photons concept to realise that easily observed phenomena like interference in soap films is 

actually single photon interference. 

 

Finally in section 5.3.9 we discuss the limitations of the models used. This is an essential part of 

the educational process, and can be extended into a broader debate about the nature of physical 

reality.  

 

 
5.3 Models and analogies for teaching quantum physics 
 
The following paragraphs describe various models and analogies to teach particle and wave 

nature of light.  

 

5.3.1 Analogue photons: Nerf gun projectiles  

To represent photons physically, we use small foam projectiles fired from toy guns called Nerf 

guns. These projectiles come with either blunt foam caps or with suction caps that can stick to 

surfaces such as whiteboards. We use a stream of Nerf bullets to represent a beam of light. With 

this analogy, we allow students to explore the following phenomena in this quantum context, 1) 

photography, 2) light scattering, 3) the uncertainty principle, and 4) the photoelectric effect as 

described in the sections below. Here we can introduce the recent discovery that humans can 

sense the arrival of single photons.  

 

It is useful to preceede these activities with an investigation of the spacing between photons, as 

this emphasises the weirdness of quantum behaviour which underly these phenomena.  

 

5.3.2 The spacing between real photons: A thought experiment  

In this activity we use observations of projectile motion to investigate the distances between real 

photons. Using Nerf gun bullets and simple math, students can calculate the  spacing between 

successive photons, with the familiar formula, 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑠𝑝𝑒𝑒𝑑 × 𝑡𝑖𝑚𝑒. For example, consider 

a Nerf gun that fires 10 bullets per second, at a speed of 10 metres per second. Using the formula 

above, students can easily calculate that successive bullets are separated by a distance of 1 metre. 



	
	

76	

We ask students to video a stream of bullets from a Nerf machine gun and to test the validity of 

that analysis. 

 

Having introduced students to observations that a) light comes as photons and b) that the spacing 

between moving objects can be easily calculated when their speed and count rate (number of 

objects moving past a given point per second) are known, we can investigate the spacing between 

real photons by extending the above activity into a thought experiment.  

 

For this thought experiment, we start with the traditional scale for the brightness of stars:  zeroth 

magnitude is the brightest (eg. the star Sirius), down to 6th magnitude (just visible with the naked 

eye). A 6th magnitude star is approximately 250 times dimmer than a zeroth magnitude star. For 

the zeroth maginitude star, the light flux is roughly 1 million photons per second per square 

centimeter. We are interested to know how many photons per second enter the human eye.  

 

The aperture of the human eye, the pupil, has a rough width of 3mm. Thus for the 6th magnitude 

star, approximately 300 photons per second enter the human eye. Applying the same logic as 

before (and knowing the speed of light), students can calculate the distance between successive 

photons: 

 

 

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑢𝑐𝑐𝑒𝑠𝑠𝑖𝑣𝑒 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 =  
300 000 000

300 = 1 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑚𝑒𝑡𝑒𝑟𝑠 

 

 

Thus when a photon from a 6th magnitude star enters our eye, the next one is 1000 km away! This 

remarkable result is unavoidable when we admit the particle nature of light. Even for the 

brightest, zeroth magnitude star, the photons are 4 km apart. 
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5.3.3 Photography with analogue photons 

Photography using Nerf gun photons (with suction caps) is used to emphasise the particle nature 

of light. Our “photographs” are silhouette images created by Nerf gun bullets that stick to a white 

board, but not to clothing. In a real camera, photons are registered by a CCD device. In our 

activity, the “photons” are registered by the whiteboard (see Figure 21). 

 

We ask students to “photograph” each other using Nerf gun bullets. One student stands against a 

glossy wall or whiteboard, while others “illuminate” the subject with bullets. Bullets stick only to 

the glossy surface, and create a silhouette “photograph” of the student as shown in Figure 21. We 

explain to students that photons have properties analogous to those of bullets, including energy 

and momentum. 

 

	
 

Figure 21. A 'silhouette photograph' of a student created by Nerf gun bullets, representing the linear 

trajectory of photons in flat space. It also demonstrates the particle-like properties of photons, namely their 

non-zero momentum and energy. 
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5.3.4 Heisenberg’s uncertainty principle with analogue photons 

The Heisenberg uncertainty principle imposes a limit to how accurately we can simultaneously 

measure the position and momentum of objects. The position of a particle is ‘uncertain’, because 

the act of observing it influences its position. The fundamental cause of this uncertainty is that 

photons transfer momentum to the object being measured as discussed in more detail below. 

 

Since Heisenberg’s uncertainty principle arises from photon momentum, it can be visualised 

using Nerf guns and an object of comparatively low mass such as a balloon. As shown in Figure 

22,  students hang balloons containing different masses of water. When students try to 

photograph a lowest mass balloon suspended by a string, the momentum of the bullets displaces 

the position of the balloon causing intrinsic fuzziness in the “image” of the balloon. On the other 

hand, when bullets hit the heaviest balloon, it hardly moves from its position. Similarly, when we 

try to measure the position and momentum of an object with light, the momentum from the light 

transfer to the object leads to uncertainty in both the position and momentum of the object. We 

have adapted this idea of momentum transfer into an engaging activity called the Nerf Gun 

Challenge (see Figure 22) that vividly illustrates the origin of the uncertainty principle. 
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Figure 22. The Nerf gun challenge consists of a set of balloons and an accompanying poster that outlines 

the physics involved. The balloons are filled with varying masses of water. When a Nerf bullet is fired at a 

balloon, its position oscillates as momentum is transferred from the bullet to the balloon. The extent of the 

oscillation is inversely proportional to the mass of the balloon; thus, the greatest oscillation is observed for 

the lightest balloon, and the heaviest experiences negligible movement. This ‘uncertainty’ in the position 

of the balloon as a function of its size scales quite accurately to the magnitude of the uncertainty in the 

position of an atom when ‘observed’ by a photon.  

 
 
The above argument is of course a simplification of the uncertainty principle. It can easily be 

extended (for more senior students) to include the standard quantum optical description of a laser 

interferometer gravitational wave detector (Blair et al., 2012, Jaekel and Reynaud, 1990). These 

devices achieve attometer (10-18 m) measurement sensitivity to the displacement of 40 kg 

suspended mirrors, limited mainly by the uncertainty principle. The analysis of the origin of the 

uncertainty principle is suitable for presentation to students who have basic statistical knowledge 

about the sampling of random variables. The fundamental statistical concept is that when a 

random variable is sampled N-times, the standard error is 𝑁. This corresponds to a 10% error 

for 100 samples, and 1% error for 10,000 samples etc. The fundamental quantum concept is that 

Nerf Gun Challenge 

NERF GUN CHALLENGE

Light comes as photons – little bullets of energy.

Our photons are Nerf gun bullets.

Quantum uncertainty arises because photons disturb 
the things they measure.

The Nerf gun is your laser. 

Aiming at the balloons of different masses, find out how quantum 
uncertainty depends on the mass of what you measure.

Gravitational wave detection depends on understanding how 40 kg 
mirrors are buffeted by the laser light used to measure them.
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streams of photons are subject to the same statistical randomness as other random variables such 

as opinion poll surveys and coin tossing experiments. 

  

Suppose an image such as the Nerf gun image of Figure 21 or the single photon interference 

video (Steven, 2008) (see section 5.3.6) is being used to make an optical measurement such as 

the mirror position in an interferometer. The mirror position changes the light intensity, so that 

the precision of the light intensity measurement determines the precision of the position 

measurement. The light intensity is determined by the number of photons arriving at a particular 

location in a specified time. However the photons arrive randomly, so if the mean number of 

photons is N, they will fluctuate by 𝑁. This means that the fractional intensity fluctuation will 

be !
!

 or !
!  

 . Thus the estimate of the laser light intensity will improve the greater the number of 

photons. According to this, the measurement precision will improve indefinitely as the laser 

intensity is increased. 

 

This is where photon momentum must be considered. Each photon exerts a kick to the mirror. If 

you make the intensity very high, N becomes very large. If the stream of photons had no 

randomness (i.e. it was a perfectly uniform stream of equally spaced photons) then you might 

imagine that the force could be rather steady. However as emphasised above, the photons arrive 

as a random stream, with intrinsic randomness in their arrival times. Thus for mean photon 

number N, the number of photons fluctuates by 𝑁. Thus the momentum fluctuation acting on 

the mirror increases as 𝑁. The random buffeting by the photons creates uncertainty in the 

mirror position (as observed in the Nerf gun experiment), and the more photons, the greater the 

uncertainty. 

 

Combined together we have two effects that arise from the statistical nature of photon beams. 

The first, commonly called photon shot noise, decreases inversely as 𝑁. The second, called 

radiation pressure noise, increases proportion to 𝑁. The minimum uncertainty occurs when the 

radiation pressure uncertainty is equal to the shot noise uncertainty. This is commonly called the 

standard quantum limit, which is an expression of the uncertainty principle. Mathematically 

competent students can be asked to plot a graph of total uncertainty 𝐴 𝑁 + !
!

  (where A and B 
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are arbitrary numbers chosen by the teacher) as a function of N, which represents light intensity. 

For all values of A and B there will be a characteristic minimum in uncertainty. 

 

Combined together we have two effects that arise from the statistical nature of photon beams. 

The first, commonly called photon shot noise, decreases inversely as 𝑁. The second, called 

radiation pressure noise, increases proportion to 𝑁. The minimum uncertainty occurs when the 

radiation pressure uncertainty is equal to the shot noise uncertainty. This is commonly called the 

standard quantum limit, which is an expression of the uncertainty principle. Mathematically 

competent students can be asked to plot a graph of total uncertainty 𝐴 𝑁 + !
!

  (where A and B 

are arbitrary numbers chosen by the teacher) as a function of N, which represents light intensity. 

For all values of A and B there will be a characteristic minimum in uncertainty. 

 

 

5.3.5  The photoelectric effect with analogue photons 

The photoelectric effect  occurs when electrons are ejected from the surface of a metal when 

irradiated by light of a certain frequency. The electrons of a metal are bound with a characteristic 

strength, which is known as its work function. The higher the work function of a metal, the 

stronger the bond between the metal and its electrons, and the more energy is required to sever 

this bond. Since the energy of light is proportional to its frequency, the light must be of a certain 

frequency to induce electron emissions.  The minimum frequency of light required to eject an 

electron from a given metal is known as the threshold frequency. Only above this threshold does 

higher light intensity produce a higher current of photoelectrons. Technically if the quantum 

efficiency was unity, there would be one electron for every photon. We model this phenomenon 

in a simple interactive activity. 

 

This activity will require a Nerf gun capable of firing a stream of bullets, bowls of varying depths 

and identical ping pong balls. In terms of our analogy, the Nerf gun bullets represent photons of a 

certain frequency (according to Planck’s formula in section 5.2), the bowls of ping pong balls 

represent the electrons bound inside the metal. The depth of  the bowls represent the magnitude 

of the metal’s work function (i.e. the strength of the bond between electron and metal).  
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To conduct the activity, arrange the bowls in a compact array and place a ping pong ball in the 

centre of each bowl as shown in Figure 23. Students stand a few meters from the array and 

prepare to fire their Nerf guns. Students can be asked to predict the consequences of firing Nerf 

gun bullets at the array-ping pong balls in shallower bowls are more likely to be ejected.  

 

Since all Nerf gun bullets originate from the same source, we can assume they each have the 

same energy. In terms of our analogy, this corresponds to photons of the same frequency (and 

thus energy). Upon striking the ping pong ball, the bullet transfers some of its energy, causing the 

ball to oscillate in its bowl. In a shallow bowl (i.e. a metal with a low work function), this transfer 

of energy should be sufficient to eject the ball from the bowl (i.e. the threshold frequency of the 

metal has been exceeded). Ejected balls correspond to  photoelectrons. For deeper bowls (i.e. 

metals with higher work functions), the threshold frequency will not be exceeded, and 

consequently the energy will not be sufficient to eject a photoelectron. 

 

 

	
 

Figure 23. Students firing Nerf gun bullets at ping-pong balls resting in bowls of varying depths. Ping-

pong balls in shallow bowls are ejected while those in larger bowls are not. This represents the 

photoelectric effect where electrons in metals with low work functions are ejected when irradiated by light 

exceeding the threshold frequency of the metal. 
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Using the same apparatus, we can assemble an alternative activity that emphasises the threshold 

frequency, rather than the work function. Arrange the bowls in a single of line of ascending 

depth, and place a single ping-pong ball in each. By firing nerf gun bullets at bowls in order of 

ascending depth, students can find the the bowl depth that corresponds to the threshold frequency 

for their Nerf gun photon energy. 

 

5.3.6 Single photon interference 

In Sections 5.3.7 – 5.3.8 we will present two classical wave activities with green laser pointers. 

But our purpose is not to prove that light is a wave but to uncover the hidden quantum reality. We 

do this by showing students videos of single photon interference experiments (Photonics, 2015). 

We ask students to note the random arrival of photons, and the final patterns which are compared 

with standard images from Young’s double slit experiments. 

 

Historically, before the discovery of the photon, interference experiments like those in the 

following sections were used to ‘prove’ that light is a wave. With the understanding that photons 

are spaced far apart (as we discussed in section 5.3.2), it is difficult to believe that the photons 

themselves are adding and subtracting like the ocean waves. According to student age, we use 

this opportunity to introduce the term wavefunction as the mathematical quantity that acts as if 

light was a continuous wave. It is the interference of this wavefunction that creates the pattern 

observed, because it’s amplitude defines the probability that a photon will be detected at a certain 

point (see section 5.3.7 below for more). Yet this wavefunction does not appear to have physical 

existence: it is purely mathematical and is not physically observed. The following experiments 

are then presented in the context of the single photon interference.  

 

5.3.7 Diffraction of laser light through a human hair  

Laser diffraction and interference are normally used to illustrate wave-like behavior of light. 

However, since we have already emphasised that light comes as photons, as well as the concept 

of the spacing between photons, these activities also reveal the weirdness of quantum mechanics, 

as discussed in this section, and in more depth in section 5.3.8. 
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Prior to commencing this activity, we first illustrate classical diffraction by showing students 

photographs of ocean waves diffracting around islands (see Figure 24 below). We explain that 

waves from either side of the islands, redirected by the landmass, interfere with each other and 

create inference patterns as the waves add and subtract.  

 

                                                              

 

                                   
 

 

 

Figure 24. Water waves diffracting around a small island, creating interference when the waves 

combine on the other side of the island (Adam). Patterns of large and small amplitude are 

observed as the waves approach the shoreline.                                                  

Figure 25. Vertical interference pattern created by the diffraction of green light through a 

horizontal human hair. The bright and dark bands of light represent regions of constructive and 

destructive respectively. These regions can be marked and measured to calculate the diameter of 

the hair around which the light has diffracted.	
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Using this illustration as an analogy for the upcoming activity, we substitute a laser beam (a 

stream of equal energy photons) as the wave, a single human hair as the island, and a screen to 

display the wave intensity.  

 

A single human hair is placed in the beam of a green laser pointer, and directed to a screen 5-10 

meters away. Students observe an intensity pattern as illustrated in Figure 25. By comparing the 

interference pattern created by the laser to that in the image of ocean waves, students can 

appreciate that the photons create a brightness distribution similar to that of a wave.  

 

Students are then asked to calculate the width of their own hair by measuring the spacing 

between successive bands in the interference pattern (see Figure 25), and employing the 

following simple formula   

 

𝑑 =  
𝜆 𝐿 
𝑥  

 

where, d is the hair diameter, 𝜆 is the wavelength of the laser light, L is the distance from hair to 

the whiteboard, and x is the distance between successive light/dark bands (Hnin and Profmason, 

2012). For junior high school students we simplify the formula to hair diameter (microns) = 

C/fringe spacing (cm), where the constant C is evaluated for the laser wavelength (preferably 

532nm) and screen distance. 

 

Just as the interference pattern created by the island depends on both the size of the island and the 

wavelength of the waves, the laser interference pattern depends on both the diameter of the hair 

and the wavelength of the laser light. Students can compare the thickness of their hair with their 

classmates’.  
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5.3.8 Soap film interference 

Another vivid and beautiful illustration of the wave-like behaviour of quantum interference can 

be seen using reflective interference of light in soap bubble films. Light reflected from the front 

and rear surfaces of a soap film produces high contrast interference patterns that can be projected 

onto a screen (see Figure 26). This interference pattern arises from the phase difference between 

light reflected from either side of the soap film wall.  

 

 

 
 

Figure 26. Interference pattern created by green light reflected from a soap bubble. Light reflected from 

either side of the soap film wall interferes, creating high contrast characteristic regions of constructive and 

destructive interference. Despite the solidity and permanence of the interference pattern, for moderate 

light intensity, it is easy to show that the image is created by single isolated photons in the soap bubble 

film. 

 
 

The concept is illustrated in the following two diagrams (see Figures 27 and 28 below): the first 

shows what you would expect if light were a continuous wave. The second shows how we may 

imagine it  actually occuring in the case of  discrete photons. The fact that interference occurs, 

even with a very dim light source, when the spacing between photons  greatly exceeds the 

thickness of the soap film, demonstrates the weirdness of the quantum world.  
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False classical description of soap film interference 

 
 
                             

 

 

 

 

 

                                  
Quantum description of soap film interference 

 

 

 

 

Figure 27. Light, treated as a continuous wave, reflected from a soap film. While the majority 

(92-100%) of the wave will pass through the film unperturbed, a small fraction is reflected from 

each surface of the film. The reflected waves with reduced amplitude will interfere, producing 

characteristic patterns of constructive and destructive interference as shown in Figure 26. 

Historically such patterns were used to prove that light is a wave. 

Figure 28. Light, treated as photons (discrete packets of, energy) reflected from a soap film. 

Unlike a continuous classical wave that can have arbitrary amplitude, photons, being 

discrete packets of energy, cannot have reduced amplitude. Yet characteristic wave 

interference patterns still emerge. The weirdness of quantum behavior is evident when one 

realizes that at modest light intensity only one photon is present in the soap film at any time.	
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The source of the interference is the soap film wall, a structure of only a few micrometers 

thickness. Since we have already calculated in Section 5.3.2 that individual photons are separated 

by distances often measured in kilometers, we are presented with a puzzling scenario. At any 

instant, there can never be more that one photon present inside the soap film, yet the interference 

pattern that emerges appears permanent. If the interference pattern is not caused by photons, what 

is the cause? As discussed in Section 5.3.6 the interference is explained as interference of a 

mathematical entity called the wavefunction, which determines the probability that a photon will 

arrive at a particular location. The probability follows exactly the same mathematics that the 

intensity would follow for a real continuous wave. It is the wavefunctions that interfere, not the 

photons themselves. Dark parts of the interference pattern are places where the wavefunction 

interference causes the probability of a photon arriving to be zero. The bright parts are places 

where the wavefunction interference is maximum. This single-particle interference is one of the 

hallmark phenomena of quantum physics and a strong demonstration of ‘quantum weirdness’. 

Again we emphasise that wavefunctions are mathematical entities that cannot be measured or 

seen except for their effects on the probability of photons arriving at a particular location. 

	

5.3.9 Limitations of this quantum model   

We have used Nerf gun bullets as models for photons. While this model is useful for emphasising 

the particle nature of light, its limitations must be emphasised. These limitations are in the sense 

that the correspondance between model and reality breaks down. Identifying precisely where and 

how the analogy breaks down, in a thorough discussion with students, is important for obtaining 

a deep understanding of the concepts discussed above. Students deepen their understanding by 

discussing the failing of the model. 

 

The representation of photons by toy bullets is very useful for illustrating the discretness, the 

energy and the momentum of photons, and phenomenon such as the photoelectric effect and the 

uncertainty principle. However obviously, Nerf gun bullets have non-zero rest mass and cannot 

propagate at the speed of light, nor can they produce interference patterns. Their energy is 

dependent on their velocity, and their trajectories are strongly distorted by gravity. These obvious 

limitations can be identified by the students in a group discussion.  
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The discussion about the spacing between photons assumes that photons are really particle-like. 

This is not necessarily true for real photons. The reality is that physicists do not have a clear, 

simple understanding of what a photon is like. You cannot image a photon. When you detect a 

photon it is detected like a particle, but before you detect it we cannot say what it is like. Students 

need to know that quantum mechanics is a mathematical theory. It has been tested to enormous 

precision and proved to be correct. However to this day, physicists argue about the meaning of 

quantum reality. Richard Feynman said that if you meet a person who says they understand 

quantum physics, they are either stupid or lying! Yet because the theory works perfectly, we have 

been able to use it to design the components of computers, lasers and mobile phones, and without 

the theory we would never have been able to create such marvellous devices.  

 

5.4 Conclusion 
The quantum physics component of the Einstein-First project combines analogies with thought 

experiments to reveal the weirdness of quantum behaviour. We have presented an observation 

based approach which allows some of the key concepts of quantum physics to be introduced at an 

early age. It allows students to understand quantum uncertainty, and to realize the intrinsic 

weirdness of quantum reality as a fact of nature that we must accept. 

 

In modern text books and school curricula the term wave-particle duality is used, which tends to 

imply equal value for the wave and the particle properties. We have emphasised that modern 

experiments always observe light as a particle. Photons in starlight may be 1000km apart, and 

single photon experiments show images of interference growing one photon at a time. This 

implies that the wave-nature of light, as supposedly revealed by interference experiments is to 

some extent illusory.  

 

We presented a class activity that drew a parallel between a classical water wave phenomenon 

and laser interference experiment, but emphasised that the pattern is unchanged when photons 

arrive one at a time. We showed that this pattern informs us about the apparatus (a human hair) 

and the photon wavelength (or frequency or energy). Thus, while the particle nature of photons is 

inescapable, the wavelike aspect of photons is also inescapable.   
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The weirdness of quantum mechanics arises because we do not understand why the arrival 

probability of quantum particles is described by hypothetical wavefunctions that have never been 

observed, but which are defined by directly measurable wave-quantities such as wavelength, as if 

it was a classical wave. Part 3 of this series reviews some of the research results obtained from all 

our programs. In particular it gives results of testing which was used to assess student 

understanding of the quantum physics concepts discussed here.  
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Appendix   
Here we outline the materials required to construct the various models and activities described in 

this paper: 

 

1) Photography with analogue photons: A whiteboard, whiteboard markers to outline the 

images, Nerf guns (we used the model vulcan EBF-25), Nerf gun bullets with suction ends, and 

safety glasses. 

 

2) Uncertainty principle with analogue photons : Balloons filled with 2g -150g of water, a 

Nerf gun, Nerf gun bullets and string to hang the balloons. 

 

3) Photoelectric effect with analogue photons: Approximately 10 bowls with 6-20cm depths to 

represent different work functions. A few ping pong balls in each bowl represent the electrons in 

the metal. Several Nerf guns with foam bullets are sufficient for a class activity. 

 

4) Laser diffraction of a human hair: 1 mW green laser module or a laser pointer, a ruler, a 

marker, a white screen and a human hair.  A cardboard box with a cut out and double sided 

adhesive tape to suspend hair samples across the hole. Care must be taken to avoid directly 

shining laser light at students’ faces.  
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5) Soap bubble interference: 1 mW green laser module, a screen and a soap bubble frame 

consisting  of a malleable copper wire moulded in the shape of a 1-2cm diameter ring that can be 

dipped into a soap solution. The wire ring should be twisted out of the plane so as to create a 

convex soap film surface. This causes magnification of the reflected interference pattern. 
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Chapter 6: Teaching Einsteinian Physics at Schools: Part 3, Review 

of Research Outcomes 

 
 
The set of papers (Chapters 4 and 5) discussing models and analogies are incomplete without 

discussing the effects of using them. This chapter presents the overview of research results 

obtained by using models and analogies discussed in previous two chapters. Master’s student 

John Moschilla, Marina Pitts who did her Ph.D. on related topic and I, ran the programmes 

reported in this chapter. The manuscript of this chapter has been published in the Physics 

Education journal and the reference is given below: 

 

        T. Kaur, D. Blair, J. Moschilla, W, Stannard, and M. Zadnik. (2017). “Teaching     

        Einsteinian Physics at Schools: Part 3, Review of Research Outcomes”, Physics    

       Education 52, 065014. 
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6.1 Abstract 
            This paper reviews research results obtained from Einsteinian physics programs run by different 

instructors with Years 6, 9, 10 and 11 students using the models and analogies described in Parts 

1 and 2. The research aimed to determine whether it is possible to teach Einsteinian physics and 

to measure the changes in students attitudes to physics engendered by introducing the modern 

concepts that underpin technology today. Results showed that students easily coped with the 

concepts of Einsteinian physics, and considered that they were not too young for the material 

presented. Importantly, in all groups, girls improved their attitude to physics considerably more 

than the boys, generally achieving near parity with the boys. 

 

6.2  Introduction 
Einsteinian physics underpins modern technology but is still not a part of most school science 

curricula. Many reasons have been suggested for the lack of focus on modern physics, including 

a) a belief that to understand modern physics students need to have a strong background in 

classical physics and b) that modern physics is conceptually too difficult (Godfrey, 2016; Blair, 

2012). Numerous educators and popularisers have drawn attention to this problem, for example, 

as highlighted in a ‘Minute Physics’ video (Minutephysics, 2012) which decries the historical 

nature of physics education. Recently physics education researchers from Australia, Norway and 

Scotland suggested that the cause of the problem is that “many people imagine that Einstein’s 

theories require enormous mathematical skills” (Blair, Henriksen and Hendry, 2016). A growing 

number of educationalists have been questioning these views.  

 

Previous research shows that the concepts of quantum physics can be taught in the classroom 

(Johansson and Milstead, 2008). Walwema et al. reported that students without any physics 

background have capabilities to understand the basic ideas behind Einsteinian physics 

(Walwema, 2016). The authors emphasise that “physics of the 20th century should be taught—

not just to high school students—but to all STEM students”. In the Einstein-First program, we 

also observed that students were excited to know more about Einsteinian physics for the 

understanding of the working of modern technology that relies on Einsteinian physics. Kraus 

mentions that high school students could understand the concepts of general relativity if we 

present them conceptually rather than mathematically (Zahn and Kraus, 2014). 
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The models and analogies presented in Part 1 and Part 2 of this series have been tested with Year 

6, Year 9, Year 10 and Year 11 students, aged from 11 to 16 years. These programs were run by 

senior physics and education research project leaders, doctoral and masters students. The Year 6 

program was run by authors David Blair and Marjan Zadnik, Year 9 program was run by 

Tejinder Kaur, Year 10 program was run by John Moschilla and Warren Stannard and Year 11 

program was run by Tejinder Kaur, David Blair, and Marjan Zadnik.  

 

To measure the effectiveness of these programs, pre and post testing was undertaken to test both 

conceptual knowledge and attitudes to physics. The conceptual knowledge pre/post and 

attitudinal pre/post questionnaires were designed by the authors (see Appendix). The “conceptual 

pre/post–tests” were designed to assess students’ conceptual knowledge of Einsteinian physics 

before and after the program. These tests had identical open-ended questions such as ‘What is 

light?’, ‘What do you mean by the term gravity?’ The 15 minute “conceptual pre-test” was given 

at the beginning of the program, while the “conceptual post-test” was given at the end of the 

program under identical conditions to the pre-test.  

 

The “attitudinal pre/post-tests” were designed to assess changes in student attitudes to physics 

engendered by the program. Both questionnaires had identical questions based on Likert scale 

items such as ‘I think physics is an interesting subject’ and ‘I enjoy learning new concepts and 

ideas’. The 10-minute attitudinal pre-test was given at the beginning and attitudinal post-test after 

the program, immediately after the conceptual pre/post-tests. Questions were partially selected 

from previously validated test questions (Soh, Arsad, and Osman, 2010) but it was found 

necessary to introduce new questions related to the content of the program. Both conceptual 

pre/post and attitudinal pre/post-tests were analysed and compared. Some of these test results are 

given below.  

	 	

The programs were based on the materials presented in Parts 1 and 2. Each program was 

delivered using similar models and analogies but with the presentation style and language 

appropriate to the age group. Each 45-minutes lesson was divided into three roughly equal 

components: 
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a) Power point presentation to explain Einsteinian Physics concepts visually, including 

many pictures, video clips, animations, and key words,  

b) Activities based on the models and analogies described in Parts 1 and 2. 

c) Work time: the last 15-minutes was used to complete worksheets and allow class 

discussion. 

 

The primary goal of the research was to answer the following questions: 

a) Is it possible to teach Einsteinian physics to younger students, 

b) Does learning of Einsteinian physics improve student attitudes to physics. 

 

In the next section, we review selected results from all of our programs. Detailed analysis of each 

program will be published elsewhere. The purpose of this review is to validate the material 

presented in Parts 1 and 2, and to summarise our evidence that teaching Einsteinian physics by 

using simple and interactive models and analogies has the power to motivate, enthuse and 

stimulate students between the ages of 11 and 16. The results presented are the results of short 

programmes. These results are based on post-questionnaires taken soon after completion and 

therefore do not measure long-term effects which will require further studies. 

 

6.3 Results 
6.3.1 Year 6: Eight-week programme on Einsteinian physics 

Firstly, we will present attitudinal results obtained from Year 6 students who attended six lessons 

on Einsteinian physics. The results presented here were taken from data given in Pitts et al. 

(2014). Two of the attitude questions asked by the authors were: “Was it interesting to find out 

about space and time and gravity?” and “Do you feel you are too young to understand Einstein’s 

ideas?”. The results obtained from these two questions are shown below in Figure 29 and Figure 

30. 

Figure 29 shows that 70% of students responded that the ideas of space, time and gravity were 

very interesting. Only one student identified the program as boring. Figure 30 shows responses to 

the “too young” question. Five individuals (~19%) from the class responded that they were too 

young to understand Einsteinian physics; most of the class (14 or 54%) responded that they were 
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not too young to understand Einsteinian physics, and others (7 or ~27%) were undecided. Pitts et 

al. inferred that Year 6 students were conceivably ready to understand Einsteinian physics ideas. 

 

																																						 						
 

Figure 29. Year 6 student responses to the question: “Was it interesting to find out about space, time and 

gravity?” following a 6-lesson program on Einsteinian physics. 18 out of 26 students provided the most 

positive possible response. (Pitts et al., 2014).	

	
	

																																					 	
 
 

Figure 30. Year 6 student responses to the question: "Do you feel you are too young to understand 

Einstein’s ideas?" following a 6-lesson program on Einsteinian physics. 14 out of 26 students responded 

‘no’ (Pitt et al., 2014).    

 

6.3.2 Year 9: Ten-week programme on Einsteinian physics 

Next, we introduce the outcomes from Year 9 students’ conceptual understanding based on pre- 

and post-questionnaires. These students were academically talented and went on a 10-week 
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programme on Einsteinian physics in 2014. Figure 31 indicates student understanding of 

Einsteinian physics before and after the programme. It is clear from this figure that students’ 

conceptual understanding improved dramatically following the programme. Student pre-test 

scores were very low, with less than 10% of students scoring more than 50%. It is interesting that 

some of the students who had the lowest initial scores achieved results as high as the students 

with the highest pre-test scores. After the programme, 53 out of 57 students scored 80% or above.  

 

 

	
	

Figure 31. Pre-and post-test scores of 57 students conceptual understanding, arranged in order of 

ascending pre-test scores, of concepts of light, space and time following a twenty-lesson programme on 

Einsteinian physics in 2014. All students demonstrated improvement in conceptual understanding. 

	
 

We found that boys had a slightly greater interest in physics throughout the program, but that 

girls showed a significantly greater increase in interest. Figure 32 gives data showing that girls’ 

interest toward physics improved from 50% to 80%, much greater than that for boys. The 

classroom teachers present during the program were also highly motivated by the activities used 

in the program.  
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Figure 32. Student pre-and post-test responses to the question: "I think physics is an interesting subject" sorted by 

gender, following a twenty-lesson program on Einsteinian physics in 2014. Whilst both genders demonstrated 

improvement in attitude towards physics, the improvement in females scores was significantly greater than males. 

 

6.3.3 Year 10: Four-week programme on Einsteinian physics 

A shorter four-lesson programme was undertaken with Year 10 academically talented students. 

This programme used some of the models and analogies described in Parts 1 and 2, while 

focusing on the Einsteinian concepts underlying the synthesis of gold in the universe, as well as 

its special properties. Figure 33 shows that students’ pre-test scores were in the range 15-50%. 

Again, the students in the class improved significantly after the programme. As shown in Figure 

34, the improvement by girls again exceeded that of the boys. In this case, the girls performed 

lowest in the pre-test but exceeded the boys in the post-test. 

 

	
Figure 33. Pre-and post-test scores for Year 10 students conceptual understanding of Einsteinian physics concepts, 

arranged in order of ascending pre-test scores, following a four-lesson programme on Einsteinian physics in 2015. 

All students demonstrated improvement in conceptual understanding of Einsteinian concepts.  
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Figure 34. Averaged pre-and post-test scores for Year 10 students conceptual understanding of Einsteinian physics 

concepts, arranged in by gender, following a four-lesson programme on Einsteinian physics in 2015. While both 

genders demonstrated significant improvement in their conceptual understanding of Einsteinian concepts, the 

improvement in female scores was significantly greater than the males.  

 

 

6.3.4 Year 11:  One-day programme on Einsteinian physics 

Lastly, we discuss a study of a one-day programme with Year 11 students who were participants 

of the National Youth Science Forum, a national summer programme. They were advanced 

students selected from different states of Australia. Figure 35 presents results from conceptual 

understanding questionnaires. These results show a similar trend to the results obtained with 

younger students. Students’ conceptual understanding before the program was low, although a 

greater fraction of the class scored near 50%. Following the programme, all but two students 

improved their test scores, with an average improvement factor 2.1. However, the large variation 

in score improvement relative those found in the longer programmes may indicate that a single-

day programme is insufficient for consolidating conceptual understanding of Einsteinian physics. 
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Figure 35. Pre-and post-test scores for 27 students conceptual understanding of Einsteinian physics concepts, 

arranged in order of ascending pre-test scores, following a one-day programme on Einsteinian physics in 2014. All 

students but 2 demonstrated improvement in conceptual understanding. The mean test score result increased by a 

factor of 2.1 between the pre and post test.  

	
 

6.4 Conclusion 
It is interesting that similar models and analogies can be effective teaching tools over the breadth 

of school education from the ages of 11 to 16. The pre-test conceptual knowledge results showed 

that over the age range students had very little knowledge of fundamental concepts behind 

Einsteinian physics. Even out of nationally selected 16-years old students who participated in the 

National Youth Science Forum program, only 25% of students achieved pre-test scores of about 

50%, while for 11-year-olds, 10% scored to this level.  

 

Overall, it is very clear that Einstein-First programmes were well within the ability of students 

over all age groups. All classes demonstrated substantially improved conceptual understanding of 

Einsteinian physics. The largest programme undertaken with Year 9 students showed the most 

remarkable improvement with average class scores increasing from 23% to 91%. It was very 

clear in all programmes that the learning of Einsteinian physics enhanced student attitudes and 

interest in learning Einsteinian physics.  

 

The authors were not surprised to learn how well Einsteinian physics was accepted by students, 

but the results on gender were unexpected. The greater improvement factor of girls over boys has 

been replicated in all our studies. The girls enter with lower attitude and knowledge scores, and 
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leave the programme achieving near parity. We attribute this partly to the fact that students are 

aware that the current curriculum is based on old fashioned concepts, and partly because the girls 

may be more appreciative of conceptual ideas and active group based learning rather than 

conventional approaches.  

 

The result indicates that the introduction of Einsteinian physics, and the introduction of more 

conceptual learning may have a strong benefit in encouraging gender balance in STEM education 

and career choices. The research outcomes reviewed here are the results of programmes that were 

piloting and exploring the possibility of introducing Einsteinian physics at an early age. Our 

testing has not evaluated long-term retention of conceptual understanding, nor the effects of a 

proper learning progression that would carry through several years and would integrate 

Einsteinian physics with Newtonian approximations. We believe that the results presented make 

a strong case for further research aimed at reconstructing school science within Einsteinian 

physics paradigm.  
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Appendix 
Below we give some typical questions used to assess knowledge and attitudes to physics before 

and after the programmes discussed in this paper. We asked open ended questions in conceptual 

pre/post tests and attitudinal questionnaire was based on Likert scale items. 

 
Conceptual questionnaire 

1. Can parallel lines meet? 

2. Can the sum of the angles in a triangle be different from 180 degrees?      

3. What do you mean by the term “Light”?  

4. Does space have a shape? Circle Yes or No. How could you measure the shape of space?      
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5. If you weighed an object on a supersensitive balance, would the balance register a 

different weight if you heated the object up?            

6. How could you tell if a ruler is straight?  

7. In the absence of air resistance, (like in a huge vacuum tank or on the moon) if we drop a 

hammer and a feather, which one of them will touch the ground first? 

8.  List the names of at least four types of electromagnetic radiation.  

9. A person claims on Facebook that he has made a perfect microscope that is so accurate 

that the exact position of an atom can be measured. Could this claim be plausible? 

 

Attitudinal questionnaire 

1. I think physics is an interesting subject 

2. I prefer to learn physics through activities 

3. I enjoy learning new concepts and ideas 

4. I enjoy trying things out at home and/or telling my family about school science activities. 

5. I think doing activities helps me understand and remember new ideas much better than if 

it is  

               just from books and lessons  

6. The things that Einstein discovered are important for modern technology 

7. I like doing calculations 

8. Understanding scientific ideas are more important than memorizing facts 

9. I enjoy science excursions and would like to have more of them. 

 

 

 

 

 

 



	
	

103	

7. Determining the Intelligibility of Einsteinian Concepts with 

Middle School Students 
 
 
As I mentioned before, the success of the one-day programme with the National Youth Science 

Forum students led to a longer-term programme. This chapter is based on the two 10-week 

programmes with academically talented Year 9 students at Shenton College. This chapter covers 

case studies 2 and 3. 

 

The first programme was run with the support of the teacher Mr. Warwick Mathews who was 

elected as teacher of the year in 2005. It was a pleasure for me to working with him. His 

encouragement, help and organisation give me enough confidence to run this programme in 

2013.  

 

After the success of this programme, he introduced me to another biology teacher Ms. Dana 

Perks with whom I ran a second longer programme in 2014. 

 

Both teachers assisted me in the classrooms and gave me feedback on my teaching as well. They 

also shared their views about these programmes with my supervisor, Professor David Blair. I 

would like to mention one statement made by Ms. Dana Perks in conversation with my 

supervisor. She said that she was always scared to teach physics as her background is in biology 

but after attending the Einstein-First programme, physics has become her favourite subject. 

 

Without these two teachers, this research would not be possible.  
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 7.1 Abstract 
 
The modern Einsteinian conception of space, time, matter and radiation represents a radical 

paradigm shift compared with the traditional Newtonian physics that underpins most primary and 

secondary school science. It is increasingly recognised that school education should encompass 

this modern paradigm to allow a seamless progression of learning throughout school education. 

The goal of the research presented in this paper was to test whether five core concepts of the 

Einsteinian paradigm could become conceptually intelligible to middle school students or 

whether there were intrinsic difficulties. The research was underpinned by the theoretical notion 

that intelligibility is a key step to the ontological conceptual changes needed for the radical shift 

to the Einsteinian paradigm and that conceptual change is impacted by students’ attitudes. The 

research was conducted in the context of a 20-lesson teaching programme based on models and 

analogies specifically designed for middle school students and to enable ontological conceptual 

change. We present an analysis of 120 14- to 15-year-old students’ conceptualisations of 

Einsteinian physics and their attitudes towards science as a result of this programme. Through 

testing before and after the programme, we found that the students possessed variable levels of 

prior knowledge of the core Einsteinian concepts, but near universal intelligibility of the core 

concepts after the programme. The strong saturation indicates that there is no intrinsic difficulty 

regarding intelligibility of core Einsteinian concepts at the middle school level of the participants. 

While the male students initially showed greater interest in physics compared with their female 

counterparts, the female students showed a significantly increased interest in physics after the 

programme. Repeatability in knowledge tests between classes given one year apart, and long term 

retention indicate that the progamme had a lasting impact on students’ conceptual understanding.  

 
 
 
Keywords Einsteinian physics; models; analogies; Einstein-First; high school physics 
curriculum. 
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7.2 Introduction 
 

Our current understanding of the universe is based on two major theories of physics; the theory of 

gravity, also known as general relativity, and the theory of particle interactions or quantum 

physics. Because of Einstein’s central role in both theories, we use the term “Einsteinian physics” 

to distinguish these subject matters from classical Newtonian physics. Einstein’s key ideas 

include the relativity and warping of time, the curvature of spacetime and the quantisation of 

radiation (photons), as well as stimulated emission of radiation and Brownian motion (Einstein 

1905; 1916; 1956). Many others physicists, including Bohr, Planck and Heisenberg contributed 

to this paradigm shift in scientific thinking – from Newtonian to so-called “modern physics”.  

 

Einsteinian physics is of immense importance in modern technology. Communications systems, 

lasers, transistors, semiconductors, nuclear power and many more of today’s technologies are 

based on Einsteinian physics. However, in many countries, including Australia, the high school 

science curriculum is focused mainly on Newtonian physics. Einsteinian concepts are generally 

introduced only as special advanced topics (ACARA 2017; Dimitriadi and Halkia 2012; Shabajee 

and Postlethwaite 2000). It is often believed that Einsteinian physics is too difficult to introduce 

to this age-group as discussed further below (Pospiech 2008). 

 

The research presented in this paper is part of a broader research movement titled Einstein-First. 

The Einstein-First research project has been developing and testing approaches to the teaching 

and learning of Einsteinian physics across the school curriculum. We share Shabajee and 

Postlethwaite’s (2000) motivation that students deserve to be taught our current best 

understanding of the nature of the universe in which we live. Besides this philosophical 

standpoint, we suggest that by being relevant to the modern world, learning Einsteinian physics 

could be expected to improve student attitudes to physics because of it’s relevance to the modern 

world. 

As part of Einstein-First research project, an initial study introduced a six-lesson programme on 

Einsteinian concepts to Year 6 primary school students. These students clearly enjoyed the 

program, the majority claimed (through questionnaires) that they were not too young and 
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indicated no sense of surprise by the Einsteinian physics concepts. However, several of the 

concepts were clearly not intelligible to many of the participants (Pitts et al. 2014). The second 

implementation of the in-class programme with academically talented Year 11 students indicated 

they found the modern concepts exciting and astonishing (Kaur et al. 2017c). As part of Einstein-

First, the research presented in this paper was designed to support our quest to find the right age 

to introduce key Einsteinian physics concepts. As such, the goal of this research was to explore 

the impact of a 20-lesson teaching programme designed for conceptual change on academically 

talented Year 9 students. In particular, we were interested in the impact of the programme on the 

intelligibility of five key Einsteinian concepts and the impact on participating students’ attitues 

towards physics.  

 

This paper is structured into five sections. This first section has provided an introduction to the 

research. The next section, Section 2, is the Literature Review and the third section is the 

Methodology. The fourth section of the paper presents the results and the final section, the 

Discussion and Conclusion.   
 

7.3 Literature Review 
 

In this literature review, we initially present an argument as to why Einsteinian physics needs to 

be introduced at an early age into the school curriculum. We then develop the theoretical position 

of conceptual change and an argument based on the available literature about the possible impact 

of Einsteinian physics on students’ attittudes towards science. This is followed by a description 

of the Einstein First progamme and the section concludes with a statement of the purpose and 

objectives of the study. 
 

7.3.1 The case for introducing Einsteinian physics at an early age 

According to Shabajee and Postlethwaite (2000), Einsteinian physics concepts should be 

presented at an earlier stage of education. If they are only encountered in the later stages of 

education, they are likely to be found by learners as obscure ideas that are impenetrable and 

difficult to reconcile with their perceptions of the world around them and ideas developed 

through regular physics curriculum (Shabajee and Postlethwaite 2000). Russell Stannard (2008), 
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Emeritus Professor of Physics at the Open University has continued to argue this case strongly. 

Previously Stannard (1999) wrote:  

 

Our first introduction to the mind-blowing world of modern physics should be when we are 

young, when our minds are still open and flexible. As we become older we become set in 

our thinking, our view of the world fossilises; we become resistant to new modes of 

thought.  

 

It is plausible to assume that an earlier introduction of Einsteinian physics concepts may help 

students to better appreciate the reality of the universe and prepare them to acquire more details 

on these topics in later studies.  Stannard (1999, p. 20) went on to state: 

 

[relativity] is absolutely wonderful, amazing science.... But I was angry that none had told 

me about it before (undergraduate level). It seemed a scandal that Einstein’s theories had 

been around for so long but were not part of everyday culture. 

 

However, despite the exhortations discussed above, in general, there has been little research on 

teaching Einsteinian concepts at high school and especially for younger age groups including 

those in the middle years. Some research has been conducted with university level students on the 

teaching and learning of different aspects of Einsteinian physics, for example, special relativity, 

general relativity and quantum physics. These approaches include simulations and computer 

games (Carr and Bossomaier 2011; Carr and McKagan 2009; Wegener et al. 2012), thought 

experiments, the use of paradoxes (Cacioppo and Gangopadhyaya 2012; Velentzas and Halkia 

2013), physical models (Zahn and Kraus 2014) and various on-line learning resources (Henriksen 

et al. 2014). Previous research has shown that many students have the ability to understand 

qualitative concepts of Einsteinian physics (Baldy 2007; Pitts 2014). In Australia, for example, 

research has shown a significant improvement in students’ understanding and interest in 

Einsteinian ideas. Haddad and Pella reported that Year 6 students could understand the concepts 

of relativity at an appropriate knowledge level (Haddad and Pella 1972). Johansson and Milstead 
said that introduction of the uncertainty principle helps students to understand the mysterious 

nature of quantum mechanics (Johansson and Milstead 2008). 
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Research has also identified many of the misconceptions and difficulties associated with the 

learning of Einsteinian concepts. Dimitriadi and Halkia (2012) discussed difficulties in students 

accepting that the speed of light is the maximum speed in the universe, as well as difficulties in 

conceptualising the relativity of time and the absence of absolute reference frames. Bar et al. 

investigated difficulties in forming a valid concept of gravity (Bar, Brosh and Sneider 2016). 

Junius (2008) explored difficulties in conceptualising the idea of a straight line when space is 

curved. With regard to quantum physics, Ozdemir and Mustafa (2010) emphasised the difficulties 

for undergraduate students to conceptualise the probabilistic nature of quantum physics, while 

Sokolowski (2013) investigated difficulties in understanding the photoelectric effect. These 

difficulties have deterred the introduction of modern physics at an early age.  

 

Most research has focussed on undergraduate teaching and identified students’ misconceptions 

and difficulties in understanding the concepts of Einsteinian physics. This appears to have created 

the idea that young students, particularly those of middle and primary school age, are not able to 

be taught Einsteinian concepts. There is very limited research on the teaching and learning of 

Einsteinian physics at an early age. As such, the research presented in this paper makes a 

significant contribution to the literature by providing evidence about conceptual understanding 

and attitudes of students when they are being taught about Einsteinian concepts.   
 

7.3.2 Theoretical position for teaching and learning Einsteinian physics 

The challenging situation described above can be best understood and interpreted by the construct 

of conceptual change which is recognised as a viable and powerful framework to investigate 

student learning in physics as well as in the design of instruction (Duit and Treagust 2003; 2012). 

Numerous research studies have shown that students come to science classes with ideas about the 

phenomena and concepts to be learned that are not in harmony with science views and which are 

firmly held and resistant to change (Duit 2003; Duit, Treagust and Widodo 2013).  

 

From the initial research in the late 1970s that took an epistemological view of conceptual change 

with a focus on students’ better understanding of phenomena through learned concepts being 

plausible, intelligible and fruitful, researchers such as Pintrich, Marx and Boyle (1993) and 

Zemblas (2005) argued that conceptual change should address the affective domain including 
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attitudes to and enjoyment of science. Another focus on conceptual change argued by Chi (see 

Chi 2008; Chi, Slotta and de Leeuw 1994) is that for conceptual change to occur with certain 

science concepts, students need to switch ontological categories. An example would be the switch 

from the calorific concept of heat to one involving particle motion. In an effort to examine 

science learning from a more holistic perspective, Tyson, Venville, Harrison and Treagust (1997) 

considered learning from a multi-dimensional position that takes into account epistemological 

change, affective change and ontological change. 

 

In the research described in this article we were particularly interested in students being able to 

change their conceptions from a Euclidean or Newtonian view of physics to a relativistic, 

Einsteinian one. We recognise that students will already have experienced a Euclidean or 

Newtonian view of the world and hold such an ontology. Our goal was to challenge this ontology 

at an early age, while minds are still flexible, by introducing students to a relativistic, Einsteinian 

ontology which they could understand, to determine whether students are able to retain these 

newly introduced conceptions, and to provide motivational and enjoyable learning experiences. 

 

The tables below summarise the core conceptual differences between Newtonian and Einsteinian 

physics (Table 5), and some of the derived concepts that arise from them (Table 6). The Einstein-

First program aims to enable all people to become comfortable with the Einsteinian concepts, 

because they represent our best understanding of the universe. 

Table 5: Comparison of the core concepts of Newtonian and Einsteinian physics.  

Newtonian Physics Einsteinian Physics 

Space is described by Euclidean geometry Space is non-Euclidean 

Space is an absolute conceptual grid  Space is deformed by matter 

Time is absolute Time changes due to proximity to masses and 

relative speed 

Light is a wave Light is a stream of photons  

Objects can move at any speed The universe has a limiting speed equal to the 

speed of light and the speed of gravity 

Gravity is a force created by masses Gravity is a manifestation of warped time and 

curved space 
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Table 6: Some derived concepts in Newtonian physics and their Einsteinian counterparts 

Newtonian Physics Einsteinian Physics 

Geometrical formulae for areas and  

perimeters are exact 

Most useful geometrical formulae are 

approximations 

Parallel lines never meet Parallel lines can meet 

Time is the same everywhere Time depends on height above the Earth and 

speed of motion 

Planets move in perfect elliptical orbits Planets move in  precessing orbits 

You can see things without disturbing them Measurements with light cause uncertainty 

Space cannot sustain ripples Ripples of space travel at the speed of light 

 

7.3.3 Attitudes to science and physics 

In Australia, students’ attitude towards science and the number of students studying science are 

decreasing (Potvin and Hasni 2014; Hassan 2008). There are many factors suggested by the 

researchers which influence students’ attitudes towards science education. The most common are 

teaching methods, teaching environment, relevance and utility of science, motivation towards 

science, enjoyment of science, attitudes of friends or classmates, curriculum, gender and year 

level (Sheldrake, Mujtaba and Reiss 2017; Hassan 2008; Murphy, Ambusaidi and Beggs 2006; 

Nieswandt 2005; Osborne, Simon and Collins 2003; Pell and Jarvis 2001). 

An effective teaching environment and teaching method have a positive impact on students’ 

attitude towards science (Blazar and Kraft 2017). Researchers have identified the benefits of 

experiments using simple materials that help students reflect on natural phenomena and that such 

activities enhance their cognitive skills (Eren, Bayrak and Benzer 2015; Koç and Böyük 2012; 

Ornstein 2006).  

Studies on gender differences in attitudes towards science, and physics in particular, have shown 

that at the end of primary education, both genders have positive attitudes towards science but 

towards the end of secondary education, a significant decline in females’ attitude occurs (Reid 

2003). Miller et al. (2006) reported that high school appears to be a critical time for addressing 

gender differences in attitude to science. Reid observed that females’ interests were more inclined 

towards subjects related to social or daily life whereas their male counterparts showed interest 
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towards mechanical relevance and discussed the importance of creating a more balanced physics 

syllabus. Lorenzo et al. (2006) and Pollock et al. (2007) found that active pedagogies or in-class 

interactions might help to reduce the gender gap in attitude towards science.  

Numerous studies reflect the widespread concern about declining student attitude towards 

science. Our proposition is that introducing modern physics to school students may improve their 

attitudes towards physics and science generally. In the research presented in this paper, we were 

interested in investigating the impact that teaching Einsteinian physics concepts, which combines 

active learning with in-class interactions, has on students’ interest in physics.  

7.3.4 Evaluation and approach to learning 

There is much evidence that tests can be effective tools for assessing students’ conceptual 

understanding as well as improving their learning (Roediger and Karpicke 2006). Chang et al. 

mentioned in their study that “tests have been regarded as not only an important means for 

assessment, but also an influential method for developing students’ conceptual understanding” 

(Chang, Yeh and Barufaldi 2010). Previous research has shown that the use of models and 

analogies in the learning and teaching process helps students to engage in learning and to develop 

conceptual understanding of a particular topic (Heywood 2002; Ogborn et al. 1996). According 

to Posner et al., for conceptual change in students’ understanding, a new conception should be 

understandable, believable and provide new possibilities or ideas (Posner et al. 1982). Treagust et 

al. suggest that students need to use their prior knowledge and ideas to make judgements in new 

conceptions (Treagust, Harrison and Venville 1996).  

 

The program discussed here makes extensive use of models and analogies as teaching strategies 

explicitly because of their power to make abstract concepts understandable and believable, and 

because they are consistent with activity based learning and group activities. 

 

7.3.5 The Einstein-First project 

The Einstein-First project is underpinned by a constructivist epistemology and a conceptual 

change approach to pedagogy. Active learning was used to explore ideas that begin with 

geometry and gravity and conclude with quantum physics. Each lesson involved students in 

group activities, and was strongly based on the models and analogies described in Kaur et al. 
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(2017a), Kaur et al. (2017b). Group activities were chosen to allow students to learn by 

interacting with each other, and by discussions (Michael 2004). This also allows students to share 

roles of measuring, manipulating and recording.  

In section 7.3.2 we summarised the conceptual differences between Newtonian and Einsteinian 

physics highlighting the ontological shift that would be required to move conceptually between 

these paradigms. Here we provide a more complete discussion of the origin of the new 

conceptual framework in the context of the implementation of our Einsteinian physics lessons. 

Detail of the practical implementation of the learning materials can be found in Kaur et al. 

(2017a; 2017b). 

 

Euclid’s book of geometry Elements is said to be the most influential book of all time, 

continuously in print for 2000 years and published in more than 1000 editions (Gibson 1927). 

The findings of Euclid’s geometry were believed to be factual statements about the real world 

until first questioned by Gauss in the early 19th Century (Halsted 1990). Experimental proof of 

Einstein’s general relativity from 1919 to the present day, including the recent direct detection of 

gravitational waves, has relegated Euclidean geometry to a useful approximation because real 

space is not Euclid’s flat space. This means that all geometric formulae such as the perimeter of a 

circle or area of a rectangle are approximations. These ideas are easily explored by studying 

geometry on curved surfaces. Thus our program replaces theoretical geometry with experimental 

geometry on curved surfaces in which students can draw their own conclusions. For example, we 

use magnetic posts on upturned woks to survey straight lines and test geometrical formulae for 

perimeters and angles (see photos and more extensive discussion by Kaur et al. 2017a). 

 

Newtonian physics is based on the concept of absolute space and time, the assumption that space, 

time and matter are independent of each other and that gravity propagates instantaneously. 

Einstein’s theory of gravity links space, time and matter. A key idea in relativity is the existence 

of an absolute speed limit in the universe, which is the speed of light, and as dramatically proved 

in 2017, is also the speed of gravity (Abbott et al. 2017).  

 

Our Einstein-First program seeks to introduce the above fundamental concepts before the 

alternative and obsolete Newtonian concepts have been firmly fixed in student minds. The speed 
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limit of the universe concept is developed through activities and thought experiments based on 

the concept of terminal velocity. We use the free fall of balloons weighted with small amounts of 

water as a physical model. Students measure the free fall using smart phones with frame by frame 

analysis to allow the plotting of height versus time. The relativity of space, time and geometry in 

Einstein’s theory of general relativity can be very powerfully taught using space-time simulators 

in which stretched fabric mimics the curvature of space. These devices provide a useful 

framework for exploring the rich diversity of gravitational phenomena using enjoyable interactive 

experiments (Kaur et al. 2017a), with extra insight provided through criticism of the 

shortcomings of the model. 

 

The quantum nature of explanation of the light and matter followed Planck’s recognition of the 

need for quantising energy (Planck 1901) and Einstein’s photoelectric effect (Einstein 1905). The 

millennia-long debate on the nature of light was resolved with the development of quantum 

optics in the 20th Century. In this time we learnt that all matter has wavelike properties and that 

electromagnetic waves are quantized and are only detected as particles. In our program we 

explore these concepts using many of the ideas of Nobel Prize-winning physicist Richard 

Feynman who stated “I want to emphasise that light comes in this form – particles. It is very 

important to know that light behaves like particles, especially for those of you who have gone to 

school, where you were probably told something about light behaving like waves” (Feynman 

1985, p.15). 

 

We use models and analogies again to explore quantum concepts. We use toy photons and 

explore how their momentum can cause “quantum uncertainty” when used to measure the 

position of a balloon. We use videos of single photons creating images one photon at a time to 

emphasise that all optical imagery arise when a multitude of photons combine to create 

seemingly continuous images. With the help of toy photons, we allow students to discover that 

the photons in the stream reaching their eyes when one looks at a dim star, are of order 1000 km 

apart. This leads immediately to recognition of aspects of “quantum weirdness” that would 

normally be beyond the reach of high school students. 
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An important aspect of the Einstein-First programme is the linking of toys and models to easily 

accessible real images of observed physics such as single-photon imaging, and physical 

phenomena such as Google images of gravitational lenses, which are manifestations of curved 

space. We also use Google Earth images of diffracting and interfering ocean waves.  

 

The concepts that the students are led to embrace are rather simple, such as the facts of curved 

space, warped time and photons. If students can grasp these concepts with ease, we would expect 

our testing to show very high scores. Only if these fundamental concepts are innately difficult to 

comprehend (for example, if our brains are somehow intrinsically Newtonian and it takes 

exceptional intelligence to comprehend them) will students score low in our testing. We were 

searching for a saturation effect in our testing, because this implies the universal intelligibility of 

the new concepts.  

 

We use an analogy to illustrate this important point. If all students had been taught that the Earth 

is flat, and we provided photographic evidence that it is actually spherical, we would expect all 

students to agree to this fact, unless the idea of sphericity for a planet was somehow beyond 

normal children’s comprehension. However we might expect that some old people presented with 

the same evidence could claim that the data was faked. Our testing is designed to determine 

whether there is any significant impediment to children’s comprehension of Einsteinian concepts. 

 

Our work is based on the contention that; 

a) It is possible to learn/understand/teach the modern Einsteinian paradigm at a young age 

using appropriate teaching materials.  

b) Student attitudes to physics will improve if they learn modern concepts before being 

introduced to the useful tools and approximations of Newtonian physics.  

 

As stated above we also recognise that any changes in attitude we observe cannot be solely 

attributed to the content, because by necessity we must use teaching approaches that have quite 

separately been shown to promote positive attitudes to learning. 
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7.3.6 Purposes of the study 

The purposes of this research were threefold: a) To assess the impact on two classes of Year 9 

students of a 20-lesson programme in terms of the intelligibility of Einsteinian concepts. b) To 

find out how students’ attitudes, including the attitudes of girls and boys, changed as a result of 

the programme. c) To investigate retention one and three years after the programme.  

 

7.2.7 Research objectives 

In particular, the objectives of this study were to discern the following:  

1. What the students’ conceptual understandings of Einsteinian physics were before and 

after the programme. 

2. What the students’ attitudinal response towards physics were before and after the 

programme. 

3. If there was any difference in students’ response in terms of their gender. 

4. The degree of student retention one and three years after the programme. 

 

The approach taken to addressing these objectives is described in detail in the next section, the 

Methodology.  

 

7.4 Methodology 
7.4.1 The study 

The Einstein-First teaching and learning programme that is the focus of this research consists of 

twenty lessons with activities, worksheets and questionnaires. In this study, four questionnaires 

were developed by the researcher. These questionnaires developed through the process described 

below.  

 

The questionnaires are as follows: 

 

1. Conceptual pre-questionnaire 

       This questionnaire, consisting of nine short and multiple-choice questions, was given at the 

start of the programme; it was designed to assess the students’ prior knowledge of 

Einsteinian concepts (see Table 9). The questionnaire focused on the students’ understanding 
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of curved spacetime, geometry on curved space, gravity, light and the uncertainty principle. 

The typical examples of questions we asked are as follows:  

 

       ‘What do you mean by the term ‘light’?’. In this case it was made clear that we were not 

referring to a light as opposed to heavy.  In each case we asked for a 1-2 line response.  

 

       ‘Can parallel lines ever meet? Yes or No. Please explain your answer’ This is a question of 

physical fact and has nothing to do with reference frames.  

 

       ‘Can the sum of the angles in a triangle be different from 180 degrees? Yes or No. Please 

explain your answer.’  

 

       In all cases we were not trying to grade the students’ depth of understanding but, as 

discussed in section 7.3.5, we were trying to assess whether there are intrinsic difficulties for 

students to understand concepts, which for adults are much more difficult because most 

adults have a frozen-in concept of Newtonian reality.  

 

       Our question about geometry is equivalent to asking a person whether the earth is roughly 

spherical or flat discussed in section 7.3.5. Only one answer is correct, and it is independent 

of coordinate systems or mathematical models. If a person has seen photographs and movies 

of the Earth from space, then independent of talent, coordinate systems etc., they will know 

without a shadow of doubt, which is the correct answer. In regard to the specific question we 

asked, modern observations of space tell us that no triangle ever has a sum of angles exactly 

equal to 180 degrees except in an abstract mathematical space. Of course, we also teach 

students that on Earth most of the time the abstract approximation is an extremely good one. 

The discussion on the pre-questionnaire answers is given in the result section below. The 

marking criteria are described below. 

 

       Two marks were given to the students who gave a correct yes/no answer that included a 

correct justification. One mark was assigned to those who just chose the correct yes/no 

answer without explanation. One mark was given for correct short answer or a correct 
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multiple-choice response and zero mark was given for no response, or incorrect or unsure 

responses. 

 

2. Conceptual post-questionnaire 

The conceptual post-questionnaire was given at the end of the programme, and was 

designed to assess any conceptual change after having participated in the programme. The 

pre- and post-questionnaires had identical questions and were marked using the above 

criteria. 

 

3. Attitudinal pre-questionnaire 

Attitudinal pre-questionnaire consisted of nine questions (see Table 10). This 

questionnaire was designed to assess the students’ general attitude towards physics. All 

the answers were given based on a Likert scale (strongly disagree to strongly agree). The 

Likert scale marks were quantified according to a 1 – 5 scale, normally 1 for strongly 

disagree and 5 for strongly agree but reversed where necessary. 

 

4. Attitudinal post-questionnaire 

This questionnaire had identical questions to the pre-questionnaire and was designed to 

observe any change in the students’ attitude towards modern physics. This questionnaire 

was marked using the scale given above. 

 

5. Views on Einsteinian programme post-questionnaire 

 A set of five questions requiring short responses was developed to determine the 

students’ views on Einsteinian physics (see Table 12). This questionnaire was only given 

at the end of the programme.  

 

 

6. Delayed retention test 

A set of 9 questions was designed to assess the students’ retention of Einsteinian concepts 

(see Table 13). This was administered after 1 year with one class and after 3 years with 

another.  



	
	

118	

 

Each questionnaire was distributed at the start of a standard period before and after the 

programme, and students were given 20 minutes for completion. The same questionnaires were 

used in both the 2013 and 2014 studies.  

 

7.4.2 The structure of the programme 

A 10-week programme with twenty lessons were structured with carefully designed models and 

analogies to assist with students’ understanding. Generally the lessons were structured according 

to the following format: 

 

1. First 15 minutes of each lesson were dedicated to introducing and presenting material for 

the lesson, 

2. The next 15 minutes was devoted to group activity,  

3. The last 15 minutes consisted of class discussion and the completion of worksheets.  

 

The lesson plans were designed with the intention of making Einsteinian physics interesting and 

engaging for students of varying academic abilities. The activities and materials that supported 

this programme are described in Kaur et al., 2017 and Kaur et al., 2017. As summarised in 

Section 7.3.5 they included lessons using woks and magnetic posts for studying curved space 

geometry, a lycra sheet space-time simulator for studying gravity and curved space effects, toy 

“photons” based on Nerf guns for studying the particle nature of light, water ballons for studying 

the concept of terminal velocity for developing the concept of the speed limit of the universe as 

well as the universality of free fall, and laser experiments for diffraction and quantum 

interference supported by videos of single photon interference.  

 

7.4.3 Student sample  

In the Einstein-First project, the first six-lesson programmes were run with Year 6 students.  

While they clearly enjoyed the program, and the majority claimed (through questionnaires) that 

they were not too young to learn Einsteinian concepts, they indicated no sense of surprise by the 

Einsteinian physics concepts (Pitts et al., 2014). Conversely, a second programme runs with 

academically talented Year 11 students found modern concepts exciting and astonishing. To help 
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find the right age to introduce Einsteinian physics concepts, the programme reported here was 

planned. It involved academically talented Year 9 students who were highly motivated towards 

learning science. They were chosen to ensure ease of presenting a brand new programme. 

 

The sample of students consisted of 120 Year 9 students from Shenton College in Perth, Western 

Australia. They belonged to a selective academically talented program, but most had not 

encountered Einsteinian concepts prior to the study except for what they may have learnt through 

popular media. The programme was run in years 2013 and 2014. In 2013, 24 male and 21 female 

students participated while in 2014, 33 male and 24 female students took part in this programme. 

The final sample of this study consisted of 102 students due to a few incomplete questionnaires. 

The group reduced to about half for the retention tests undertaken in 2014 and 2017. 

 

7.4.4 Data analysis procedures 

Data was processed using Excel to obtain means, standard deviations etc. A paired samples t-test 

was used to evaluate any difference in the students’ conceptual understanding after the 

programme. To analyse attitudinal pre/post questionnaires, we combined data for positive 

responses according to the Likert scale given above. Some of the results were verified using 

SPSS. 

 

7.4.5 Validity 

Validity is defined as the degree to which test scores precisely measure the proposed idea. The 

validity of the conceptual and attitudinal questionnaires were investigated under the following 

three questions: 

a) Do the questions encompass every topic we wish to teach the students and have these 

topics been addressed in the literature? 

b) Are the students able to interpret the questions as they are meant? 

c) Do educational experts agree that the questions are appropriate? 

 

An extensive review process described below was used to ensure validity.  
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1. Content and Literature validation 

In designing the conceptual and attitudinal questionnaire, we took the approach that the 

assessment of students’ learning and attitude should be based on the topics we covered in the 

specially-designed programme. Only content-related questions were asked. As discussed in 

section 7.3.9 there has been very little research on the teaching of the fundamental concepts of 

Einsteinian physics. Hence it is not surprising that some of the conceptual questions have not 

been previously reported. For both the conceptual and attitudinal questionnaires, we found only 3 

out 9 questions in the existing literature (Pitts et al., 2013; Soh, Arsad, and Osman, 2010). 

 

2. Student interpretation validation 

The language of the questions should be simple and clear so that the students would interpret 

questions as asked. As discussed in 7.3.1, some of the questions such as “Does space have a 

shape?” and “What is light?” were naturally ambiguous but the ambiguity was explained to the 

students so that they understood for example that light was not the opposite of heavy and that 

space refered to the space between your hands or the space of the classroom, rather than outer 

space. Most other questions used were directly related to topics covered in the programme.  

 

3. Expert validation 

Draft questions were reviewed by the authors who include experienced physicists and educators. 

Each  question was discussed and refined. The conceptual questions were reviewed in relation to 

a large data base of physics questions. All questions were redrafted and reviewed a second time 

before finalising them for use in this study. 

 

 

7.4.6 Reliability 

For all student questionnaires, we used internal consistency as a measure of reliability. In order to 

investigate the internal consistency, we used Cronbach’s alpha (Cronbach, 1951). The values of 

Cronbach’s alpha for various tests are given below in the table. 
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Table 7. Cronbach’s alpha for all the questionnaires used in this study. 

Questionnaire Cronbach’s alpha 

Conceptual questionnaire 0.91 

Attitudinal questionnaire 0.89 

Views on Einsteinian programme post-questionnaire 0.88 

Delayed retention test 0.88 

 

The calculated values of Cronbach’s alpha indicate that all the questions are highly reliable. 

The following section presents the results obtained from the questionnaires.  

 

 

7.5 Results  
We shall now discuss the findings of the two 20-lesson programmes. The first programme was 

introduced in 2013. In 2014 the lesson plans and activities were refined. The skills of the 

presenter Tejinder Kaur had significantly improved in 2014 through the experience of the first 

year. There was one additional difference between the programmes in 2013 and 2014. In 2014 

students undertook a mid-programme test which may have helped to reinforce their learning.  

 

We first present an overview of results for conceptual learning before giving more detail. We 

divided the test scores into three bands: low achieving (0 – 40%), mid range (40 – 80%) and high 

achieving (81 – 100%) as shown in Table 8. These are presented separately for each year of the 

programme. Results highlight the high level of learning achieved, especially in the second year. 

The individual questions are presented below where we analyse results for each question 
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Table 8. Students’ statistical results from 2013 and 2014. 
Distribution of scores           Percentage of students (2013) 

                 Pre                         Post 
               Percentage of students (2014) 

                               Pre                  Post 
Low range (0 – 40%)                   76%                       0%                                 91%                2% 
Mid range (41 – 80%)                   24%                      80%                                          9%                  10% 
High range (81 – 100%)                   0%                        20%                                 0%                  88% 

Mean                   27%                      73%                                 23%                91% 
SD                  17.5%                 12.6%                               14.6%              10.3% 

Paired t-test         t(44) = 20.1                           t(56) = 30.3 
Effect size, d 3                           5.5 

Results               Statistically significant                            Statistically significant 
                                    
 

In the second year 88% of the students were in the high achieving band. It is also interesting to 

note that the standard deviation (SD) between the pre and post-tests reduces from 17.5% to 

12.6% in 2013 and 14.6% to 10.3% in 2014 despite the increased mean scores. This implies again 

that the uptake of the concepts was independent of the pre-test score, a fact that is obvious by 

inspection of Figures 36 and 37. Below we discuss details of the 2013 result, followed by the 

2014 results. In an attempt to understand some of the higher scores obtained in knowledge pre-

test, we asked the classes where they had learnt Einsteinian concepts. Most indicated that they 

had learnt from the internet or TV. 

 

7.5.1 Students’ overall results in conceptual learning from 2013 

Figure 36 presents the results of 45 students who completed their pre and post questionnaires 

conducted in 2013. Results are presented in the ascending order of percentage in the pre-test. In 

the pre-test, 93% of students scored less than 50%. Just 11 students scored more than 40% in the 

pre-test. This may reflect some prior knowledge as discussed above. However we noted that none 

of these students gave requested explanations against the five yes/no answers in the 

questionnaire.  

 

The highest score achieved in the pre-test was 65% by student number 45. After the programme, 

this student achieved a 100% score, as did student number 30. In the post-test, only one student 

(student number 11) scored less than 50%. The 13 students who scored less than 10% in the pre-

test increased their mean score to 68%. The 11 students who scored more than 40% in the pre-test 

achieved a mean final score of 81%. Thus the top achieving scores in the post-test are weakly 
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correlated with the scores in the pre-test, while overall the post-test score is relatively uniform. 

No student showed a decreased score indicating that every student improved their knowledge of 

Einsteinian concepts. The significance of the improvement is clearly statistically significant.  

 

The results of the pre and post conceptual test scores and paired sample t-test analyses 

demonstrated that Year 9 students developed a better conceptual understanding at the end of the 

programme. We also found that the improvement factor for female students is 2.4 (pre-test mean 

= 31, post-test mean = 73) while for males it was calculated as 3.3 (pre-test mean = 21, post-test 

mean = 70). 

 

 
Figure 36. Conceptual understanding test results for 2013. The histogram, ranked in order of the pre-test score, 

shows that almost all students achieved a high level of conceptual understanding, independent of their pre-

programme understanding which was generally low.  

 

 

7.5.2 Students’ overall results in conceptual learning from 2014  

The results from the pre/post questionnaires in 2014 are presented in Figure 37, following the 

format of Figure 36. First it is interesting to note that the distribution of initial scores is similar to 

that of the class of 2013. However it is also clear from this data that the post-test results are 

significantly higher. 

 

In the pre-test, 8 students who scored less than 10% increased their mean score to 94%. This 

exceeds the mean score of the class, and is consistent with the evidence from 2013, indicating 

that the learning outcomes are rather independent of student prior knowledge. Interestingly the 

two students (student number 1 and 2) who had the lowest scores in the pre-test achieved 100% 
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in the post-test. The 5 students who scored more than 40% in the pre-test achieved a mean final 

score of 94%. In comparison in 2013, 11 students in this category achieved 81% in the post-test. 

In the post-test, only one student scored below 50% (student 24).  

 

The paired sample t-test analyses demonstrated that Year 9 students’, t(56) = 30.3, p < .05, 

Cohen’s d = 5.5, conceptual understanding improved after the Einsteinian physics programme. In 

2014, the improvement factor for female students is calculated as 4.3 (pre-test mean = 22, post-

test mean = 94) and for males, 3.8 (pre-test mean = 23, post-test mean = 88). 

 

 
Figure 37. Conceptual understanding test results for 2014. The data in Figure 37 clearly shows similar behaviour to 

that obtained in the previous year, but notably the post-test results are significant higher. 

 
 
In both years (2013 and 2014), it was seen that the overall gains for conceptual understanding 

were large. The large gains are not surprising because this represents the students’ first 

introduction to the content, so their pre-instruction scores were low. The saturation effect that is 

especially strong in the 2014 post-test scores is a measure of the success of the programme. If we 

did not observe a saturation effect, we would have to conclude that only some students can be 

fully comfortable with the Einsteinian concepts presented. The saturation effect tells us that there 

is no evidence that it requires special academic talent to appreciate Einsteinian concepts. It could 

be argued that the saturation observed represents a poorly designed test, which would be valid if 

we were trying to distinguish talent levels. However as a measure of successfully imparting an 

Einsteinian conception of reality it demonstrates that the learning of Einsteinian concepts has no 

intellectual or cognitive barriers. 
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The regression analysis of conceptual understanding for both years is given below. 

 

 
Figure 38. Students’ overall scores in pre and post-tests in both years.  

Note: The blue diamonds represent students’ scores in 2013, while orange circles are the results for 2014. It is clear 

in the figure that a high level of learning was achieved, especially in the second year. For the visibility of all data 

points, the overlap points were shifted ±2.5. The trend from both years show that there is a weak correlation between 

pre and post scores (the value of r2 in 2013 is 0.27 and in 2014 it is noted as 0.017). 

 

The data in figure 38 presents pre-test scores plotted against post-test scores for each student in 

the programme.  It is clear in the figure that the results improved for the revised programme in 

2014. The data shows a strong saturation of post-test scores indicating that the conceptual 

understanding as measured by the post-test is unrelated to prior knowledge. Also, there is a weak 

correlation observed between pre and post-test scores in both years. 

 

7.5.3 Analysis according to each question  

In Table 9, we show the scores obtained from conceptual pre-test and post-test for the entire 

cohort of students over both years, for each of the nine conceptual knowledge questions. The 

general improvement in student knowledge as already summarised in Table 8 is apparent, but 
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there is also significant scatter. Two questions (CQ 5 and CQ 7) stand out with higher pre-test 

marks. We will discuss the reasons for this below. Also two questions (CQ 3 and 9) have very 

low marks. Analysis of individual answers showed that for the first question, students understood 

light as something that allows you to see or removes darkness, without having any sense of its 

nature. Students had no pre-knowledge that light is either an electromagnetic wave or a stream of 

photons. The second question relates to a much more sophisticated concept – the quantum 

uncertainty principle – for which the low score is not unexpected. 

 

Table 9 shows students’ result for each question before and after the programme. The results 

show that students improved their conceptual learning in every concept after the programme. The 

maximum improvement was seen in the concepts of experimental geometry CQ 1 and CQ 2 for 

which the post-test score was 100%. 

 

Table 9. Students’ result for each question before and after the programme. 

Conceptual                     Questions asked in the pre/post-test                                    Pre-test (%)             Post-test (%) 
Question (CQ)  
1.               Can parallel lines meet?                                                                                           15                      100 
2.               Can the sum of the angles in a triangle be different from 180 degrees?                  17                      100 
3.               What do you mean by the term “Light”?                                                                   3                       92  
4 .              Does space have a shape? Circle Yes or No. How could you measure                   34                       90 
                 the shape of space?      
5.              If you weighed an object on a supersensitive balance, would the balance               47                      82 
                 register a different weight if you heated the object up?                                                          
6.              How could you tell if a ruler is straight?                                                                   26                     73 
7.              In the absence of air resistance, (like in a huge vacuum tank or on the moon)         66                    100 
                 if we drop a hammer and a feather, which one of them will touch the ground first?  
8.               List the names of at least four types of electromagnetic radiation.                          30                     81 
9.              A person claims on Facebook that he has made a perfect microscope that                4                     80 
                 is so accurate that the exact position of an atom can be measured. Could this  
                 claim be plausible?  
 
 
 
 1. Questions on curved space geometry: CQ 1, CQ 2, CQ 4 and CQ 6  

Questions CQ’s 1, 2, 4 and 6 were designed for testing students learning about curved space 

geometry. This topic was taught through a range of activities:  

a) Trajectories of toy cars: To see that parallel lines can meet, students studied trajectories 

of cars without steering, so always moving straight, on a curved elastic membrane.  
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b) Experimental geometry on woks: Students had learnt experimental geometry by drawing 

triangles of different sizes on woks (cooking utensil) with lines defined in straightness by 

lining up magnetic posts. They found that the sum of the angles of a triangle is not equal 

to 1800 on curved surfaces, and only approximating 1800 when very small in size.  

c)  Straight lines on a curved surface: Students had learnt how we could define straightness  

      using laser light or a tightly stretched string on a curved two-dimensional surface to     

      determine the shortest spacing between points.  

 

The mean scores of CQ 1, CQ 2, CQ 4 and CQ 6 were 100%, 100%, 90% and 73% respectively. 

Clearly, students achieved excellent understanding of curved space geometry. 

 

2. Question on mass-energy equivalence: CQ 5 

Question CQ 5 was chosen to test student learning about the equivalence of mass and energy; E = 

mc2. There were two parts to this question, yes or no, and an explanation. In the pre-test almost 

all students answered yes, but failed to give any explanation. We are surprised by this result 

because there is little public awareness of this subtle effect on mass caused by the presence of the 

thermal energy. In the lessons, this concept was taught. Specifically students had been asked to 

calculate the increased mass of a phone battery when it is charged. The 82% mean in the post-test 

indicated significant understanding of this concept. 

 

 3. Question on free fall: CQ 7 

Question CQ 7 on free fall is a topic that is quite widely covered in space media, for example a 

beautiful BBC video by Brian Cox of free fall in a NASA vacuum tank and video from the 

Apollo moon landing. Thus the high pre-test score is not surprising. Having undertaken free fall 

experiments during the programme, students scored 100% in the post-test. 

 

 4. Questions on light and electromagnetic waves: CQ 3 and CQ 8 

Questions CQ 3 and CQ 8 were designed to test student understanding of the nature of light and 

electromagnetic waves. As already discussed, in the pre-test students demonstrated minimal 

knowledge of the physical nature of light, the CQ 8 score shows knowledge of electromagnetic 

waves. Following the programme, they had learnt that light is an electromagnetic wave with a 
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dual nature (wave/particle duality). To study the wave nature of light, students undertook simple 

interference experiments. To understand photons, we used small plastic projectiles to mimic 

photons so that they could study an analogy of the photoelectric effect (Kaur et al., 2017). After 

the programme, 92% of the students were able to correctly describe the nature of light (CQ 3) 

compared to an initial 3%.  

 

 5. Question on the uncertainty principle: CQ 9 

Question CQ 9 was intended to test understanding of uncertainty principle which makes a perfect 

microscope impossible. Students had learnt about this using “Nerf gun photography” in which 

they had observed the disturbance of a balloon, which was impacted by Nerf gun photons. They 

had learnt that photons disturb the objects they measure. The 80% post-test score shows that most 

students had grasped this concept. 

 

7.5.4 Attitude questionnaire  

A questionnaire consisting of nine questions was given to the students to evaluate their attitudes 

toward physics. The questions used are listed in Table 10. The questionnaire employed the Likert 

scale and the students were asked to rate identical questions before and after the sessions. First, 

we present the overall analysis for the attitudinal questionnaire pertaining to the whole class in 

both 2013 and 2014. To examine whether there was a significant difference in students’ attitude 

before and after the programme, a t-test was conducted to compare both the mean pre-test score 

and mean post-scores. The results are given below in Table 11. 

 

For gender analysis, the results from the two years (i.e. 2013 and 2014) were combined to give a 

total questionnaire population of 102 students comprising 57 males and 45 females. For this 

analysis, the positive answers (‘Agree’ and ‘Strongly Agree’) were combined and expressed as a 

percentage of the population. We examined two factors in analysing the answers. The first was to 

determine the general attitude of the students towards physics. Secondly, we examined any 

changes in the students’ responses before and after undergoing the programme. We analysed the 

answers relating to the questions by dividing them into four categories, which are explained in 

the following paragraphs. 
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The questionnaires were designed to be suitable for average students. Our academically talented 

science specialist students at a top high school clearly entered the programme with positive 

attitudes to science, evident interest in hands-on activities and knowledge of the importance of 

Einstein. This lead to the loss of resolution for some of the questions. For this reason, we 

analysed individual questions and gave emphasis only to questions where significant effects were 

observed in both 2013 and 2014.  

 

   Table 10. A set of attitudinal questions asked in pre and post-tests in 2013 and 2014. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Attitude Question                    Attitudinal questionnaires asked in pre and post-test 
       (AQ)                            
1.                       I think physics is an interesting subject. 
2.                       I prefer to learn physics through hands-on activities. 
3.                       I enjoy learning new concepts and ideas. 
4.                       I enjoy trying things out at home and/or telling my family about school science activities.                                   
5.                       I think hands-on activities help me understand and remember new ideas much better than 
                          if they are just from books and formal lessons.  
6.                       The things that Einstein discovered are important for modern technology. 
7.                       I like doing mathematical calculations. 
8.                       Understanding scientific ideas are more important than just memorising facts.                    
9.                       I enjoy science excursions and would like to have more of them. 
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Table 11. Attitude statements, attitude test means, and statistical significance acquired from 

paired samples t tests. 

 

Attitude Statements	 2013 (n = 45) 2014 (n = 57) 
	 Pre-test 

mean	
Post-
test 
mean	

t-value 
p* value 

Pre-test 
mean	

Post-
test 
mean	

t-value 
p* value 

I think physics is an interesting 
subject	

3.9 4.2 t = 4.46 
p <10-2 

 

3.9 4.1 t = 3.51 
p <10-2 

I prefer to learn physics through 
hands-on activities	

4.1 4.1 t = 0.57 
p = 0.57 

 

4.1 4.0 t = 1.94 
p = 0.06 

I enjoy learning new concepts 
and ideas	

3.9 4.2 t = 4.23 
p <10-2 

 

4.1 4.2 t = 1.43 
p = 0.159 

I enjoy trying things out at home 
and/or telling my family about 
school science activities	

2.9 3.4 t = 7.42 
p <10-2 

 

3.1 3.4 t = 4.47 
p <10-2 

 
I think hands-on activities help 
me understand and remember 
new ideas much better than if 
they are just from books and 
formal lessons	

4.2 4.3 t = 1.35 
p =0.18 

4.3 4.2 t = 2.57 
p = 0.12 

 

The things that Einstein 
discovered are important for 
modern technology.	

4.3 4.2 t = 1.43 
p = 0.16 

4.0 4.5 t = 7.09 
p <10-2 

 
I like doing mathematical 
calculations 

2.7 3.1 t = 5.42 
p <10-2 

 

3.1 2.9 t =  3.09 
p <10-2 

 
Understanding scientific ideas are 
more important than just 
memorising facts 

4.1 4.3 t = 3.54 
p <10-2 

 

3.9 4.2 t = 4.81 
 p <10-2 

 
I enjoy science excursions and 
would like to have more of them 

4 4.3 t = 4.45 
p <10-2 

 

4.5 4.3 t = 2.88 
p <10-2 

 
*𝑝 ≤ 0.05 

 

As shown in table 11, in both years, there is a significant difference observed in students’ attitude 

towards physics as an interesting subject, trying things at home and/or telling their families about 

school science activities, doing mathematical calculations and science excursions. There is also a 

significant difference observed in understanding scientific concepts rather than memorising them 

in both years. 
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Students entered in this programme with high attitude towards learning through activities, so 

there was not a significant difference observed in both years. We also found that in 2013, 

students have awareness that Einstein’s discoveries are important for modern technology, and as 

a result, no significant difference was observed. While, in 2014, there was a statistically 

significant difference observed in students’ awareness about the importance of Einstein’s 

discoveries after the programme. 

 
The gender analysis of both years for the attitudinal questionnaire is given below. 
 

 

1. Students’ attitude toward activity-based learning and calculations  

To investigate students’ attitude toward activity-based learning, AQ 2 (I prefer to learn physics 

through activities), AQ 5 (I think doing activities helps me understand and remember new ideas 

much better than if it is just from books and lessons) and AQ 9 (I enjoy science excursions and 

would like to have more of them) were combined. Students’ attitude towards doing calculations 

was assessed through AQ 7 (I like doing calculations). In the analysis of AQ 2, AQ 5 and AQ 9 

we combined students ‘agree’ and ‘strongly agree’ responses together. Amongst the group of 

students surveyed there was a strong preference for activity-based learning as shown in Figure 

39. There was an overwhelming agreement from both male and female students that they prefer 

to learn through activities and excursions and that this is not only enjoyable, but they learn more 

by doing so. However, it is clear from Figure 39 that the male students were more inclined 

towards learning physics through activities and excursions. It was also noted by the presenter 

Tejinder Kaur and class teacher Dana Perks  that the male students were more enthusiastic to 

participate in activities in the classroom or outside the classroom and more willing to help in 

setting up experiments compared to their female counterparts. 
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Figure  39. Students’ attitude to learning physics                              Figure 40. Percentage of students who enjoy   

through activities and excursions.                                                    doing calculations. 

 
Figure 40 shows students’ attitude towards doing mathematical calculations. Most students, and 

significantly more females than males, do not enjoy calculations and prefer not to be taught 

calculations-based physics. Only 44% of males and 32% of females showed interest in doing 

calculations.  

 

2. Students’ interest in physics 

Student interest in physics was evaluated by AQ 1 (I think physics is an interesting subject) and 

AQ 4 (I enjoy trying things out at home and/or telling my family about school science activities). 

The results from these questions are shown in Figure 41 and Figure 42. 

 

                                    
Figure 41. Percentage of students who think                                Figure 42. Percentage of students who enjoy trying  

physics is an interesting subject.                                                 things out at home and/or telling family about  

                                                                                                     school  science activities. 
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Figure 41 indicates that initially 80% of males and 50% of females find physics interesting. After 

the Einstein-First sessions, interest amongst females increased to be almost equal to the initial 

interest of the males. The degree of interest is explored further in AQ 4 which tried to measure 

how much their interest in physics translates beyond the classroom. The positive response rate as 

shown in Figure 42 is significantly less than that in AQ 1 indicating that maybe the degree of 

interest is not always high enough to take outside the classroom. However, there is a significant 

increase in the interest acknowledged by both males and females after the sessions. The results 

indicate that the students’ interest in physics improved significantly after the Einstein-first 

sessions.  

 

 3. Relevance of physics 

To measure student awareness of the significance of Einsteinian physics in the modern world, we 

created AQ 6 (The things that Einstein discovered are important for modern technology). There 

was overwhelming agreement with this question with a slight increase evident after the sessions. 

The result is shown in Figure 43. This tells us that the students were already aware of the 

importance of Einsteinian physics before they started the programme. This may indicate that they 

recognised that the works of Einstein are relevant in understanding modern technologies so as 

might be expected, there was hardly any change in the students’ answers after the programme. 

 

                                           
Figure 43. Most of the students were aware of the importance of Einsteinian physics. This marginally increased 

through the programme. 
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4. Learning concepts 

Questions AQ 3 (I enjoy learning new concepts and ideas) and AQ 8 (Understanding scientific 

ideas are more important than memorising facts) evaluated the students’ attitudes toward the 

learning of concepts and ideas rather than information and factual material. The results of these 

two questions were combined and shown in Figure 44. 

 

                                        
                                       Figure 44. Both boys and girls enjoyed new ideas and concepts. 
 
 
Figure 44 shows that both males and females already had a positive attitude to learning new 

concepts. There was an increment observed after the programme. Students prefer to be exposed 

to concepts and ideas rather than facts and information. There was a significant increase in 

students’ positive response after the sessions.  

 

7.5.5 Students views about Einsteinian physics 

We designed a questionnaire to evaluate students’ opinion about the Einstein-First programme. 

The questions which were assessed are presented in Table 12. 

 
Table 12. A set of questions asked to the students in the post-test only. 
Question                      Questions asked in the post-test to know students               Percentage who agree       
 Number                                     views about Einsteinian physics 
   (EQ)  

1. The hands-on activities were very helpful to you for                                   88% 
 understanding the concepts. 

2.                       I like doing calculations on E = mc2.                                                           57% 
3.                       I like doing calculations on gravitational lensing.                                       34% 
4.                       I would like to learn more about Einsteinian physics.                                 70% 
5.                       I think Einsteinian physics should be included in the curriculum.              63% 
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The analysis revealed that 88% of students responded positively to the use of hands-on 

activities (EQ 1). They agreed that hands-on activities helped to clarify Einsteinian concepts. 

 

There were two lessons in the programme which were based on mathematical calculations. One 

lesson related to E = mc2 and the second lesson was based on the more mathematically complex 

gravitational lensing calculations. In response to the EQ 2, ‘I like doing calculations on E = 

mc2’, we observed that 57% agreed and 20% disagreed. For the question EQ 3, ‘I like doing 

calculations on gravitational lensing’, 34% students agreed and 28% disagreed. Students found 

calculations based on energy-mass equivalence easier when compared to gravitational lensing. 

Most of the students were aware of this famous equation before the programme but did not 

understand it.  

 

To evaluate the students’ eagerness to learn more modern physics, we used EQ 4, ‘I would like 

to learn more about Einsteinian physics’ 70% of students agreed with this question, while only 

7% disagreed. In response to the EQ 5, ‘I think Einsteinian physics should be included in the 

curriculum’, 63% of students agreed and only 5% of students disagreed while others were 

unsure. 

 

 

7.5.6 Delayed retention test 

We created another questionnaire to examine whether the Einstein-First programme had a 

lasting impact on the students involved in the study. The students’ retention of Einsteinian 

physics concepts was tested in two different years. The class attending this programme in 2013 

was tested after one year. The 2014 class was tested after three years. We asked 9 questions 

covering all the concepts taught in the Einsteinian physics programme. The questions are given 

in Table 13 below. 
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Table 13. Questions used to test retention of students after Einsteinian programme. This test was 

conducted twice, one in 2014 for students who attended this programme in 2013 and the other in 2017 

for Year 9 students who attended this programme in 2014. 

Retention Question (RQ)                                                    Questions asked                          
1.                        List three key concepts you learnt in the Einsteinian physics programme. 
2.                        Have any concepts you have learnt in physics conflicted with what you learnt in the Einsteinian 
                           physics programme? Circle yes or no. If yes, please explain your answer.  
3.                        The Einsteinian physics programme increased my interest in physics. Please circle your answer. 

a) Strongly disagree 
b) Disagree 
c) Neutral 
d) Agree 
e) Strongly agree 

4.                      Describe how space is related to gravity. 
5.                      List two properties of space that contradict Euclidean geometry. 
6.                      Describe an activity or experiment from Einsteinian physics programme that showed light behaving  
                         as particles (photons)? 
7.                      Describe an activity or experiment from Einsteinian physics programme that showed how light can 
                         act as a wave? 
8.                      In physics, scientists can estimate the mass of a galaxy by looking at the light from something far  
                         away behind it. What basic idea underpins this?      
9.                      A typical kettle has a power of about 2000 Watts. If you fill it with water and switch it on for one  
                         minute, how much will the total mass of the kettle + water have increased?  
                             [Hint: Energy = power x time; E = mc2] 
 
 
 
 

 
Figure 45. Students’ positive results for delayed retention test after one and three years of the Einsteinian physics 

programme. The results are displayed according to each question asked in the retention test.  
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 1. RQ 1: 2014 and 2017 results 

As shown in the figure, most of the students were able to recall three key concepts (RQ 1) they 

had learnt in the Einsteinian physics programme. Their answers included “space is curved”, 

“geometry of curved space” and “light comes as photons”. We noticed that most of the students 

who did well in the questions related to non-Euclidean geometry in the post-test one or three 

years earlier, still remembered those concepts. Many students mentioned the concepts they were 

taught using Nerf gun about the particle nature of light. This demonstrated the power of using 

models and analogies as a means of conveying physics concepts. 

 

 2. RQ 2: 2014 and 2017 results 

When we asked about any contradictions between the concepts they had learnt in the 

Einsteinian programme and in Year 10 physics, 58% of students mentioned that they found 

some conflicts between the Einsteinian physics programme and the the concepts learnt in their 

Year 10, while only 8% of Year 12 students found some contradictions after the programme. 

The reason for Year 12 students may be that they had learnt some Einsteinian phsyics concepts 

in their Year 12 physics. The most common contradiction they mentioned was about Newton’s 

explanation of gravity.  

 

3. RQ 3: 2014 and 2017 results 

Retention question RQ 3 tested whether the Einsteinian physics program had increased their 

interest in physics. One year after completing the programme, almost half of the students agreed 

that the Einsteinian physics programme had made them more interested in physics while only 

29% of those who completed the programme 3 years ago gave a positive response.  

 

4. RQ 4 and RQ 5: 2014 and 2017 results 

After one year of the programme, 76% of students were able to explain how space is related to 

gravity (RQ 4) and 67% of students retained this concept after three years of the programme. 

RQ 5 tested their retention about non-Euclidean geometry. A year later, 76% of students 

remembered the properties of space that contradicts Euclidean geometry while 71% recollected 

it after three years.  
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5. RQ 6 and RQ 7: 2014 and 2017 results 

A year after the programme, 60% of students could recall the name of the activity they did to 

understand the particle nature of light and this number decreased to 40% after 3 years of the 

programme. Furthermore, a year later, 40% of the students mentioned the name of the 

experiment they did to understand the concepts of quantum interference and diffraction whereas 

after 3 years of the programme, only 20% were able to recall the activity.  

 

6. RQ 8 and RQ 9: 2014 and 2017 results 

In 2014, 60% of students were able to recall the concept that scientists use to estimate the mass 

of a galaxy (RQ 8) and half of the students (50%) responded correctly in 2017 retention test. 

The programme was based on conceptual understanding and simple mathematics. We only 

asked one mathematical calculation question (RQ 9). We found that a year after the programme, 

only 23% of students could solve the numerical problem. Conversely, 33% of the students 

tested after 3 years solved the same problem. We suggest that this improvement was due to their 

increased maturity, mathematical skills development and overlap with material studied in Year 

12. 

 

7.6  Discussion and Conclusion 
 

The results presented in the previous section provide strong evidence regarding the impact of 

the Einstein-First enrichment programme on students’ improved conceptual understanding, 

attitudes and retention. We investigated the ability of talented Year 9 students to accept and 

understand the concepts of Einsteinian physics, that is, the degree to which the concepts could 

be made intelligible to students as this is an important aspect of conceptual change (Posner et al. 

1982, Tyson et al. 1997). Before the programme, students had low and variable knowledge and 

understanding of Einsteinian physics concepts. Afterwards, uniformly high test scores were 

independent of prior knowledge, demonstrating that the concepts of modern physics, when 

taught with the help of appropriate activities, appear to become accessible and intelligible to all 

students. Consistency of results between the two programmes delivered one year apart, plus 

long term retention one and three years later, demonstrates that the learning was meaningful. 
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The measurable improvement of test scores in the second year of the program with nominally 

matched classes indicates the benefits of teacher experience and lesson optimisation. 

 

Regarding student attitudes, pre-testing demonstrated very high appreciation of activity based 

learning, and recognition of the importance of Einsteinian physics. Clearly, despite having little 

knowledge of Einsteinian physics (as demonstrated by pre-test knowledge results) students were 

already aware of its importance. It is not surprising that scores in these aspects changed very 

little. We have presented evidence that female students showed a larger improvement factor in 

their attitudes as a result of our Einsteinian physics programme than male students. This overall 

positive outcome is likely to be due to the interactive methods that we used to introduce the 

fundamental concepts of Einsteinian physics to the young people, combined with the students’ 

perception of the perceived relevance of Einsteinian physics, and a negative perception of the 

relevance of more conventional physics.  

 

We believe that the gender effect size reported here is sufficiently strong to justify revision of 

school curricula to include the Einsteinian understanding of the world around us. Given that 

common sense “is the prejudices acquired by the age of 18” (wikiquote), we predict that future 

generations who have learnt Einsteinian science at an early age will accept quantum 

interference as common sense, and curved space and time dilation as self evident. Most 

importantly, if taught by the methods we have demonstrated, we argue that our findings support 

the assertion that student attitudes to science will improve, and the gender gap in attitude to 

science will be greatly diminished. 

 

We also investigated student attitudes to the Einsteinian physics programme itself. Students 

responses were positive with 70% agreeing that they would like to learn more about Einsteinian 

physics; only 7% disagreed. The percentage of students who enjoy physics increased 

significantly, and a greater fraction of students reported that they discussed Einsteinian physics 

more frequently at home after the program.  

 

The fact that almost 60% of students noted conflicts between Einsteinian physics they learned 

as part of this programme and the material studied in Year 10 (one year retention test result) 
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highlights the problem of conflicting paradigms emphasised by Stannard (1999) and Feynman 

(1985). 

 

In conclusion, our research provides substantial evidence that high-school physics can be taught 

within an Einsteinian framework, and that it has positive benefits in improving the intelligibility 

of Einsteinian concepts and student attitudes to physics. The findings also showed the positive 

impact that teaching Einsteininan physics has on gender equity by reducing the gap in attitudes 

towards physics between male and female students. The positive outcomes are likely to be a 

result of a combination of factors, including: the relevance of Einsteinian physics to modern 

science and technology; the use of analogies and hands-on models to support concepts being 

visualised and understood by students; and the use of engaging group activity learning.  
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Chapter 8: Gender response to Einsteinian physics interventions 

in School 
 

 
In previous chapters, several interesting results were reported. Another programme using the 

same lesson plans discussed in Chapter 7 and using the same models and analogies discussed 

in chapter 4 was ran by Master’s student Yohanes Sudarmo Dua in Indonesia. His results 

surprised us. The Einstein-First project was not consciously designed to be female friendly 

but the serendipitous discovery in our programmes has great importance. So, I decided to 

write a paper on some interesting results from Australia and Indonesia. The manuscript of 

this chapter has been submitted to the journal Physical Review Physics Education Research. 
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8.1 Abstract 
There is growing interest in the introduction of Einsteinian concepts of space, time, light and 

gravity across the entire school curriculum. We have developed an educational programme 

named ‘Einstein-First’, which focuses on teaching Einsteinian concepts by using simple and 

inexpensive models and analogies. To test the effectiveness of these models and analogies in 

terms of student attitudes to physics and ability to understand the concepts, various short and 

long interventions were conducted. These interventions were run with Years 6 to 10 

academically talented and average IQ students. In all cases, we observe significant levels of 

conceptual understanding and improvement in student attitudes, although the magnitude of 

the improvement depends on age group and programme duration. This paper reports an 

unexpected outcome in regard to gender effects. We have compared male and female 

outcomes. In most cases, independent of age group, academic stream and culture (including 

one intervention in Indonesia), we find that female students enter our programmes with 

substantially lower attitude scores than males, while upon the completion of the programme, 

their attitudes are comparable to the males. This provides a compelling case for widespread 

implementation of Einsteinian conceptual learning across the school curriculum. We discuss 

possible reasons for this effect. 

 

 

8.2 Introduction 
Female contributions to the physics community from Marie Curie’s work on radioactivity to 

Jocelyn Bell Burnell’s discovery of the pulsar prove that the female population can produce 

great works in physics (Sax et al., 2016). Previous research has even shown that once 

females have completed their doctoral studies in physics, their physics career is comparable 

to the men (Ceci et al., 2014; National Research Council, 2010). But, the quandary is in 

ensuring the female students succeed in completing their doctorate in physics because many 

women lose their interest in physics before completing their doctoral degrees (Ivie, White 

and Chu, 2016). According to the American Physical Society, women only make up 20% of 

those who receive the bachelor’s degrees in Physics and Engineering, 35% in all Science, 

Technology, Engineering, and Mathematics (STEM) courses, while 60% of them comprise 

those with degrees in Biology. 
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Today, there is widespread concern about declining interest in STEM subjects, and gender 

equity. In 1999, Federico Mayor stated “On a worldwide scale, science... is still a man’s 

business. This situation is no longer acceptable” (Andrew, 2007). Ekine suggests that biases 

against girls “are manifested in science curricula, instruction and assessment” (Ekine, 2016). 

The European Institute for Gender equity emphasises the strong economic arguments for 

achieving gender equity in STEM education (European Institute for Gender Equality 

(EIGE), 2015). In 2014, Elaine Unterhalter et al reviewed the kind of interventions that lead 

to improved education outcomes (Unterhalter et al., 2014).  
 
Researchers around the world are investigating the underrepresentation of females in the 

STEM fields. Some researchers have claimed that female aptitude for mathematics and 

science is intrinsically lower than males (Gillibrand et al., 1999; Tolley, 2003). This is 

contradicted by recent results of the National Assessment of Educational Progress (Huebner, 

2009) and the Program for International Student Assessment (PISA) (Halpern et al., 2007). 

The results show that the gap between the achievement of male and female students in 

mathematics and science no longer exists. It is suggested that the need is to encourage them 

to gain a positive attitude towards STEM subjects (Kelly, 2016; Koul, Lerdpornkulrat, 

Poondej, 2016; Nissen & Shemwell, 2016). In high school, there is no significant gender 

difference in academic achievement, but female students have less positive attitude towards 

science than male students (Dare & Roehrig, 2016; Sax et al., 2016). Previous research 

showed that high school is the time in which young female students’ interest towards STEM 

subjects can be cultivated (Sikora and Pokropek, 2012; National Academies, 2007; Tai et al., 

2006; Brophy et al., 2008; Tai et al., 2006; Archer et al., 2010; Barton, Tan and Rivet, 2008).  

 

To create interest among female students towards physics, the development of female-

friendly science is popular among researchers (Häussler and Hoffmann, 2000; Nissen & 

Shemwell, 2016; Labudde et al., 2000). Research shows that the female-friendly strategies or 

connecting with everyday applications to teach science has a positive influence on females’ 

perception of science (Häussler and Hoffmann, 2000; Häussler and Hoffmann, 2002; 

Wilson, Low, Verdon & Verdon, 2016). Interactive discussions and experiences in physics 

classes have positive impact on male and female achievement in science (Rodriguez, Potvin 

& Kramer, 2016; Labudde et al., 2000). Dare and Roehrig reported, that Year 6 female 

students identified hands-on activities, interactive learning, and participation in experiments 

as the primary reasons in their enjoyment of science in schools (Dare and Roehrig, 2016). 
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Female students also identify that active participation or learning-by-doing helps them to 

remember things for longer rather than by just reading books. Students also mentioned that 

learning with models and analogies and working in groups give the opportunity for every 

student to participate. On the other hand, they reported that several boys preferred to work 

on their own instead of following instructions given by the teacher or working in a group 

(Dare and Roehrig, 2016). 

 

Most of the research discusses above was undertaken in the context of the conventional 

Newtonian physics based middle school curriculum, and investigated ways that the teaching 

could lead to improved female attitudes.  

 

The approach discussed in this paper is completely different. Our project named ‘Einstein-

First’ aims to introduce Einsteinian physics, a combination of special, and general relativity 

and quantum physics as foundational concepts in school education (Kaur et al., 2017), with 

the historical and useful Newtonian approximations introduced later. The idea that every 

child should learn humanity’s best understanding of space, time, matter, light and gravity 

would seem self-evident, but this view is often countered by the view that modern concepts 

of physics are too difficult for children to learn. From the 1920s onwards, physicists and 

science writers (Saulson and Goldberg, 2011), Einstein and Feynman, and many others 

attempted to introduce the concepts of Einstein’s General Theory of Relativity and Quantum 

physics to the general public. Despite these efforts, school curricula, especially for that 

younger ages, still have, as their foundation, a Newtonian description of reality.  

 

The challenge of introducing Einsteinian concepts at an early age forced us to adopt and 

approach which, retrospectively, we recognise as being consistent with the female friendly 

approaches discussed above. However the necessity was not for reasons of being female 

friendly but for making it generally accessible.  

 

The Einstein-First project developed an approach consisting of activity-based learning using 

models and analogies, in an attempt to overcome the issue of difficulty (Kaur et al., 2017; 

Kaur et al., 2017). We developed activities that introduce students to fundamental concepts 

such as the shape of space, the nature of spacetime, the photon description of light, and the 

origin of gravity. Our motivation was to open students’ minds to the concepts that underpin 

modern physics such as the relativity of space and time, and how quantum scattering 
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underlies almost everything we observe around us. Even at much younger ages, we want 

students to be open to the idea that mathematics is more than arithmetic (for example it can 

include vector arithmetic which we introduce as the addition of arrows), and that geometry is 

more than Euclidean geometry. Indeed Euclidean geometry is merely a good approximation: 

students learn this by doing experimental geometry on woks.  

 

We emphasise the relevance of Einsteinian science to our lives, which includes the 

technologies on which we rely, such as smart phones, and materials that we love such as 

gold, created in the gravitational-wave driven coalescence of neutron stars and coloured by 

the relativistic motion of its electrons. We also emphasise to students that they are learning a 

story that has taken centuries to uncover; a story that is still incomplete, with more to be 

discovered in the future. We try to give students a sense of anticipation, that they are getting 

the first taste of concepts, which will be elaborated, in their future years of education. Our 

goal is to create a seamless progression of learning that begins with a valid, though 

simplified, representation of our best understanding of reality, that leads into more 

sophisticated and eventually, mathematical representations, as well as a clear understanding 

of how to revert to approximations, such as the approximation of Euclidean geometry which 

is almost always valid on Earth. This approach should ensure that future university teachers 

will not need to say, “forget what you learned at school” but rather to be able to build on 

concepts already introduced at school. 

 

As mentioned above, most attempts at encouraging more females to take up STEM subjects 

have been based on gender-specific interventions such as special programmes for females or 

the creation of female-friendly curriculum.  

 

This paper focuses on the observed strong gender effect found in a large number of separate 

interventions with different age groups, different durations, different people delivering the 

programme, and even for a programme delivered in Bahasa Indonesian on the island of 

Flores.  

 

Our research programmes and interventions were not designed to have a positive gender 

equalising effect. They were designed to ask the question: Is it feasible to introduce an 

Einsteinian approach across the school curriculum. While this yielded results that were not 

surprising to the research team – students show excellent understanding, retention and 
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positive attitudes to the programme - the gender effect was serendipitous.  We show in this 

paper that the introduction of fundamental concepts, presented to mixed classes without any 

specific attention to gender yields surprisingly large gender equalising effects. 

 

In this paper, we confine our analysis to quantitative measures of the gender differences in 

student attitudes and knowledge before and after an intervention. Our results show that 

across a range of interventions, a similar positive gender effect was observed. First, we will 

describe the research methodology and summarise the interventions we have undertaken. 

Then, we will present a summary of the gender results and finally we discuss the 

implications of this work in relation to the K-12 curriculum, and make recommendations for 

implementation of an Einsteinian school curriculum. 

 

8.3 Methodology 
8.3.1 Participants and description of various interventions  
In this study, 243 students (including academically-talented and average students) 
participated in seven different programmes and interventions. The age group of participating 

students was 11-16 years. Among these seven, four were one-day in duration and two were 

10-weeks and one was three weeks long. The 10-week programme was run at Shenton 

College with academically-talented Year 9 students in 2013 and 2014, while the one-day 

programme was run with academically-talented Years 7, 8, 9 and 10 from Mount Lawley 

High School. These students were brought to the Australian International Gravitational 

Observatory (AIGO) research facility located near Gingin, north of Perth in Western 

Australia. The three-week programme was run in a high school in Indonesia. The brief 

description of every intervention is given below. 

 

Table 14. Description of every intervention of Einstein-First project. 

Interventions    School name Year group Number of students Duration 
1 Mount Lawley Year 7 24 (13 males and 11 females) One day 
2 Mount Lawley Year 8 26 (12 males and 4 females) One day 
3 Shenton College Year 9 45 (24 males and 21 females) 10 weeks 
4 Shenton College Year 9 57 (33 males and 24 females) 10 weeks 
5 Mount Lawley Year 9 30 (14 males and 16 females) One day 
6 Mount Lawley Year 10 30 (11 males and 19 females) One day 
7 Frateran Maumere 

Senior High School, 
Flores Island, Indonesia 

Year 10 31 (18 males and 13 females) 3 weeks 
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8.3.2 Research Procedure  
For each programme, two sets of questionnaires i.e. pre/post programme knowledge and 
pre/post programme attitudinal tests were developed according to the procedure mentioned 
in section 8.3.3. In each intervention, the pre- and post-programme knowledge tests and 
attitudinal tests had identical questions. The knowledge questionnaire consisted of questions 
requiring short-response answers and multiple-choice answers whereas the attitudinal 
questionnaire was based on the Likert scale items. The pre-programme tests were conducted 
at the beginning and post-programme tests at the end of every intervention. Respondents 
were given 10-20 minutes to give their responses.  
 

8.3.3 Validity 

The degree to which a proposed idea is accurately evaluated through test scores is known as 

validity. In order to ascertain the validity of both the knowledge and attitudinal 

questionnaires, the following questions were raised:  

        1. Do the questions encompass every topic we wish to teach the students and  

            have these topics been addressed in the literature? 

        2. Are the students able to interpret the questions as they are meant to be  

             understood? 

        3. Do educational experts agree that the questions are appropriate? 

 

The following describes the extensive review process used to ensure the validity. 

 
A. Content and Literature validation 

In order to assess the students’ understanding and attitude towards Einsteinian physics 

concepts, we used the topics we covered in the Einstein-first programme as the basis in 

designing the conceptual and attitudinal questionnaires, where only content-related elements 

were tested. Section 8.2 clearly indicated that hardly any research had been done into the 

teaching of basic Einsteinian physics theories. Therefore, several of the conceptual questions 

we asked had never been reported. Only a third of the questions were in current literature 

and thus were already validated questions. The rest of the questions, although innovative, 

were necessary and tailor-made for the programme.		
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B. Student interpretation validation 

Plain and concise words were needed in order for students to completely understand the 

questions asked. Several of the questions were ambiguous (i.e. ‘What is light?’ and ‘Does 

space have a shape?’) but these were explained so that students fathomed that the ‘light’ in 

this context was not the opposite of ‘heavy’ and that space referred to room or gap instead of 

the outer ‘space’. Other questions were straightforward and directly related to the matters 

discussed in the programme. 

 

C. Expert validation 

Experts on the subject including experienced physicists and educators reviewed the drafted 

questions, where each one was further deliberated on and refined. A database of existing 

physics questions was referred to while reviewing the conceptual questions. Questions were 

then reviewed and redrafted once more before being finalised for the study. 

 
8.3.4 Data analysis  

This research is framed within a quantitative, empirical-analytical design. Data analysis of 

knowledge questionnaires was done by comparison of student’s pre- and post-programme 

scores. Furthermore, the t-test was performed to find any statistically significant difference 

in scores. For attitudinal questionnaires, students’ responses for Strongly Agree and Agree as 

well as Strongly Disagree and Disagree were combined and converted into percentages, 

separately for males and females. All the presenters used the same method to analyse the 

data. To calculate mean, standard deviation and t-tests, analyses were performed using Excel 

or SPSS.  

 
 

8.4 Results 
This section reports research results obtained from different interventions. First, we present 

the results of students’ conceptual understanding followed by the gender differences in 

conceptual understanding of Einsteinian physics concepts. In the next section, the results of 

gender differences in attitudes towards science are presented.  
 
8.4.1 Students results in conceptual learning 

The males' and females' learning of Einsteinian physics concepts were compared according 

to their year group. In every programme, the males’ initial knowledge of Einsteinian physics 

concepts was slightly higher than the females’. However, we found that in most of the 
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interventions, the female students' improvement factor was higher than their male 

counterparts’.  
 

In this paper, we present results obtained from two different interventions, one was 

conducted in Australia with Year 9 students (intervention 4) and the other was conducted in 

Indonesia with Year 10 students (intervention 7). Intervention 4 is a refined version of 

intervention 3. In this intervention, the presenter was more confident than in the previous 

programme and the lesson plans were improved after gaining experience and feedback from 

intervention 3. Intervention 7 is a replication of intervention 4. The same knowledge and 

attitudinal questionnaires were used to collect the data. The methodology and lesson plans 

were also same. That is most likely the reason we obtained a similar trend of scores in 

intervention 7. The knowledge results of intervention 4 were extracted from another 

published paper (Kaur et al., 2017). Figure 46 below presents results obtained from 

interventions 4 and 7.  

 
 

 
 
Figure 46. Conceptual understanding test results obtained from intervention 4 and intervention 7. The data in 

the figure clearly shows that students’ pre-programme knowledge in Einsteinian concepts was low but the post-

knowledge test results show a notable improvement. 
 
 
It is clearly shown in the figure that the students’ prior knowledge in Einsteinian physics was 

quite low. Around 77% of students from intervention 4 and 87% of students from 

intervention 7 achieved less than 30% in the pre-test. There were only a few students of 

intervention 4 who achieved more than 50% in the pre-test. We asked students who managed 

to answer a few questions correctly in the pre-test, where they acquired their information of 

these modern concepts. Those students responded that they had watched a few science 

programmes and documentaries on TV.  
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After the programme, 88% of students in intervention 4 achieved scores above 80% 

compared to 52% in intervention 7. In both interventions, the students who achieved low 

scores in the pre-tests improved maximally in their conceptual post-tests. No students 

showed any decrease in the scores after the programme. In both the interventions, students’ 

conceptual understanding towards Einsteinian physics improved significantly. 
 
 
8.4.2 Students’ conceptual results according to the gender 
 
The figure given below compares students’ results in conceptual understanding according to 

their gender. 
 

 
Figure 47. Males and females’ average scores in the knowledge pre-tests and post-tests. It is shown in the 

figure that females improved slightly more than their counterparts in both the interventions. 
 
 

As shown in figure 47, both genders had very low average scores in the conceptual pre-tests. 

In both the interventions, the average score for both genders was around 23%. In 

intervention 4, the males’ average score in the post-test was 84% while 78% was observed in 

intervention 7. On the other hand, the female students’ average score in the post-test was 

noted as 92% in intervention 4 and 82% in intervention 7. 

 

Overall, after both interventions, female students’ knowledge improved slightly more than 

the males’ in both the interventions.  
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8.4.3 Gender differences in attitude towards science according to short and long 

interventions 
 
First we present students’ attitudinal results towards physics from long interventions. This 

section also presents the students’ results towards learning modern ideas through activities 

followed by the brief explanation of attitudinal results obtained from short interventions. 

 

1. Students’ interest in physics 

 
Figure 48. This figure represents male and female students’ interest in physics. The results were 

obtained from three interventions i.e. Intervention 3, intervention 4 and intervention 7.  

 
Students’ interest in physics was determined by asking the question “I think physics is an 

interesting subject”. Figure 48 represents the results obtained from three different 

interventions. As shown in the figure, male students’ interest in interventions 3 and 4 was 

high in the beginning compared to their female counterparts. In the pre-programme 

attitudinal test, the percentage of students who agree/strongly agree with the statement that 

physics is an interesting subject was 88% in intervention 3 and 82% in intervention 4. The 

percentages of female students who agree/strongly agree with this statement were 62% and 

51% in interventions 3 and 4 respectively. These numbers dropped in intervention 7 where 

merely 22% of males and 8% of females found physics as an interesting subject. 
 

After the 10-week programme on Einsteinian physics concepts, female students’ attitude 

changed significantly. In intervention 3, females’ interest was almost the same as the male 

students’ as in intervention 4, where females’ score matched the males’ initial scores. In 

intervention 7, female students gave very positive response towards their interest in physics. 

After attending a three-week programme on modern physics concepts, 92% of females found 

physics as an interesting subject. There was also significant improvement observed in male 

students, where 89% of males found physics interesting, while the percentage was only 22% 
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in the beginning. 

 

2. Students’ attitude towards learning methods 

This section presents students’ attitudinal results from interventions 3, 4 and 7. The figures 

given below present results in which there were no gender effect observed and all students 

gave similar responses in all the three interventions.  
 

      Figure 49. Males and females response to “I prefer to learn physics through activities”. 
 
 
To assess the students’ preference for learning method, a question “I prefer to learn physics 

through activities” was designed. In all three interventions, both genders preferred to learn 

physics through activities rather than simply reading books. As shown in figure 49, there 

was a minimal increment in both genders after the program. However, after the programme 

in intervention 7, every student agreed on the statement that learning through activities 

helped them to understand scientific ideas better than from just reading books. 

 

       Figure 50. Males and females response to “Understanding scientific ideas is more important than  

       memorising facts”.  

 
 
As shown in figure 50, both genders also agreed with the statement that understanding new 

concepts were more important than rote learning. In all three interventions, students’ attitude 

was generally positive even before the programme.  
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       Figure 51.  Males and females response to “I like doing calculations”. 
 
 

To measure the students’ interest in doing mathematical calculations, we asked students the 

question “I like doing calculations”. In all interventions the scores are below 50% for all 

students as shown in figure 51. However, in interventions 4 and 7 the female improvement 

factor is greater than for the males.  

 

 
        Figure 52. Males and females response to “I enjoy learning new concepts and ideas”. 
 

Figure 52 show that both genders of Australian students (interventions 3 and 4) had very 

high pre and post scores, which indicate their enthusiasm for learning new concepts even 

before they knew about them. In both cases the improvement factor for girls was larger. In 

Indonesia (intervention 7) the cultural context could perhaps explain the lower scores, and in 

this case much greater receptivity to new concepts by the boys in the post-test. The results 

affirm that the introduction of Einsteinian concepts has been positively accepted.  
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8.5 A brief discussion on attitudinal results obtained from short 
interventions 

Interventions 1, 2, 5, and 6 were similar but much shorter interventions across years 7-10 

from the same school, aimed at discerning age dependent receptiving to Einsteinian 

concepts. Years 8, 9 and 10 were gifted and talented science students while year 7 were 

gifted and talented linguist students. The conceptual understanding scores are substantially 

lower than that of the programmes discussed above, indicating that short interventions are 

much less effective than longer ones. In spite of these differences, we observe a moderate 

rise in improvement for students of all age group. This implies that Einsteinian physics 

intervention is equally effective to everyone, regardless of a student’s academic level or age 

group. 

 In short interventions we observe that the improvement for both male and female is 

comparable. However this observation is not similar to the conceptual improvement, in 

which case the conceptual improvement is significantly higher for females compared to 

males. This observation is consistent with other longer interventions, which also indicate 

higher conceptual improvement of girls compared to boys. 

When asked whether they would like to have a career in science, we observe that almost all 

the students quite universally agree before and after program. One probable reason for this 

observation could be that 77% of the total students were gifted and talented science students. 

Also if asked whether they would like to learn modern topics in classroom, the students’ 

response change significantly and is higher for female students in three out of four cases that 

we have observed. This observation provides us with a strong evidence of including modern 

concepts in high school science. 

Overall, the above observations indicate that Einsteinian physics can be equally effective for 

both male and female students, thus providing us with strong evidence against the general 

interpretation where physics is believed to be more effective for males compared to female 

students. 
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8.6 Discussion 
	
Because the methods used for teaching Einsteinian physics involved all the methods that 

have already been shown to lead to improved female response to physics it is not surprising 

that this work has shown a strong gender effect. However a-priori we had not reason to 

expect that conceptual learning of modern physics, which clearly is strongly embraced by 

both sexes, should have a positive gender effect. It could have been the opposite. 

 

However results from the question on “liking to learn new concepts” shows a weak positive 

gender effect for Australian students, and all results show an increased score on this 

question. We note that the very high pre-test scores on this question (most students scoring 

agree or strongly agree) make the resolution of changes rather weak in a Likert scoring 

system. 

 

Thus we cannot claim that conceptual learning of modern physics is the cause of the gender 

equalising effects. However the necessity of using activity based learning with group 

learning based on models and analogies has created a learning environment that has a gender 

equalising effect. 

 

Data from all of our interventions make it clear that most students have some conception that 

Einsteinian science is important. We suggest that this is probably because Einsteinian 

concepts such as black holes, light speed and time warps, as well as people like Einstein and 

Stephen Hawking, are often depicted in the popular media such as The Simpsons, Big Bang 

Theory, Star Wars and Doctor Who. Whether or not students understand the nature of 

Einsteinian physics, they are certainly aware that these are topics rarely encountered in 

school. Thus there is a discrepancy between science as frequently portrayed and the science 

encountered in class.  

 

We considered whether the sex of the presenter was relevant. Our interventions have had 

more male presenters than females (two female, five male), but similar results have been 

obtained in all interventions, and in particular comparison of interventions 4 (female) and 7 

(male) indicate that the sex of the presenter is not a strong factor. 
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Noting that males have an initially higher attitude score than females, the observed gender-

equalizing effect of the Einsteinian physics intervention could be because latent gender bias 

in favour of males is absent in the Einsteinian physics interventions. Some educationalists 

claim that teaching about projectiles in Newtonian physics represents such a bias, because 

females are less interested in weapons. However for teaching the key concept of photons we 

always use Nerf guns in which the Nerf gun bullets are used as analogue photons. Clearly 

the suggested male bias towards use of weapons has not been a significant factor here. 

 

We ask whether females intrinsically respond more strongly to conceptual learning than 

males. We are introducing questions such as what is space, what is time and what is light. 

These questions are rarely addressed in school. The Newtonian and Euclidean concepts of 

space and time are implicit in graphs, gridlines and assumptions about time being absolute. 

We address the fundamentals by explicitly teaching the concepts of curved space and time 

depending on altitude, and light being a stream of photons.  

 

Our repeated finding that knowledge scores for simple knowledge questions are uncorrelated 

with pre-test results shows that it is neither pre-exposure nor academic talent that determines 

student ability to grasp the concepts of Einsteinian physics.  

 

We suggest that the positive gender effect we report here is due primarily to the accumulated 

gender bias that comes from accumulated prior experience of science, as a result 

conventional teaching which does not have a sufficient level of interactivity, group learning 

and perceived relevance. We believe that it is of great significance that a 10-week 

intervention can lead to such positive outcomes. The gender neutrality of the programmes 

we present, combined with the fact that the concepts are completely new, allows males and 

females to attain similar scores after the intervention. 
 
From all different interventions we can draw the following conclusions:  

• There is significant improvement in students understanding after every programme, 

but the magnitude of the improvement depends on the duration. Single day 

interventions create strong and statistically significant improvements in student 

knowledge and attitude, but multi-week interventions are much more effective 

• There is significant improvement in student’s attitudes toward science in all 
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interventions. The female improvement factor is generally most pronounced.  

• At the end of the programme, it was found that female students have higher attitude 

scores when compared to those of the male students’ scores.  

 

Previous research shows that students interest in science starts from the early stages of 

schooling, students should be provided with opportunities to understand how real things 

work or the nature of science and to develop positive attitudes towards science (Archer et al., 

2010). Also, teacher should encourage students to participate in scientific programmes or 

activities.  

8.7 Conclusion 
 
We have presented evidence that female students respond more positively than male students 

to interventions that seek to introduce students to Einsteinian science. Across a range of 

interventions from a single day to 15 lessons over 10 weeks, and over an age range from 11 

to 15, a positive gender effect has been reproduced.  

 

The positive is likely to be due to the interactive methods that we found necessary to 

introduce the fundamental concepts of Einsteinian physics to young people, combined with 

students perception of the perceived relevance of Einsteinian physics, and a negative 

perception of the relevance of their conventional physics.  

 

We believe that the gender effect size reported here and other positive outcomes reported 

elsewhere are sufficiently strong to justify revision of school curricula to include the 

Einsteinian understanding of the world around us (Kaur et al., 2017). Given that common 

sense “is the prejudices acquired by the age of 18”, we predict that future generations who 

have learnt Einsteinian science at an early age will accept quantum interference as common 

sense, and curved space and time dilation as self evident. And most importantly, if taught by 

the methods we have demonstrated, student attitudes to science should improve, and the 

gender gap in attitude to science should be greatly diminished. 
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Chapter 9: Conclusions and Implications 
 
 
9.1 Introduction 
 
This chapter presents the conclusion of all the studies related to teaching Einsteinian physics 

using physical models and analogies. The results obtained from the one-day and ten-week 

Einsteinian physics programmes run with academically talented Year 9 and Year 11 students 

are presented in detail. The results showed the changes in students’ conceptual 

understanding and their attitudes toward science after attending these Einsteinian-based 

educational programmes. Recommendations for overcoming the limitations of models and 

analogies are offered. Based on the findings, more research needs to be conducted. 

 

 

9.2 Summary of the research 
The question that leads the research presented in this thesis was: 

 

What was the impact of the one-day and 10-week programmes on Einsteinian physics 

concepts on students’ conceptual understanding and attitudes and what is the level of 

retention of the Einsteinian physics concepts after one and three years? 

 

The research question stated above was addressed through three case studies. The three 

studies were in relation to educational activities conducted at Shenton College and the 

Gravity Discovery Centre.  

 

• Case Study 1: The impact of a one-day intensive programme on students’ 

understanding and attitudes. 

• Case Study 2: Student acceptance of Einsteinian concepts: Trials with middle school 

students. 

• Case Study 3: To examine whether the Einstein-First programme had a lasting 

impact on the students involved in this study. 

 

The summary of these case studies is given below: 
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9.2.1 Case study 1 

This study focused on the one-day programmes on Einsteinian physics concepts and was 

presented in Chapter 3. The programmes were conducted at the Gravity Discovery Centre 

and a total of 56 students participated in two different years (28 students for each year). The 

data was collected through pre and post questionnaires and then analysed. Students also 

completed attitudinal post-test to determine their view on the Einsteinian physics 

programme. The results showed that students’ average score in the post-test was 74% 

compared to 30% in the pre-test. The results obtained from conceptual questionnaires 

showed that there was a significant improvement in the students’ conceptual understanding. 

We also found that the students responded positively to this programme. The most 

fascinating result was the discovery that most of the students found that the most interesting 

concepts were also the most difficult. This shows that students enjoy and were stimulated by 

the intellectual challenge of Einsteinian physics.  

 

9.2.2 Case Study 2 

The results from case study 2, which were obtained from two different classes in two 

different years are presented in Chapter 7. This study was 10 weeks in duration and a total of 

120 students participated in the 10-week programme in both years; 60 students were 

involved in each year. This study was designed to observe how students’ conceptual 

understanding and their attitudes improved after participating in the 10-week Einsteinian 

physics programme. The data was collected through conceptual pre/post and attitudinal 

pre/post questionnaires. The programme was first delivered in 2013 and the revised 

programme was delivered in 2014.  The concepts related to special relativity, general 

relativity and quantum physics were taught with specially designed physical models and 

analogies in both years. The structure of the programmes was the same in both years, but the 

second-year programme was refined and improved based on the first year’s experience. The 

effects of the improvements were noticeable in the results.  

 

The results indicated a statistically significant improvement in the students’ conceptual 

understanding based on the conceptual pre/post questionnaires. In 2013, the students’ 

average score in the pre-test was 27% while 23% was recorded for 2014. After the 

programme, in the post-test, it was recorded as 73% in 2013. As mentioned above, in 2014 

the programme was improved, and a mid-term test was conducted. The students’ average 

score increased to 91% in the post-test. The maximum improvement was observed in the 
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concepts of geometry of curved surface, Einsteinian description of gravity and curved space. 

Both genders showed enthusiasm during the activities, although male students showed 

slightly more interest than the female students. Most students showed positive interest in this 

programme and they mentioned that they were interested to learn more about these concepts. 

 

The attitudinal results showed that the female students’ attitude improved as compared to 

their counterparts. The male students entered this programme with higher attitudes as 

compared to the female students and the opposite was true for the female students. After 

attending this programme, the female students’ attitude was comparable with the males’ 

initial attitude or was markedly better.  

 

9.2.3 Case study 3 

The results of case study 3 are presented in Chapter 7. This study was conducted to 

determine the level of retention of the Einsteinian physics concepts by the students after one 

and three years of the programme. Students who participated in the Einsteinian physics 

programme in 2013 were tested after one year and the students who participated in 2014 

were tested after three years of the programme. The data was collected through a 

questionnaire. The findings showed that Einsteinian physics has a lasting impact on 

students’ understanding. We found that the students who did well in the conceptual post-test 

still remembered the activities they did to understand the concepts of curved space, geometry 

of curved space, photons, etc.  

 

9.2.4 Overall conclusion from the case studies 

In all case studies, we found that the students’ post-test scores in conceptual understanding 

are uncorrelated to their pre-test scores. Students whose initial scores in the pre-test were 

low or almost 0%, obtained scores in the post-tests comparable to those students who had 

scored highly in the pre-test. This shows that the ability to comprehend the Einsteinian 

physics concepts is not determined by aptitude (which might be expected to correlate with 

pre-test scores). Thus, it seems reasonable to expect all students, independent of aptitude, to 

be able to learn Einsteinian physics.  
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9.3 Future studies now underway 
While completing this thesis, I have also participated in the planning and presentation of 

new programmes led by other researchers from the Einstein-First team. They are 

investigating the impact of real research experience on students’ attitude and knowledge 

towards learning Einsteinian physics. The researchers have set up multiple low-cost laser 

activities at the Australian International Gravitational Observatory (AIGO) research centre to 

allow students to undertake experiments. The three experiments are: (a) a mock-up 

gravitational wave detector interferometer with photo-detector read-out amplifier connected 

to a loud speaker (b) observation of soap film interference using green laser pointers (c) 

measurement of human hair diameter using green laser pointers. All experiments are 

interpreted in the quantum context. 

 

One of the researchers made a photo detector read out amplifier box connected to a loud 

speaker. This is used by the interferometer to detect the fringes and translate them into sound 

signals. The researcher has also created a 5-page document describing the details of the 

programme. Coordinators or teachers who will perform the programme may use this 

document for reference. In this research, students will also interact with real researchers who 

are working with powerful lasers inside the AIGO lab and ask them questions about their 

experiments. Results obtained from these short interventions with Years 7, 8, 9 and 10 

students have also shown a gender effect, generally consistent with the results presented in 

this thesis.  

 

Another researcher is investigating the teaching of Einsteinian physics to families and 

primary school teachers and analysing their overall response and support of the Einstein-

First programme. In this research, invited members of the public, particularly families 

participate in the Einsteinian physics programmes. A point of interest noted during this 

research was that the parents participated in activities and also roleplayed to nurture their 

children’s interest in science. The researchers also came up with the idea of a learning 

walkway in which a succession of small signs on a 150-metre-long path successively 

introduce students to the concepts of gravitational waves and how these waves were 

detected. Students followed these signs located along the pathway from the Gravity 

Discovery centre to the AIGO research centre. Further work is underway to gather data to 
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determine whether this “geographical learning” is more effective than other methods of 

learning. 

 

The results attained provided compelling evidence that the Einstein-First Project is effective 

in communicating the importance of scientific research to those from both science and non-

science backgrounds. The results also show that parents who participated in the Einstein-First 

programme are very supportive of the teaching of modern concepts of physics to 

schoolchildren. Additionally, students have also reacted positively to the activities presented 

in this programme and would like to learn these topics in the classroom. Research done with 

the primary school teachers has shown support for the Einstein-First programme.  

 

The results obtained from various programmes show that the Einstein-First project has been 

successful in its applications of physics education and has the potential to encourage the next 

generation of students to be involved in science and other STEM subjects.  

 

9.4 Worldwide feedback and interest towards the Einstein-First 

project 
The Einstein-first project has impacted the international science education community. 

Following the submission of an article titled “Teaching Einsteinian physics through models 

and analogies” to arXiv, this project received great attention from international researchers. 

Many have written to me, Tejinder Kaur, the person responsible in running the project, to 

relay their opinions regarding the research. Below are some highlights from the bevy of 

comments received. 

  

Prof. Harold Geller (hgeller@gmu.edu) from George Mason University, Fairfax, Virginia, 

USA wrote, “I just wanted to send out a short note about your work in teaching "Einsteinian 

Physics" to K-12 students. I saw your articles on arXiv. I applaud your efforts and your 

desire to instil modern physics in the minds of students beginning well before the college 

level. Thanks for your tenacious efforts, and congratulations on your successes.” 

 

Magdalena Kersting (magdalena.kersting@fys.uio.no), a Ph.D student from University of 

Oslo, Norway wrote, “I came across the Science Education Enrichment Project and your 
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project in particular sounds very interesting to me. I would love to hear more about your 

research, and maybe we could even collaborate, as our interests seem to have some 

overlap?” 

 

Prof. Matteo Luca Ruggiero (matteoluca.ruggiero@gmail.com) from Torino, Italy 

commented, “I have come across your recent preprints on the arXiv, about the Einstein-First 

project, I have read them, and I believe that your work is very very interesting! You know, in 

Italy the foundations of relativity are usually taught during the last year of high school and, 

moreover, they are not part of the basic physics courses at university, unless you 

are studying for graduating in Physics or Mathematics. So, generally speaking, relativity is 

not part of the cultural baggage of the average Italian graduated students...I definitely agree 

with your opinion, according to which Einstein physics can be taught without complex 

mathematics, and it is what I tried to do. Of course, mine was just an experiment, but I have 

had a good feedback from my students.” 

Another email came from a student named Mital Patel (mital@comcast.net), a researcher 

from Maryland, USA. He intends to measure how different teaching methods affect student 

understanding of Einsteinian physics. While he was conducting his literature review, he 

found and read all three parts of “Teaching Einsteinian Physics at Schools”.  He wrote to me, 

“I have found your work on teaching Einsteinian physics to be very helpful. It shares some 

aspects, most notably the teaching of Einsteinian physics, with an experiment I intend to 

conduct next month. However, my methodology is still in development, and your advice 

would be of great help”. He is in contact with me. 

胡锦文  (2007.hujinwen@163.com), who is a Chinese student, read all the three parts of 

“Teaching Einsteinian Physics at Schools.” He showed interest in these papers and asked 

several related questions. Another person who came across Einstein-First project and 

showed interest in it is Sergey Bilyk (sb@sbilyk.com). 

 

An anonymous referee from the journal Physics Education commented, “I thank the authors 

for these stimulating and interesting papers which I hope will commence a great discussion 

in the physics teaching community”.  
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The Einstein-First team ran a presentation session on Einsteinian physics at the World 

conference on Science and Technology held at the University Malaysia Sarawak (UNIMAS) 

in 2013. During this conference, a teacher from Darwin, Australia, named Meg Bailey 

(meg.bailey@nt.catholic.edu.au) attended this workshop. She was really enthused with this 

approach and had a good discussion with Einstein-First team. A few months after the 

conference, she showed an interest to run a professional development programme in Darwin. 

As a result, I went to Darwin and ran a two-day programme with 35 high school teachers. 

We obtained significant results from the teachers’ professional development programmes, 

which are not part of this thesis but will be published elsewhere.  

Apart from this, the Einstein-First project is also popular on Research gate 

(https://www.researchgate.net/) from where I entertained many daily requests to read the 

articles described in Chapters 3, 4, 5, 6, 7 and 8. My supervisor, Prof. David Blair 

(David.blair@uwa.edu.au), wrote several interesting articles on ‘The Conversation’ 

(https://theconversation.com/profiles/david-blair-4285/articles) and numerous researchers 

and the general public wrote their views in the comments section. From the comments, we 

discovered that interest in the Einstein-First project is not only bound to scientific 

researchers but also the general public. A typical comment is as -the following: 

 

Peter Ormonde (A farmer): “This is a really excellent initiative and gives us an insight into 

the flexibility and adaptability of young minds unencumbered by our learned “common 

sense” view of the world”.  

 

9.5 Creation of Einsteinian Physics Education Research (EPER) 

Collaboration 
Following the approach from Magdalena Kersting, we followed through with the idea of a 

collaboration. After initial contacts, we decided to run an international workshop to share our 

ideas with researchers around the world. 

 

In December 2016, we held an International Workshop on the Teaching and Learning of 

Einsteinian Physics at the Gravity Discovery Centre and Curtin University, attended by 77 

educators from Australia, China, Germany, Korea, Norway, Scotland, USA and local science 

teachers (Blair, Hendry, Henriksen, 2016). As a result of the workshop, we formed the 
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Einsteinian Physics Education Research (EPER) collaboration. The vision of our seven 

research teams is to combine our complementary approaches, research methods, and learning 

instruments to enable our independently funded groups to have a much greater impact than 

just any one team working alone. 

 

In addition to this, the Department of Education of Western Australia, Association of 

Independent schools of Western Australia (AISWA), Science Teachers of Association of 

Western Australia (STAWA), Gravity Discovery Centre and Mount Lawley Senior High 

School of Western Australia have joined our collaboration.  

 

As part of the EPER collaboration, Thomas Fragat from the University of Oslo visited the 

University of Western Australia and ran two professional development programmes with 

school teachers. In these two workshops, he introduced the ReleQuant projects to teachers. 

Another student, Si Yu, from Beijing Normal University, China visited the University of 

Western Australia. She created four very appealing posters explaining different activities, 

which are posted at the AIGO research centre.  In July 2018, we are hoping to see 

Magdalena Kersting from the University of Oslo to come and do some research at the 

university of Western Australia. In future, we are expecting that researchers will regularly 

visit internationally to collect required research data.  

 

9.6 Future studies 
In future, the researchers need to investigate the science content that is best taught from Year 

4 to Year 12 to develop learning progressions. More research needs to be done to find the 

evidence for sustained conceptual development and improved attitude towards learning 

physics. More long-term and short-term programmes are required to find the minimum and 

maximum time required to teach Einsteinian physics concepts according to different age 

groups. To determine the optimal age to introduce different Einsteinian physics concepts, 

more research is required. To lessen or completely eliminate the gender gap, female 

students’ involvement should be encouraged. 

 

More research is required to evaluate the efficacy of models and analogies for long-term 

memory retention for students. Teaching materials also need to be updated with time. In 

future, research needs to be done with students of average IQ. 
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Research also needs to be done to establish the best way to introduce Einsteinian Physics to 

primary and high school teachers, especially those who lack relevant pedagogical and 

content knowledge. Teachers with physics background will be required in the future, 

although they are declining in number. Professional development programmes are required 

to build confidence among teachers. Also, for the assistance of teachers, an educational 

website is to be made available for them to download all related materials.  

	
A major limitation of this research was that data were gathered from academically talented 

students who already had interest in science subjects. Also, there was insufficient classroom 

observation that may have provided further insights into classroom practice. Furthermore, 

there were no online learning components that may help students to continue their interest in 

Einsteinian physics in the future.   

 

9.7 Conclusion 
This research added to previous studies, particularly with regard to science education in 

informal contexts, students learning through physical models and analogies and student 

understanding of Einsteinian physics concepts, which also helps to improve their attitudes 

towards science. 

 

The modern world demands scientific literacy. This thesis has shown that by introducing 

students to the Einsteinian concepts at an early age, we improve student attitudes to science 

and dispel the preconception of how complex they are, which, for both the students and 

society, are important in developing better technology and future. 

 

Although the task of changing the curriculum is monumental, the Einstein-First project 

attempts to put all the techniques together to create a dynamic science curriculum to cover 

the topic of Einsteinian physics at the earliest suitable age. Students have the right to learn 

the concepts of space, time, gravity and photons, which provide the best description of the 

universe and explain how things work in real life. The research results show that the 

Einstein-First project has great potential to encourage the next generation of students to be 

involved in science and other STEM subjects. 
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Appendix A 
 

Important: Please hand in on completion. 
                                                                                            
															

NATIONAL YOUTH SCIENCE FORUM 
                                 
 

Curved	Space	and	Quantum	Weirdness	
	

 
Pre-Program Quiz 

This quiz is designed to help us evaluate your prior knowledge before being exposed to the 

ideas of Einsteinian physics. If you don’t know answers please write ‘NOT SURE’. Results 

will be confidential and used only for research purposes.  

 
Name …………………..                             Gender ……………………... 
 
State ……………………                             School ……………………… 
 
Please answer the following questions briefly and circle correct answer 
 
1) What does it mean for space to be curved? 
         
			…………………………………………………………………………………… 
 
  …………………………………………………………………………………… 
 
  ……………………………………………………………………………………. 
2) What do you understand by the term “gravity”? 
 
 ………………………………………………………………………………………… 
 
 ………………………………………………………………………………………… 
 
 ………………………………………………………………………………………… 
 
3)  Is it possible for the sum of the angles of a triangle to exceed 180 degrees? Circle Yes or 
No. Please give a reason for your answer. 
 
………………………………………………………………………………................. 
 
………………………………………………………………………………………..... 
 
…………………………………………………………………………………………. 
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4) Can parallel lines ever meet? Circle Yes or No. Please give a reason for your  
answer. 

.………………………………………………………………………………………… 
 
………………………………………………………………………………………… 
 
………………………………………………………………………………………… 
 
 
5) Is time different at the top of a mountain compared with its base? Circle Yes or No. Please  
    give a reason for your answer. 
 
………………………………………………………………………………………… 
 
………………………………………………………………………………………… 
 
…………………………………………………………………………………………. 
 
 
6) Does space have a shape? Circle Yes or No. How could you measure the shape of    

space? 
 

………………………………………………………………………………………… 
    
………………………………………………………………………………………… 
      
………………………………………………………………………………………..... 
 
 
 
  
                           
                                           Thank you for your participation! 
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Important: Please hand in once you      
                                                                                                have completed it. 
                                                                                            
										NATIONAL YOUTH SCIENCE FORUM 
                                 
 

                         Curved Space and Quantum Weirdness 
 
Post-Program Quiz 

This quiz is designed to help us evaluate your knowledge and understanding, after being 

exposed to the ideas of Einsteinian physics. If you don’t know answers please write ‘NOT 

SURE’. Results will be confidential and used only for research purposes.  

 
 Name ……………………                                                  Gender ……………                 
 
 
Please answer the following questions briefly and circle correct answer 
 
1) What does it mean for space to be curved? 
         
			…………………………………………………………………………………… 

  …………………………………………………………………………………… 

  ……………………………………………………………………………………. 

2) What do you understand by the term “gravity”? 
 
 ………………………………………………………………………………………… 
 
 ………………………………………………………………………………………… 
 
 ………………………………………………………………………………………… 
 
3)  Is it possible for the sum of the angles of a triangle to exceed 180 degrees? Circle Yes or 
No. Please give a reason for your answer. 
 
………………………………………………………………………………................. 
 
………………………………………………………………………………………..... 
 
…………………………………………………………………………………………. 
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4) Can parallel lines ever meet? Circle Yes or No. Please give a reason for your  
answer. 

.………………………………………………………………………………………… 
 
………………………………………………………………………………………… 
 
………………………………………………………………………………………… 
 
 
5) Is time different at the top of a mountain compared with its base? Circle Yes or  
    No. Please give a reason for your answer. 
 
………………………………………………………………………………………… 
 
………………………………………………………………………………………… 
 
…………………………………………………………………………………………. 
 
6) Does space have a shape? Circle Yes or No. How could you measure the shape of    

space? 
 
………………………………………………………………………………………… 
    
………………………………………………………………………………………… 
      
………………………………………………………………………………………..... 
 
 
 
 
 

Thank you for your participation! 
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Appendix B 
 

Your views about Einsteinian physics 
 
1) Do you think it is important to know that the formulae of Euclidean geometry are  

     only approximations? 

   
………………………………………………………………………………………… 
 
………………………………………………………………………………………… 
 
………………………………………………………………………………………..... 
 
2) If you were given the choice, would you have preferred to learn Einsteinian  

    physics rather than Newtonian physics. Please explain your opinion. 

 
………………………………………………………………………………………… 
 
………………………………………………………………………………………… 
 
………………………………………………………………………………………..... 
 
3) Of the new concepts you came across today, what was the most difficult to understand? 
  
………………………………………………………………………………………… 
 
………………………………………………………………………………………… 
 
………………………………………………………………………………………..... 
  
4) What was the most interesting concept that you came across today? 
 
………………………………………………………………………………………… 
 
………………………………………………………………………………………… 
 
………………………………………………………………………………………..... 
 
5) Any other comments. 
 
………………………………………………………………………………………… 
    
………………………………………………………………………………………… 
 
………………………………………………………………………………………… 
 

Thank you for your participation! 
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Appendix C 
	

	
Important:	Please	handed	in	once	you					 

                                                           completed it. 
                                                                                                                       
                                                                                            

EINSTEINIAN CONCEPTS 
 

Curved Space and Quantum Weirdness 
 

Pre-Program Quiz 

This quiz is designed to help us evaluate your prior knowledge before being exposed to the 

ideas of Einsteinian physics. If you don’t know answers please write ‘NOT SURE’. Results 

will be confidential and only be used for research purposes. This quiz will not affect your 

grades. 

 
 Name ……………………                                                          Gender ……………                 
 
 
Please answer the following questions briefly or circle correct answer 
              
1) “Can parallel lines ever meet”? Circle Yes or No. Please give reasons for your  
        answer.  
 
    ………………………………………………………………………………………… 

 
    …………………………………………………………………..................................... 
 
    ………………………………………………………………………………………..... 
 
2) “Can the sum of the angles in a triangle be different from 180 degrees”? Circle Yes or 

No. Please give reasons for your answer. 
 
     ………………………………………………………………………………………… 
 
     …………………………………………………………………..................................... 
 
     ………………………………………………………………………………………..... 
 
3) What do you mean by the term “Light”? 
 
     ………………………………………………………………………………………… 
 
     ………………………………………………………………………………………… 
 
     ………………………………………………………………………………………..... 
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4) Does space have a shape? Circle Yes or No. How could you measure the shape of    

space? 
 
					………………………………………………………………………………................. 
 
    ………………………………………………………………………………………..... 
 
    ………………………………………………………………………………………..... 
 
            
5)   If you weighed an object on a supersensitive balance, would the balance register a  

different weight if you heated the object up?  Circle Yes or No. Please give a reason for 
your answer 

       ………………………………………………………………………………………… 
  
       ………………………………………………………………………………………..... 
          
      ………………………………………………………………………………………..... 

            
6) How could you tell if a ruler like the one below is straight?                      
 

                                       
 
        ………………………………………………………………………………………… 
 
        ……………………………………………………………………………..................... 
 
        ………………………………………………………………………………………..... 
 
 
7) In the absence of air resistance, (like in a huge vacuum tank or on the moon) if we  

drop a hammer and a feather. Which one of the following is true? 
 
                 a) The hammer will reach the ground first. 
                 b) The feather will reach the ground first. 
                 c) Both will reach the ground at same rate. 
                 d) Not sure. 
 
8)  List the names of at least four types of electromagnetic radiations: 
 
           i) ……………………………………….. 
 
           ii)……………………………………….. 
 
           iii)………………………………………. 
 
           iv)………………………………………. 
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9)   A person claims on Facebook that he has made a perfect microscope that is so  

        accurate that the exact position of an atom can be measured. Could this claim be  

        plausible? Circle Yes or No. Please give reasons for your answer. 

 
        ………………………………………………………………………………………… 
 
       …………………………………………………………………………….................... 
  
        ………………………………………………………………………………………… 
 
         
 
 

Thank you for your participation! 
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																																																																																										Important: Please hand in once you      
                                                                                      have completed it. 
                                                                                            

 
EINSTEINIAN CONCEPTS 

 
Curved Space and Quantum Weirdness 

 
Post-Program Quiz 

This quiz is designed to help us evaluate your knowledge and understanding, after being 

exposed to the ideas of Einsteinian physics. If you don’t know answers please write ‘NOT 

SURE’. Results will be confidential and only be used for research purposes. This quiz will 

not affect your grades. 

 
 Name ……………………                     Gender ……………                 
 
 
Please answer the following questions briefly and circle correct answer 
              
1)   Can parallel lines ever meet? Circle Yes or No. Please give reasons for your  
       answer.  
 
      …………………………………………………………………………………………. 

 
      …………………………………………………………………..................................... 
 
      ………………………………………………………………………………………..... 
 
2) Can the sum of the angles in a triangle be different from 180 degrees? Circle Yes   

        or No. Please give reasons for your answer. 
 
      …………………………………………………………………………………………. 

 
      …………………………………………………………………..................................... 
 
      ………………………………………………………………………………………..... 
 
 3) What do you understand by the term “light”? 
 
      …………………………………………………………………………………………. 

 
      …………………………………………………………………..................................... 
 
      ………………………………………………………………………………………..... 
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4) Does space have a shape? Circle Yes or No. How could you measure the shape of space? 
 
      …………………………………………………………………………………………. 

 
      …………………………………………………………………..................................... 
 
      ………………………………………………………………………………………..... 
            
5) If you weighed an object on a supersensitive balance, would the balance register a     
      different weight if you heated the object up?  Circle Yes or No. Please give a  
      reason for your answer. 
 
          …………………………………………………………………………………………. 
  
          ………………………………………………………………………………………..... 
 
         ………………………………………………………………………………………..... 
 

            
6) How could you tell if a ruler like the one below is straight?                      
 

                                       
 
        …………………………………………………………………………………………. 
 
        ……………………………………………………………………………..................... 
 
        ………………………………………………………………………………………..... 
 
 
 
7) In the absence of air resistance (say in a huge vacuum tank or on the surface of the     
     Moon) if we drop a hammer and a feather, which one of the following is true? 
 
         a) The hammer will reach the ground first. 
         b) The feather will reach the ground first. 
         c) Both will reach the ground at same time. 
         d) Not sure. 
 
8) List the names of at least four kinds of electromagnetic radiation: 
 
           i) ……………………………………….. 
 
           ii)……………………………………….. 
 
           iii)………………………………………. 
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           iv)………………………………………. 
 
9)    A person claims on Facebook that he has made a perfect microscope that is so  

         accurate that the exact position of an atom can be measured. Could this claim be  

         plausible? Circle Yes or No. Please give reason for your answer. 

 
        …………………………………………………………………………………………. 
 
        ……………………………………………………………………………..................... 
  
        ………………………………………………………………………………………… 
 
         

 
 
 
 
 
 
 
 
 
 

Thank you for your participation! 
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Appendix D 
 

YOUR VIEWS ABOUT THE EINSTEINIAN PHYSICS PROGRAM 
 
 
1) The hands-on activities were very helpful to you for understanding the concepts?  
      A) Strongly disagree 
      B) Disagree 
      C) Neutral 
      D) Agree 
      E) Strongly agree 
       
 
2) I liked doing calculations about gravitational time dilation. 
    A) Strongly disagree 
    B) Disagree 
    C) Neutral 
    D) Agree 
    E) Strongly agree 
 
 
3) I liked doing calculations about E = mc2.  
    A) Strongly disagree 
    B) Disagree 
    C) Neutral 
    D) Agree 
    E) Strongly agree 
 
 
4) I would like to learn more about Einsteinian physics. 
    A) Strongly disagree 
    B) Disagree 
    C) Neutral 
    D) Agree 
    E) Strongly agree 
 
 
5) I think Einsteinian physics should be included in the school curriculum. 
    A) Strongly disagree 
    B) Disagree 
    C) Neutral 
    D) Agree 
    E) Strongly agree 
 

 
 
 
 

Thank you for your participation! 
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Appendix E 
	
	

	
	
	
	
	

Thank you for your participation! 
	
	
	
	
	
	
	
	
	
	
	
	
	
	

      ATTITUDE QUESTIONS Strongly 
disagree 

Disagree Neutral Agree Strongly      
   agree 

1 I think physics is an interesting subject 
 

     

2 I prefer to learn physics through hands-
on activities 

     

3 I enjoy learning new concepts and 
ideas. 

     

4 I enjoy trying things out at home and/or 
telling my family about school science 
activities. 

     

5 I think doing activities helps me 
understand and remember new ideas 
much better than if it is just from books 
and lessons.  

     

6 I think that the things that Einstein 
discovered are important for modern 
technology. 

     

7 I like doing calculations. 
 

     

8 Understanding scientific ideas is more 
important than memorizing facts. 
 

     

9 I enjoy science excursions and would 
like to have more of them. 
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                                                   Appendix F 
 
         

EINSTEINIAN PROGRAM 
	
Delayed Retention Quiz 

In 2013 you took part in a special program on Einsteinian physics. We want to find out how 

much you remember and how it has changed your ideas about physics. Results will be 

confidential and only be used for research purposes. This quiz will not affect your grades. 
 

Name ……………………                                            Gender ……………                 
 
	
Please answer the following questions briefly or circle the correct answer 
              
1)  List three key concepts you learnt in the Einsteinian physics program. 

    ……………………………………………………………………………………… 

    ……………………………………………………………………………………… 

2) Have any concepts you have learnt this year in physics conflicted with what you 

learnt last year in the Einsteinian physics program? Circle yes or no. If yes, please   

explain your answer. 
  
    ……………………………………………………………………………………… 

    ……………………………………………………………………………………… 

3) The Einsteinian physics program increased my interest in physics. Please highlight your 

answer. 

a) Strongly disagree 

b) Disagree 

c) Neutral 

d) Agree 

e) Strongly agree 
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4) Describe how space is related to gravity? 

     

    ……………………………………………………………………………………… 

    ……………………………………………………………………………………… 

 5) List two properties of space that contradict Euclidean geometry. 

   ……………………………………………………………………………………… 
 

   ……………………………………………………………………………………… 

6) Describe an activity or experiment from last year’s program that showed light  

behaving as particles (photons)? 

    ……………………………………………………………………………………… 

    ……………………………………………………………………………………… 

7) Describe an activity or experiment from last year’s program that showed how light can 

act as a wave? 

   ……………………………………………………………………………………….. 

   ……………………………………………………………………………………….. 

8) In physics, scientists can estimate the mass of a galaxy by looking at the light from 

something far away behind it. What basic idea underpins this? 

   ……………………………………………………………………………………….. 

   ……………………………………………………………………………………….. 

9) A typical kettle has a power of about 2000 Watts. If you fill it with water and  

switch it on for one minute, how much will the total mass of the kettle + water have 

increased? [Hint: Energy = power x time; E = mc2] 

      Please do your calculations below: 

	

	

Thank you for your participation! 
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Appendix G 
 

Lesson plans for Shenton College on Einsteinian physics 
 
 
Lesson plan 1: History from Euclid to Einstein 
 
Objectives 
 • Students will able to explain the meaning of Einsteinian physics 

• Students will know the history of famous scientists 

Power point presentation: (15 min.) 
Twenty-two simple slides on the history of ideas about space 
Slide 1 Meaning of term “Einsteinian physics” 

Hundred years ago Einstein developed new theories of gravity and motion 
called special relativity and general relativity and proved that light comes 
as photons, which led to new theory about light and matter called quantum 
mechanics 

Slide 2 Question: Why do we need to introduce Einsteinian physics into school 
curriculum?  

Slide 3 Image of stars and galaxy       
Because we cannot understand stars and other things without Einsteinian 
physics 

Slide 4 Question: Do you know any practical application of Einsteinian physics 
that you use every day 

Slide 5 Image of GPS 
• Expected answer:  GPS 
• What is the full form of GPS? 
• Expected answer: Global positioning system 
• How GPS works? (Will be covered in upcoming lessons)  

Slide 6 Advanced information 
• Quantum physics of atomic clock in spacecraft 
• Quantum physics of the semiconductors 

Slide 7 Title only: History from Euclid to Einstein 
Slide 8 Euclid: Father of geometry 

• Imaginary photo of Euclid 
• Biography: what he did? 
• Euclid’s books 

Slide 9 What is Euclidean geometry? 
• Euclidean geometry is geometry on flat surfaces like paper. 
• The sum of the angles of a triangle is equals to 180 degrees. 
• The ratio of the circumference of a circle to its diameter is π. 
• Parallel lines can never meet. 
• Many more formulas and theorems. 

Slide 10 Pythagoras (570 BC – 495 BC) 
Statue of Pythagoras 
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Slide 11 Aristotle (384BC -322BC) 
Artist’s picture of Aristotle 

Slide 12 Aristotle’s theory of gravity 
• According to Aristotle, things fall at a constant speed. 
• The speed of fall is proportional to the weight. 
• Animation of dropping heavy and lighter balls from tower. 

Slide 13 Galileo Galilei(1564 -1642) 
• Artist’s picture of Galileo 

Slide 14 Video: Free fall on the Moon 
• Experiment done by NASA’s scientist David Scott on the surface 

of Moon. 

Slide 15 Everything falls at a same speed 
Animation of dropping heavier and lighter balls from leaning tower of 
Pisa 

Slide 16 Carl Gauss (1777 -1855)   
Artist’s picture of of Gauss 

Slide 17 Gauss’s question: Why should we believe 2300 years old Euclidean 
geometry? 

Slide 18 Mountain top experiment: 
• Explain his experiment on the peaks of three mountains. 
• He tested: Do triangles in 3D have same properties as triangles on 

flat paper? 
• Gauss’s theorem Egregium by measuring triangles we can 

determine the shape of space. 
Slide 19 Issac Newton (1642-1727) 

Artist’s picture of Newton 
Slide 20 Newton’s idea about space 

• Space is flat 
• Space is independent of matter 

Slide 21 Albert Einstein (1879-1955) 
Photo of Einstein 
 

Slide 22 Einstein’s idea about space 
• Space is curved 
• Space is dependent on matter 

Activity for students: (15 min.) 

Compare straightness of laser beam and a stretching string. Use flour dust to show 
laser beam. Best with a green laser. Tight string is a good approximation to 
straightness, but it can never be perfect. The straightest thing we can possibly define 
is light. 
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Discussion with the students and write answers in their worksheets: (15 min.) 

 • Researching information on Aristotle, Galileo, Gauss, Newton and 
Einstein. Class divided into into five groups. One scientist per 
group. When they will finish their research then one representative 
of each group reports to class. 

• Write summary of the lesson on your notebooks. Discuss with your 
peers and ask questions.  

• Who contradicts who? 
Complete the table given in the worksheet: who contradicted who? 
What was the contradiction? 

 
Lesson plan 2: Space and Time 
 
Objectives 
 • Students will able to explain the concept of space. 

• Students will able to explain the concept of time. 

Power point presentation: (15 min.) 
Eight simple slides on space and time 
Slide 1 What is space – an age-old question? 

Give some time to students to think and give answers. 

Slide 2 Explanation of space with the help of an example and students 
participation: Space is so real that 

• It can bend. 
• It can twist. 
• It can produce ripples called gravitational waves. 

Slide 3 Dimensions 
Activity with students to understand the concept of dimensions of space; 
Space has three dimensions 

• Up-down 
• Left-right 
• Forward-backward 

Slide 4 How things move through  
Activity: Example of skater space. 

Slide 5 Concept of time.  
Students will give their views about time. 

Slide 6 Dimensions of time.  
Students will give answer. 

Slide 7 Newton’s definition of time 
Slide 8 What Einstein said about time? 
Discussion with students: (15 min.) 
 • Revise whole lesson by asking questions to students? 

• How Einstein’s definition about time is different from Newton’s 
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view? 
• Write a brief summary of the lesson on your notebooks? 

 
Lesson plan 3: Terminal velocity 
 
Objectives 
 • Students will able to understand the concept of terminal velocity. 

• Students will understand and that there are terminal velocities for 
everything and the universe imposes a terminal velocity which is 
the speed of light. 

Power point presentation (15 minutes) 
Five simple slides on terminal velocity 
Slide 1 Definition of terminal velocity. 
Slide 2 Explain why large raindrops hurt you more than the smaller one? 
Slide 3 Example of skydiver 

• Discuss what happened when skydiver jump in the air? 
• Discuss various forces acting on skydiver when he is in the air? 
• Explain terminal velocity of the skydiver? 

Slide 4 Discuss various forces acting on the skydiver when he opened his 
parachute? 

• Discuss how skydiver attained new lower terminal velocity? 
Slide 5 Discuss velocity-time graph for the skydiver? 
Activity (15 minutes) 
 
Students will do an activity by dropping water balloons of different mass from certain 
height and record the time when balloon will reach at different heights.  
 
Discussion with students (15 minutes) 
 
 • Write down the summary of whole lesson on your notebooks. 

• Plot a graph based on your observations. 
• Write a conclusion from your graph. 

 
Lesson plan 4: Gravity 
 
Objectives 
 • Students will able to define Einsteinian definition of gravity. 
Power point presentation (15 minutes) 
Five simple slides on concept of gravity 
Slide 1 Start a lesson by asking question to students. 

• Ask question to students what is gravity? 
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Expected answer: Newton’s definition of gravity 

Slide 2 Introduce Einstein’s definition of gravity. 
Slide 3 Contradiction between Newton’s and Einstein’s idea about gravity. 
Slide 4 John Wheeler’s phrase about space-time 

           Matter tells space how to curve 
           Space tells matter how to move. 
 

Slide 5 Ask students what they understood from Wheeler’s phrase. 
 

Activity (15 minutes) 
 
Introducing the space-time simulator  
Students will do activity on lycra sheet with the help of golf balls. They will learn 
how space is dependent on matter. They will also learn about two-body interaction 
and two planets system.  
 
Discussion (15 minutes) 
 
 • Write down summary of whole lesson on your notebooks. 

• What did they understand from the activity? 
• How John’s phrase worked on the sheet? 

 
Lesson Plan 5: Non Euclidean geometry 
 
Objectives 
 • Students will able to explain difference between Euclidean and 

non-Euclidean geometry. 
• How we can do geometry on curved surfaces. 
• Connection between two-dimensional and three-dimensional: 

Understanding how we can learn about geometry in three-
dimensional by doing things on two-dimensional curved surfaces. 

Power point presentation: (15 min.) 
Three simple slides on non-Euclidean geometry 
Slide 1 What is non-Euclidean geometry? 

• Geometry opposite to Euclidean geometry. 

Slide 2 Concept of straight lines: 
• What is straight line? 
• How can you tell if a line is straight? 
• Method to measure straightness of a line. 

Slide 3 Who was Gauss and what he did? 
• What he did with his device called heliotrope? 
• Google image of heliotrope and explain it? 
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Activity: Geometry on woks (15 min.) 
 
Ask Students to draw triangles of various sizes on a curved surface like woks with the 
help of stretched string and magnetic posts. Then ask them to measure the perimeter 
of each triangle and all the angles. Add all three angles of each triangle. Write down 
their observations on table given in their worksheet. 
 
Discussion: (15 min.) 
 
 • Plot a graph between sum of the angles of a triangle and its 

perimeter. Take perimeter along horizontal axis and sum of the 
angles along vertical axis. 

• Ask a question to them what did they observe from graph? 
• Discuss with them why sum of angles of a small triangle gives us 

value 180 degree and why it is changed with the size of a triangle. 
• Write down the summary of the lesson on your notebooks. 

 
Lesson plan 6: Geometry on balloons  

 
Activity on non-Euclidean geometry 
Ask students to draw circles of different radius on a curved surface (such as balloon). 
Measure the circumference and diameter of each balloon. Write down their 
observations on a table given in worksheet. 
 
Discussion 
 • Plot a graph between ratio of circumference to its diameter and its 

circumference. Take circumference along horizontal axis and ratio 
along vertical axis. 

• Ask a question to them what did they observe from graph? 
• Discuss with them why the ratio of circumference to its diameter 

of a small circle gives us value 3.14 and why it is changed with the 
size of a circle. 

• Write down the summary of the lesson on your notebooks 
 
 

Lesson plan 7: Universality of free fall 
 
Power point presentation: (15 minutes) 
Eight slides on universality of free fall 
Slide 1 Definition of free fall. 
Slide 2 Examples of free fall 

• Released things from rest 
• Thrown upward 
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• Thrown downward 
• Small activity in front of students: Throwing a marker up or down 

after the marker leaves the hands.  
Slide 3 Examples of not free fall. 

• Throwing a marker up or down before the marker leaves the hands, 
while the hands are still pushing on it is not free fall. 

• A rocket engine is still burning and pushing up on a rocket.  
• Image of rocket going upward. 

Slide 4 Equivalence principle. 
• Definition of equivalence principle: It is impossible to distinguish 

between a uniform acceleration and a uniform gravitational field. 
• Example for students: The principle states that a person in a free-

falling elevator cannot tell that they are in free fall. Every 
experiment in such a free falling environment has the same results 
as it would for an observer at rest or moving uniformly in deep 
space, far from all sources of gravity. 

• Google images based on equivalence principle. 
Slide 5 Questions for students. 

• Do heavier objects fall faster than lighter ones when starting from 
same position? 

• Does air resistance matter? 

Slide 6 Aristotle’s theory of gravity 
• According to Aristotle, things fall at a constant speed. Brian Cox 

video. Ask students to find two objects from their desk of about 10 
times with different mass and repeat.  

• The speed of fall is proportional to the weight. 
• Animation of dropping feather and hammer. 

Slide 7 Galileo’s view about falling objects 
• Everything falls at a same speed. 
• Animation of dropping feather and hammer. 

Slide 8 Video: Free fall on the Moon 
• Experiment done by NASA’s scientist David Scott on the surface 

of Moon. 

Activity for students: (15 min.) 
Phone videos of free fall experiment and explanation how to plot graph from frame by 
frame photos.  
 • Students will drop two water balloons with large mass difference 

simultaneously from certain height. Students will observe: Was 
Aristotle correct? 

• Discuss the confounding variables of wind resistance. 
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Discussion for students: (15 min.) 
 • Write summary of the lesson on your notebooks. 

• Ask questions. 
• Complete your worksheets. 

 
Lesson Plan 8: Gravitational lensing 
 
Objectives 
 • Students will able to explain gravitational lensing. 

Power point presentation: (15 min.) 
 
Eight simple slides on concept of gravitational lensing 
Slide 1 What is gravitational lensing? 

Gravitational lensing occurs when light travels past a very massive object. 
According to Einstein's theory of general relativity, mass shapes spacetime 
and space is curved by massive objects. Light traveling past a massive 
object follows a "straight" path in the curved space, and is deflected as if it 
had passed through	massive objects (having strong gravitational	 fields)	
such as galaxies, black holes. 
 

Slide 2 Discuss ray diagram for gravitational lensing. 
Slide 3 Animation or video 

• Search on google and find animation on light passing through 
black hole. 

• Youtube video: https://www.youtube.com/watch?v=2-My9CChyBw 
Slide 4 Now time to do activities 
Activities: (15 min.) 
There are simple activities we can do in front of students to demonstrate the idea of 
gravitational lensing. 
 
Activity 1 A very simple activity to demonstrate the ray diagram shown above. 
 Material required: 

• A tape 
• A Saucer 

 A piece of tape will represent a light. First put a tape on a table and it 
will demonstrate that light travels in a straight path on a flat surface. If 
light comes across some curvature in space, so the space is curved and 
light travels straight through curved space change its direction. Then 
discuss the apparent position of light and actual position of light. 

Activity 2 Material required: 
• Lycra sheet frame 
• Back pulling cars 
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• Golf balls or heavy object 

Ask students to produce a curvature in lycra sheet with the help of golf 
balls. Ask them to observe the trajectory of car when it passes through 
the curvature. They will observe that car follows the straight trajectory 
and its trajectory deflected near the massive objects (golf balls). 

Slide 6 Explain again to students about gravitational lensing after finishing the 
activities. 
Einstein predicted that the actual shape of space and time around a 
massive object is distorted by the object’s gravity. Light from a distant 
object would travel in a straight path to the observer, but if that light 
happens to pass close to a massive object, the light would follow the 
curved, warped space around the massive giant.  
 

Slide 7 Who was Eddington and what he observed? 
Arthur Eddington was first to observed a shift in a distant star’s position 
as its light passed close to a massive object to the way to an observer. 
During a solar eclipse in 1919, Eddington measured how a star’s position 
shifted when observed near the Sun as compared to when it was not. This 
measured deflection matched Einstein’s predictions of how the Sun’s 
gravity would distort space and time. 

Slide 8 Explain Wallal Expedition 
• In 1922 an expedition was undertaken in Western Australia by 

Professors of University of Western Australia to obtain 
photographs, taken during an eclipse of the Sun, from which the 
bending of light as it passed by a massive body such as the sun 
could be measured. 

Discussion: (15 min.) 
 
 • Find Google images of gravitational lensing. 

• Write down the summary of lesson on your notebooks. 
• Do discussion with your peers and ask questions. 
• Complete your worksheets. 

 
Lesson Plan 9: Energy-mass equivalence  
 
Objectives 
 • Students will able to explain the term E = mc2. 

• Students will know the significance of magnitude of numbers. 
• Students will know how we can use mass-energy relation in our 

everyday life. 
• Students will able to explain volts and amps. 

There are seven simple slides on mass-energy relation 
Slide 1 Introduction: When and who gave this idea? 
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• Photo of Albert Einstein 
• Albert Einstein gave this idea in 1905 

Slide 2 Meaning of mass-energy equivalence 
• Mass and energy are the same and can be converted one to the 

other using the speed of light squared. 
Slide 3 Introduce formula: Einstein was not the first scientist who proposed 

mass-energy equivalence. However, he was the first scientist to propose 
the formula which is given by: 
                E = mc2 

  Where, E is the energy 
                m is the mass 
                c is the speed of light, c = 3x108 m/s 
 

Slide 4 When any sort of energy is added to an isolated system, the increase in 
the mass is:  m = E/c2        

Slide 5 Example: Students will calculate: 
Suppose we add 1 joule of energy to heat up the water. Calculate gain in 
mass when water is heated up? 

Slide 6 Introduce terms: Energy, Power and Electricity 
• Power is the rate of flow of energy measured in Joules per second 
• Energy = Power x Time 
• For electricity Power = Volts x Amps. Volts is the pushing force 

of electricity, Amps measures the current…how much electricity 
is flowing. 

• Water flow down a hose or from a tap helps to understand. Volts 
are the pressure: how difficult it is to stop the flow with your 
finger. Amps are the amount of water coming out in a certain 
time. 

Slide 7 Solve the following problems on worksheet 
• A typical kettle has a power of about 2000 Watts. If you fill it 

with water and switch it on for one minute, how much will the 
total mass of the kettle + water have increased?  

• A rechargeable AA battery can deliver a current of 2 amps for 1 
hour. (This is called 2 Amp-hours). It has a voltage of 1.5 V. 
How much lighter is battery when it is flat? 

• All the power stations in Western Australia combined produce about 
3GW (gigaWatts) of power. That means 3 x 109 Watts 

• How much energy is produced in one year? 
• What is the mass of all this energy?    
• There are about 2 million people in WA. What is the average 

mass of energy used per person in WA?    
• If your body was converted into pure energy, how many Joules of 

energy will it produce? 
• How much lighter a car battery is when it is flat compared with 
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when it is fully charged? (Voltage = 12 V, the current capacity of 
a typical car battery is 80 amp-hours). 

• The power of the Sun is about is about 4 x 1026 Watts. How many 
kilograms per second is it losing? How many tonnes per second? 

Activities for students: (15 minutes) 
 
 • Ask students to weigh any object having mass nearly 1 kg. They 

will estimate the amount of average mass of energy produced by 
power stations in one year in Western Australia. 

• Ask students to weigh a piece of paper. Then make nearly 10-12 
folds of same paper and cut down a small piece of paper? Can we 
weigh that small piece of paper with digital balance? By doing 
this activity they will learn the significance of magnitudes of 
numbers. 

• Google search on very sensitive digital weighing scales. Ask 
them to investigate how sensitive are the digital balances. How 
costly they are? 

Discussion: (15 minutes) 
 
 • Why we cannot measure the increased mass of kettle + water?  

• Where we can use this relation to know increased mass or lost 
energy? 

• Write down the summary of the lesson plan. 
• Any difficulty in solving mathematical problems. 
• Ask questions. 

 
Lesson Plan 10: Photons 
 
Objectives 
 • Students will able to explain photons and basic properties of 

photons. 
• Students will able to tell formula for energy of photon and optical 

power of light beam. 
• Students will able to explain how SOLAR SAIL spacecraft 

works. 

Thirteen simple slides on concept of photons 
Slide 1 Testing previous knowledge: 

         a) What is light? 
Slide 2 Introduction about light: Over the centuries there have been three ideas 
Slide 3 Light comes out of our eyes to let us see. Picture of cartoon shows light 

coming out of eyes. 
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Slide 4 Light consists of things called corpuscles that come into our eyes. 
Slide 5 Light is some sort of wave that comes into our eyes. 
Slide 6 Discussion on Light comes out of our eyes to let us see.  

        Question: How do we know that this idea is false?  
Expected answer: we could see in the dark, there would not be shadows. 
        So what do shadows tell us?  
 Light streams from things like the Sun and light bulbs 
 

Slide 7 Light comes in packets of energy. 
Slide 8 What are photons? 

• A photon is a discrete bundle of light energy. 
• Photons are the particles of light. 
•   Light consists of photons. 

Slide 9 Basic properties of photons. 
• Photons move at a constant velocity, c = 3 x 108 m/s (i.e. "the 

speed of light"). 
• Photons have zero mass.  
• Photons carry energy and momentum. 
• Photons can be destroyed /created when radiation is absorbed 

/emitted. 
• Photons can have particle-like interactions with electrons and 

other particles.  
Slide 10 Formula for energy of a photon is  

                                  E	=	h	x	f		
                Where, E is the energy of a photon 
                  h is Planck’s constant,  h = 6.626 x 10-34 m2 Joules sec.  
                 f is the frequency of photons.  
 

Slide 11 Formula for optical power of light beam  
                            Power	=	N	x	h	x	f		
                Where, N = number of photons per second 
                 h = Planck’s constant 
                 f = frequency of photons 
                h x f = Energy of a photon 

Slide 12 Working with photons  
                Solve questions given on worksheet 

Slide 13 Video: Single photon interference. 
 

Activity with Nerf guns: (15 min.) 
 Nerf gun photography: Ask students to “photograph” each other using 

Nerf gun foam bullets that are used to represent photons. One student 
stands against a glossy wall or whiteboard while, others “illuminate” the 
subject with bullets. Bullets stick only to the glossy surface, and create a 
silhouette “photograph” of the student. In discussion emphasize that 
photons have properties analogous to the bullets, including momentum 
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and discuss how this phenomenon is used by spacecraft using solar sails. 
 

Discussion: (15 min.) 
 • Discussion on spacecraft using solar sails. One simple slide on it 

and one YouTube video. 
• Complete your worksheets. 
• Ask questions. 

 
Lesson plan 11: Photoelectric effect 
Objectives 
 • Explain the relationship between photons and electrons in a 

metal. 
• Particle nature of light 
• Explain various terms like work function, threshold frequency 

and photoelectrons. 
• Explain the importance of photoelectric effect in modern 

electronics. 
Five simple slides on photoelectric effect 
Slide 1 When and who gave this concept? 

In 1905 Einstein gave this idea. He won noble prize in 1921 for the 
photoelectric effect. 
 

Slide 2 Definition of photoelectric effect? 
The ejection of electrons from a metal plate when light falls on it. In a 
broader definition, the radiant energy may be infrared, visible or 
ultraviolet light, X rays or gamma rays; the material may be solid, liquid, 
or gas; and the released particles may be ions (electrically charged atoms 
or molecules) as well as electrons. To explain this phenomenon Einstein 
predicted that light comes in quanta called photons. 
 

Slide 3 Explain work function and threshold frequency 
The work function is the minimum amount of energy required for an 
electron to escape from the surface of a metal. If the energy of each 
incoming photon is not equal to or greater than work function, electrons 
will never ejected from the surface of the metal. The work function is 
equal to h x ft where ft is the threshold frequency for the metal. Photons 
with energy greater than h x ft eject electrons from the surface of the 
metal.  

Slide 4 What are photoelectrons? 
The ejected electrons from the surface of a metal are called 
photoelectrons. 

Slide 5 Where does the extra energy goes? 
The extra energy goes with the photoelectrons in the form of kinetic 
energy. The photoelectrons will then move 
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Activity for students: (15 minutes) 
Photoelectric effect with Nerf guns 
 Material required: 

• Nerf guns 
• Saucer of different depth 
• Ping pong balls 

 Use saucers of different depth to represent atoms that confine electrons 
in the form of ping pong balls. Create an array of saucers and ping pong 
balls. A Nerf gun “photon” source is used to “illuminate” the saucers. 
Some bullets transfer kinetic energy to the balls which fly out in close 
analogy to the photoelectric effect. Some ping pong balls remain 
confined in the saucers, it shows that Nerf gun bullets don’t have enough 
energy to eject photons from the saucers. 
 

Discussion: (15 minutes) 
 • Ask students to complete their worksheets. 

• Write down the summary of lesson plan on your notebooks?  
• Question: Why photoelectric effect is important? 
• Homework: Write at least three applications of photoelectric 

effect. 
 
Lesson plan 12: Uncertainty principle 
 
Power point presentation: (15 min.) 
Objectives 
 • The Heisenberg uncertainty principle was formulated by German 

physicist Werner Heisenberg. 
• We cannot measure position and momentum of an object 

simultaneously. 
Two simple slides on uncertainty principle 
Slide 1 History: In 1927, Werner Heisenberg gave this idea. Heisenberg was 

thinking about reality at the subatomic level. He said to measure the 
properties (position and momentum) of any particle such as electron or 
object, one must use light as a measuring device. But the energy of the 
light affects the electron being observed. If you adjust the light beam 
accurately to measure position, the energy of the light beam will change 
the momentum of the electron; if you adjust the light beam to measure 
the momentum of the electron, the energy of the light beam will move 
the electron. 

Slide 2 Explain Heisenberg uncertainty principle 
According to the Heisenberg uncertainty principle, we cannot measure 
the position and momentum of an object simultaneously with arbitrary 
precision. Measurement involves intrinsic uncertainty. 
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Activity for students: (15 minutes) 
 Material required: 

• Balloon 
• String 
• Nerf guns 

 Nerf gun photography of a suspended balloon: 
The uncertainty principle is easily demonstrated with Nerf guns by 
applying Nerf gun photography to a low mass object such as balloon. 
When students try to photograph a balloon suspended by a string, the 
momentum of the bullets displaces the position of the balloon causing 
intrinsic fuzziness in the image of the balloon. This is a vivid realization 
of the uncertainty principle.  
 

Discussion: (15 minutes) 
 • Write down your observation from the activity. 

• Write down the summary of the lesson on your notebooks. 
• Ask questions. 

 
Lesson plan 13: Waves 
 
Objectives 
 • Waves and different types of waves. 

• Various terms like crest, trough, amplitude, frequency and 
wavelength of waves. 

• How waves move. 
Power point presentation: (15 min.) 
Thirteen simple slides on waves 
Slide 1 What are waves? 

A disturbance that transfers energy from place to place. 
Slide 2 What carries waves? 

A medium, a medium is the material through which a wave travels. A 
medium can be a gas, liquid, or solid. 

Slide 3 Do all waves require medium to travel? 
No, all waves don’t require medium to travel. Light from Sun travels 
through empty space. 

Slide 4 Types of waves: Waves are classified according to how they move. 
Slide 5 Mechanical wave: A mechanical wave is the disturbance that propagates 

through a medium. The medium could be air, water, spring, the Earth, or 
even people. 

Slide 6 Examples of mechanical wave: Sound, water waves. 
Slide 7 Longitudinal wave: In a longitudinal wave, the particles in the medium 

move parallel to the direction of the wave. 
Slide 8 Transverse waves: Waves that move the medium at right angles to the 

direction in which the waves are travelling. 
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Slide 9 Animation of transverse wave and longitudinal wave. Introduce crests 
and troughs parts of the wave. 

Slide 10 Electromagnetic wave: An electromagnetic wave is simply light. Light 
can travel without medium. 

Slide 11 Gravity wave: A gravity wave is a ripple in the fabric of space-time. 
Slide 12 Basic properties of waves: 

• Frequency 
• Amplitude 
• Wavelength 

Slide 13 Frequency: The number of complete waves that pass a given point in a 
certain amount of time. 

Slide 14 Amplitude: The maximum distance by which wave move away from the 
rest position. 

Slide 15 Wavelength: The distance between two corresponding parts (Crests or 
troughs) of a wave. 
 

Activity with students: (15 min.) 
 Students will do activity with slinky. Move the slinky in two different 

ways to show transverse and longitudinal waves. 
 

Discussion with students: (15 min.) 
 • Write down the summary of lesson plan on your notebooks. 

• Discussion with your peers and ask questions. 
• Complete your worksheets. 

 
Lesson plan 14: Diffraction 
 
 
Objectives 
 • Light acts as a wave 

• How diffraction occurs and creates dark and bright fringes.  
• How to determine the size of objects such as hairs. 

Power point presentation: (15 min.) 
Five simple slides on diffraction  
Slide 1 Meaning of diffraction 

Diffraction is the bending of waves around an obstacle. 
Slide 2 Image of ocean waves diffraction around an island. 
Slide 3 Some other Google images showing diffraction of waves. 
Slide 4 Question: How can you hear someone talking around the corner? 
Slide 5 Introduce dark and bright fringes with diagrams. 

 
Activity for students: (15 min.) 
 Material required: 

• Piece of human hair 
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• Laser light 
• Ruler 
• Marker 
• Retort stand to hold laser light 

 
Discussion: (15 min.) 
 • Complete your worksheets. 

• Write down the summary of the lesson on your notebooks. 
• Discussion with your peers and ask questions. 
• What are the reasons we might think light act as a wave? 

 
Lesson plan 15: Interference 
 
Objectives 
 • Wave nature of light 

• How waves combine with each other 
• Constructive and destructive interference 

Power point presentation: (15 min.) 
Seven simple slides on interference 
Slide 1 Meaning of interference. 

Interference occurs when two waves meet while travelling along same 
medium. 

Slide 2 Image of interference of waves. 
Slide 3 Types of interference 

• Constructive interference 
• Destructive interference 

Slide 4 Explain constructive interference 
Slide 5 Diagram showing constructive interference. 
Slide 6 Explain destructive interference. 
Slide 7 Diagram showing destructive interference. 

 
Activity for students: (15 min.) 
 Material required: 

• Soap solution 
• Laser light 
• A wire loop 

 Soap film interference: Laser pointers allow interference to be observed 
in light reflected from soap films. The interference arises from the phase 
difference of the reflected light from the front and rear faces of the soap 
film. In this activity the size of the interference “apparatus” is the 
thickness of soap bubble film only a matter of few microns. It is easy to 
show that under most circumstance there is never more than one photon 
present inside the film at any one time. Yet clear high contrast 
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interference is easily obtained. This activity proves that the interference 
observed is not the interference of photons but of some other entity 
which physicists call the wave function, but cannot really explain.  
 

Discussion: (15 min) 
 • Write summary of the lesson on your notebooks. 

• Complete your worksheets. 
• Discuss with your peers and ask questions. 

a) Imagining photons: wave packets in ropes and 
slinkies, Spacing between photons 6th magnitude star 
thought experiment, spacing between Nerf gun bullets 
b) Discovering quantum weirdness: soap film 
interference when it is photons coming one at a time. 
Video of interference pattern one photon at a time, 
Activity: small group discussions about quantum 
weirdness. 

 
  
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	
	

215	

Appendix H 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 

 
 

	

Curved Space and Quantum 
Weirdness 

 
Confronting Einstein’s Universe 

	
A	challenging	One-day	program	that	introduces	talented	year	11-12	physics	

students	to	the	concepts	that	underlie	Einsteinian	physics.	
	

STUDENTS	ARE	ENCOURAGED	TO	RECORD	ACTIVITIES	USING	PHOTOS	AND	
VIDEOS	
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Introduction WHOLE CLASS DISCUSSION  
 
The school physics curriculum is based mostly on Newtonian physics which itself is 
grounded in the 2300 year old geometry of Euclid. This program is designed to challenge 
you by introducing you to the concepts that underlie Einsteinian physics. 
 
 The key concepts of Einsteinian physics that are to be explored during this workshop are 
that:  

a) Light is a stream of photons: particles of electromagnetic energy with wavelike 
properties. 

b) Space-time is curved by matter and free fall trajectories trace the shortest path in 
space-time. 

 
 

 
 
 
 

Some starting facts about waves 
• All waves carry energy and momentum.  
• Waves can have arbitrary shape…they do not have to be sine waves.  
• Normally, wave speed is fixed (like the speed of sound or the speed of light).  
• Normally waves add and subtract perfectly when they pass through each other.  
• The ability of waves to add up or cancel out is called interference. This key property 

of waves is called linearity. 
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• Special case: In the Shallow Ocean or non-linear optical materials linearity breaks 
down: then waves can collide and bounce off each other. 

• Most waves can be polarised: they vibrate in a specific direction.  
• When you measure waves at the fundamental level you find that the energy comes in 

little packets called quanta. Light comes as photons, sound comes as phonons, 
gravitational waves come as gravitons. 

• When you measure particles like atoms at the fundamental level you find that they 
too act like waves.  

• Quantum mechanics is the theory that allows the wave like properties of particles 
to be calculated. 

• Underlying quantum mechanics is quantum weirdness that defies understanding. 
 

TODAY WE WILL SEE THAT QUANTUM WEIRDNESS CAN BE RECOGNISED BY 
LOOKING AT SIMPLE EVERYDAY PHENOMENA. Exhibits at the GDC including the 
wave cable and the laser interferometer help you visualise quanta and see wavelike 
behaviour. 
 

Some starting facts about space 
• Space is not a rigid grid of imaginary lines like those in a street directory.  
• Space is elastic, it has energy, and it has shape. 
• Space is curved and time is warped by matter.  

 
 Our Lycra sheet allows you to visualise the process of space-time curvature. Exhibits at 
the GDC: Einstein’s Space, the Gravitational Lens and the Rubber Black Hole- illustrate 
these ideas. 

 
WHOLE GROUP ACTIVITY: Matter tells space how to curve; space tells 
matter how to move.  

 
Lycra sheet experiment with whole class: observe matter making space curve, curvature-
making matter move, and see a 3-body interactions. Understand that this is a model and 
an analogy, and not a true representation because it is actually the warping of time that 
leads to the apparent force of gravity. 
 

 
SEVEN TOPICS IN GROUPS AS SPECIFIED 

 
 
 
 
 
 
 
 
 

 
       
 

 

Curved Space and Quantum Weirdness is part of your everyday life if 
you use a mobile phone. We think it is important that everyone should 
have an understanding of the physics on which their lives depend! 
 
Mobile phones with GPS navigators are applications of all the above 
physics 
o The transistors in mobile phones depend on the quantum properties of 
electrons in semiconductors. The navigators work only because the time 
warp between earth and space is carefully corrected. 
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Seven activities will be used to explore and explain the key concepts of Einsteinian physics. 
At the end we will confront the two key ideas:  

a) gravitational time dilation that is a direct outcome of space-time curvature;  
b) And the quantum weirdness that nobody really understands. 

 
1. Light Comes as Photons: Intuitive visualisation of wave packet 

concepts CLASS SPLIT INTO 4 GROUPS OF 7  
 

Wave Cable and Slinky Experiments  
Send wave packets down the giant wave cable: observe optical concepts: plane polarisation 
and circular polarisation, waves passing through each other. 
a) Observe the momentum of an arriving wave packet? 
b) Estimate the wave velocity. 
c) Repeat experiments with Slinky if time: Show longitudinal waves as well as 

transverse waves. 
 

Vortex Ring Experiments  
Vortex rings are special confined motions of fluids that carry energy and momentum. In 
special fluids called superfluids they are also quantised into tiny packets of fluid circulation.  

a)       Make your own giant vortex ring. 
b)       Note that the vortex rings carry momentum: do an experiment to observe the         

      momentum. 
c)      Can you observe a relationship between the ring size and the ring velocity?   

     Make a rough plot of this relationship on a graph. 

   
 
 
 
 

 
Nerf Gun “Photography”  
Nerf gun bullets simulate photons. Make a silhouette “photograph” of a person standing 
against a window using Nerf gun bullets. 
 
Now repeat but this time tries to “photograph a balloon hanging on a string. Observe that the 
momentum of the bullets disturbs the measurement. This is the origin of Heisenberg’s 
Uncertainty Principle, a fundamental part of quantum physics. 
 
The Photoelectric Effect with ping-pong balls  
The photoelectric effect is the flow of electricity caused by light. Einstein realised that this 
could only be explained if light comes in photons. The effect is used in photovoltaic cells, 
eyes and cameras. 
 
Our photons are Nerf gun bullets and our electrons are ping-pong balls, confined in saucers 
which represent atoms. If the Nerf gun bullet has enough energy it can eject a ping-pong ball 
just as a photon with enough energy ejects an electron release electric charge. 
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2. Universality of Freefall  WHOLE CLASS AT LEANING 
TOWER  

 
Einstein’s theory of space, time and gravity, called the General Theory of Relativity, is 
founded on the universality of free fall discovered by Galileo at the Leaning Tower of Pisa. 
Gravitational acceleration is the same for all bodies whatever their composition. This is 
called the Equivalence Principle.  
 
Einstein realised that it was impossible to distinguish between gravity and acceleration. This 
led to the Einsteinian idea that gravity is the force you have to apply to prevent things from 
following natural trajectories called geodesics. 

 
Read Galileo’s claims at base of the leaning tower and be prepared to test his claim. 
Organise to have observers on the ground as well as droppers on the tower. 

a) Water balloon experiments:  We want to test to see if Galileo was telling the truth. 
Can you achieve 2-fingers width spacing at impact? Worksheet exercises 2 and 3 let 
you test your understanding of this. Photographers be ready to video the impacts. 

b) Confounding variables: what two factors will cause non-simultaneous impact of two 
bodies. Test to determine the magnitude of the errors introduced.  

 
Worksheet exercise 1: 

a. Consider the universality of free fall discovered by Galileo.  How serious are 
the confounding variables?  

b. Plan and conduct an experiment that will test the two main confounding 
variables.  
Help needed? - see last page  

c. From your observations do you think Galileo could have done the experiment 
or was it a thought experiment? 

d. Aristotle stated that things fall at a speed proportional to their mass. Do you 
really need a Leaning Tower to prove Aristotle was wrong 

 
 
Your answers: 
 
 
 
 
 

3. Space-time Diagrams: WHOLE CLASS DISCUSSION  
a) Space-time diagrams in 2 dimensions: we can’t think in 4-dimensions so we make 

graphs with just one dimension of space and the other axis is time.  
b) What scale do we use for the axes?  Why SI units are not acceptable in space-time? 
c) What is the universal conversion factor between space and time?  

Choosing space-like axes or time-like axes? Arbitrary choice. 
 Time units: 1 meter = 1/300,000,000 of second or about 3 nanoseconds 

        Space units: 1 second= 300,000,000 meters 
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Worksheet exercise 2:  
 
Use s=1/2gt2 to plot the space-time trajectory for a falling water balloon from the leaning 
tower (height 40 m).  

a) How many seconds to hit the ground? 
 
 

b) Plot the space-time trajectories, first in SI units (meters, seconds), then in Einsteinian 
units. Label the axes with rough, estimated numbers.  

 
 
 
 
 
 
 
 

c) What dimensions of graph paper would be required to plot the space-time trajectory 
accurately to scale in units of meters? 

 
 

Worksheet exercise 3: 
You try to drop a pair of water balloons simultaneously from the Leaning Tower. What 
timing error in release time between two water balloons creates 5cm separation at the 
point of impact? 

 Hint: use s=40m and s=40.05m and the Newtonian formula s=ut + 1/2gt2 
 
 
 
 
 
4. Experimental Geometry of Curved Space:  WHOLE CLASS, 
then SPLIT INTO SMALL GROUPS  

 
We choose to use two dimensional curved space to get an understanding of 
the 3D curved space and the 4D curved spacetime that we inhabit.  
• Basic Ideas: What is a straight line?  How can you tell if a line is straight? 
• What do we mean by a straight line when space is curved? Surveying with poles is 

equivalent to surveying with laser beams or starlight. All methods use light paths to 
define straightness.  

• Karl Friedrich Gauss taught us that you can determine the shape of space by 
measuring angles and distances. 

• We use magnetic poles and toy cars to replace laser beams in 2-dimensional curved 
space. We will do experimental geometry using woks, the spherical whiteboard, the 
rubber black hole and the gravitational lens. 
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a) Use magnetic poles to define straight lines and protractors to measure angles. Or else 
use various sized triangles on the spherical whiteboard, with straight lines determined 
using tight string or line-drawing cars. Use a pen and string to draw some concentric 
circles. Are the formulae you learnt at school correct? 

b) Plot out parallel lines on both the spherical white board and the rubber black hole. Do 
they follow the high school definition of parallel lines? 

c) Use toy cars to plot straight lines close-in to the rubber black hole. 
d) Finish this component by photographing a friend through the GDC’s gravitational 

lens: this lens simulates the real curved space geometry at true scale if the earth was 
compressed to a black hole. 

e) The images below show the gravitational lensing distortions of galaxies that we see 
with modern telescopes: there are big distortions due to space being curved. 

 

     
 

In your photographs through the gravitational lens, try to observe effects like the left 
hand picture above. 
 
Worksheet exercise 4:  
 

1. Make rough estimates of the errors in geometrical formulae that you have been 
taught at school for geometry on our spherical whiteboard: Sum of the angles of a 
triangle, area of a circle, Pythagoras’s theorem, the perimeter of a circle. You can use 
tape measures and protractors or you can make more theoretical estimates.  
In each case plot a graph of the fractional error in each formula as a function of size. 
Example: For the formula Area= pr2, you know that for all circles on flat paper 
Area/ pr2 =1 exactly. So plot Area/ pr2 as a function of circle radius, for circles 
drawn on the spherical whiteboard. For small radius the value is 1 but it becomes 
much larger as the radius increases. 
 
Plot rough graphs for each of the four key geometric formulas, all as a function of 
diameter (for circles) or triangle maximum dimension:  

a) Sum of the angles of a triangle, plot (a+b+g)/180 
b) Area of a circle: plot Area/ pr2 
c) Pythagoras’s theorem: plot (a2+b2)/c2 
d) Perimeter: plot perimeter/2pr 
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5. Frames of Reference WHOLE CLASS DISCUSSION  
 

6. Quanta of light and their separation in space WHOLE 
CLASS AND THREE SUBGROUPS  
 

Key idea: light comes in quanta called photons. The energy of a photon is hf where h is 
Planck’s constant = 6.6 x 10-34 Joules per Hertz. 
 
a) Optical power of monochromatic light: Power = N.hf where N = photons per second, 

hf = energy of quantum, h=Planck’s Constant 
b) Our photons are nerf gun bullets. What is the relationship between bullet spacing and 

bullet speed 
c) Working with photons (whiteboard discussion): A zero magnitude star (near 

brightest, e.g. Vega) has a flux of about 106 photons/cm2 /sec. A 6th magnitude star 
(just visible to naked eye is 250 times less bright, 4000 photons/sec /cm2. Through 
the 3mm aperture of your eye there are about 300 photons per second.  

	
	 	 	
	 	 					
																													β	 	
	 a	 	 	 b	
	
	

α             γ	
	 	 	 c	
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SUBGROUP ACTIVITIES TO EMPHASISE WAVE PROPERTIES OF 
PHOTONS 
 

o Interference of photons 1: Soap bubble reflection interference: observe and try to 
photograph optical interference in a soap bubble   

o Interference of photons 2: Observe interference fringes in the model gravitational 
wave detector.  

o Interference of photons 3: Pass laser pointer light through textile fibres or your own 
hair. See fringes on the screen.  

o  
Worksheet exercise 5:   

a) How far apart are the bullets from a machine gun if it fires 20 rounds per second at 
1000 meters per second? 
 
 
 

b) How many photons per second are emitted from a 1mW red laser pointer (630nm 
wavelength, frequency 0.5 x 1015 Hz)  Use E=hf . How far apart are the photons on 
average?  

 
 

c) How far apart are the photons that enter your eye from a 6th magnitude star? Work 
through the calculation above. 

 
 
7. Free fall and Time Dilation:  GROUP DISCUSSION  

 
Information: Einstein says free fall trajectories are the shortest paths in space time 
(analogous to straight lines in flat space). All objects in free fall (like planets, asteroids, 
and astronauts in the space station) are following the shortest path in space-time. This is 
like Newton’s First Law of Motion: things move in straight lines in 3D space. We can 
call this Einstein’s First Law of Motion: things move on the shortest paths…called 
geodesics which are just “straight” lines in curved space. 
 
Principle of Maximal Aging: Whenever you do something to prevent free fall space-
time trajectories are extended and, in particular, time is stretched. In free fall you get old 
fastest! 
 
                    Worksheet Exercise 6 
 

a. How can the free fall trajectory for the falling water balloon be shorter than 
the trajectory of not falling at all for the same amount of time? 

b. Plot free fall and not-falling space-time trajectories, approximating the 
trajectory to a Pythagorean triangle.  

c. How much stretching of the time axis would you need for the free fall 
trajectory (the hypotenuse) to be shorter than the non-falling trajectory? 

d. If you lived on top of the Leaning Tower of Gingin for 1 year how much 
would your atomic clock be ahead of your friend’s clock on the ground? 
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See last page for the calculation. Dt/t =g/c2 per meter 
For height h,  Dt/t =gh/c2 . Multiply by m. That is mgh = mc2 (Dt/t). 
Potential energy is the time dilation fraction of the rest mass energy of a body. 
Potential energy is due to the time warp. 
 
Conclusion: So now you know that things fall not because of some mysterious force 
called gravity, but because time is slowed down when things are prevented from 
following their natural free fall trajectory. The stretching of the time axis with height is 
curvature of space-time. 
 
Interesting fact: GPS receivers only allow you to tell your position on the earth 
because the atomic clocks in the GPS satellites are corrected for gravitational time 
dilation. 

 
8. Quantum weirdness GROUP DISCUSSION  

 
Video of interference one photon at a time 
 

a) Remember that photons travel at 3 x 108 meters per second. From Worksheet exercise 
5 we know that the photons are very far apart.  

b) Thought experiment: suppose the light level was greatly reduced for your soap 
bubbles or the interferometer. If you took a long time exposure photo would you 
expect to see the same interference pattern? 
 

Information: physicists have tested this very carefully and the interference pattern is 
always present however much you reduce the light intensity. 
 
 
Conclusion: photons interfere as if they are a continuous stream of waves, but they are 
not. This is weird. Nobody understands it. Physicists use the term ‘wave function’ to 
describe a wave of probability that determines the place where the photons will appear 
when you measure them. Einstein called this spooky action at a distance. 
 

9) Tour to AIGO Research Lab  
 
 
Take Home Ideas 

Height	
120	ns	

1	s																 	 	 2s	 	 	 	 3s	
Time	

Not	falling	
t+Δt	
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• Interference is interference of possibilities, not photons! 
• An extension of these ideas explains why light travels in straight lines, and why light 

refracts and reflects as it does.  It is all quantum physics. 
• If anyone tells you they understand the weirdness they are either lying or stupid! 
• Things fall because that way they get old quickest. 
• If Newton had been born on an asteroid or in the spaceship he would never have 

discovered the law of gravity. Gravity is something we invented because we live in a 
very special place in the universe. 

• Anytime you do anything to stop things following free fall trajectories they take 
longer to get to their space-time destination…old age! 

• At the surface of a black hole time comes to an end! 
• Quantum Physics and Einstein’s Theory of Gravity are incompatible: we may be able 

to see the breakdown when we first observe gravitational waves from new-born black 
holes 

• All these ideas come together in gravitational wave astronomy. 
 
Help page 
 
Confounding variables 
The two key confounding variables are a) Initial conditions: time of release and b) wind 
resistance.  
Is the effect of wind resistance greater for larger or smaller objects? 
 
How to calculate the effect of gravity on time. 
 
Approximate the free fall space-time trajectory of an object falling from the Leaning Tower 
as a hypotenuse of a triangle as shown in the diagram above. 
The height using time units is s/c = 1/2gt2/c 
The time t to fall to the ground is the t in the above formula. 
 
Now we consider two cases: 
a) Falling: The distance in space-time includes the space distance and time distance.  

 By Pythagoras:  
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b) Not falling: length of trajectory is t (no space distance, only time distance) 
 
Key question: How much do we need to stretch the time distance for t (not falling) to be as 
long as the hypotenuse? 
 
Let us suppose that time distance for the top of the tower has been stretched by Dt:  the not 
falling trajectory now has a length of t + Dt. If Einstein is right this distance must be longer 
than the free fall distance. 

 Then, using Pythagoras, we must have: 
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Now we just need to solve for Dt. Because this equation is an inequality, our solution will 
also be an inequality. (Think of < being an equals sign, solve in the usual way, then make 
sure you are sure whether to write the answer with > or <). 
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Remember Dt is tiny so Dt2 is negligible. We can ignore this term and rearrange the result 
and divide by the total height so we have an answer for the time dilation per unit height. 
 
The answer is Dt > (¼) g/c2 per meter. 
 
We made a big approximation because it is not a triangle. The true answer is Dt =g/c2 per 
meter. 
 
For the mathematically talented: Try calculating the time dilation using the proper parabolic 
shape of the trajectory. Note that we only calculated how much difference was required to 
make the free fall distance equal to not-falling when in reality the free fall trajectory is 
actually shorter…so the time dilation is actually 4 times the result we obtained. 

                  
End 
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