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[bookmark: _Toc99475988]Course overview
Year 11 Physics offers students the opportunity to observe and measure a wide range of physical phenomena in the world around them, including motion, mechanical interactions, mechanical waves, geometrical optics, heat transfer, electricity, and magnetism. Students learn to describe and make sense of these phenomena in terms of a limited number of physical laws. These include fundamental interactions (forces) between matter particles such as gravity and electric and magnetic forces, as well as laws which govern how these interactions change the motion of particles and systems of particles. For example, Newton’s three laws of motion and conservation laws, such as conservation of energy, linear momentum, and charge. Students strengthen and communicate their understanding using a range of representations, including descriptions, diagrams, graphs and mathematical models.
[bookmark: _Toc61219472][bookmark: _Toc99475989]Teaching the Year 11 Modules
Students begin Stage 6 Physics with substantial experience of the world around them and, as a result, have developed explanations to make sense of their observations. Some of these beliefs may be inconsistent with accepted physics, such as the idea that objects naturally come to rest in the absence of a force, or that there is no gravity in space. However, due to the apparent explanatory power of these ideas in students’ everyday experience, they see objects consistently come to rest and know that astronauts float in the international space station. These misconceptions, also known as ‘alternate conceptions’ or ‘common naïve conceptions’, can be quite resistant to change and are convincingly demonstrated by (Muller 2011) in Three Incorrect Laws of Motion (2:28). To shift these existing conceptions, students must find physics explanations for everyday physical phenomena more convincing than their own existing beliefs.
Physics education research has established that ‘traditional’ instruction styles in which students watch and listen to an exposition of physics theory, complete ‘cookbook’ style practical investigations, and textbook problems that emphasise calculations and equation manipulation, are substantially less effective at improving students’ conceptual understanding of physics than ‘active learning’ approaches (Hake 1998). These approaches are characterised by students’ active participation in constructing knowledge and substantial gains in student conceptual understanding, approximately double that obtained from a ‘traditional’ approach (Hake 1998).
Learning activities that promote this kind of interactive engagement will generally:
encourage students to actively express their thinking about physical phenomena in verbal or written form, or via other representations such as diagrams, graphs, or mathematical models
involve receiving immediate/interactive feedback about their thinking from peers, a teacher, and/or their own observations
utilise (as far as possible) real physical systems which require students to make observations and measurements
students making decisions about the most appropriate way to analyse (model and represent) observations
encourage students to reflect on their thinking and how the physics they are learning ‘fits together’ as an interrelated and coherent whole
value and check for conceptual understanding in diagnostic, formative and summative assessment.
Some examples in practice:
Question 10 from the 2021 HSC Physics exam can be used to probe students’ conceptual understanding. This question asks students about the direction of the force on a copper block as a strong magnet moves past it. What makes this an excellent question for active learning is that it is experimentally testable. Students make predictions, explain their reasoning to others, and then check their beliefs by moving a magnet past a copper block. Videos can be used to resolve the question if the equipment is unavailable; for example, the last part of Humphrey T (2020) – 5c Eddy currents and electromagnetic braking (1:11).
Question 14 from the 2021 HSC Physics exam asks about the gravitational interaction between the Earth and the moon. Questions like this which cannot be answered experimentally in the classroom can still be valuable in addressing common misconceptions (such as the force acting on the moon is smaller than the force acting on the Earth). When students engage in peer instruction in answering this question by ‘convincing’ each other, this question can be used to promote a deeper understanding of the concepts addressed.
Resources on active-learning approaches to teaching physics, including the characteristics of research-based, effective physics teaching:
Top 10 Results of Physics Education Research that every physics instructor should know [PDF 552 KB] – (McKagan 2017)
What makes research-based teaching methods in physics work? – (McKagan 2020)
Resource Letter ALIP–1: Active-Learning Instruction in Physics [PDF 1.7 MB] – (Meltzer and Thornton 2012)
Tools for Teaching Science – (Jackson and Pankratz 2020). A catalogue of a broad range of learning activities that could be used to support effective teaching in senior physics developed by the Perimeter Institute
Paul Hewitt’s excellent conceptual-based ‘Next-Time Questions’ – (Hewitt 2022).
Further reading:
Five Easy Lessons: Strategies for Successful Physics Teaching (Knight 2004) is a very practical and readable guide to teaching physics effectively. It is suitable for both beginning and experienced physics teachers. Research-informed sample questions that focus on conceptual understanding and detailed suggestions for active learning activities are provided for each topic.
The Science of Learning Physics: Cognitive Strategies for Improving Instruction (Mestre and Docktor 2020) provides an overview of physics education research. In addition, it includes a review of the results of cognitive science and educational psychology on the effectiveness of practice testing and spaced repetition. The ebook version of this text is very inexpensive and of excellent value.
Teaching Introductory Physics (Arons 1996) includes suggestions for research-based, conceptual questions which can be used with students. This text can be ‘borrowed’ from the Open Library.
Teaching Physics With the Physics Suite (Redish 2003). This is an extremely engaging text from a very experienced physics educator, which gives an overview of several research-based approaches to teaching physics. In addition, Redish provides a concise and convincing summary of how findings from cognitive science and physics education research can be utilised to teach physics effectively.
An Introduction to Peer Instruction by Eric Mazur. These videos provide an engaging and convincing description of how ubiquitous student misconceptions are, even amongst high achieving students. Both abridged (Peer Instruction for Active Learning - Eric Mazur (13:56) (Mazur 2014)) and full versions (‘Confessions of a Converted Lecturer: Eric Mazur’ (1:20:08) (Mazur 2009)) of the videos are available on YouTube.
TIPERs: Sensemaking Tasks for Introductory Physics (Hieggelke et al. 2013) along with similar books (Hieggelke et al. 2004; Hieggelke et al. 2012), consist of questions designed to engage students in sensemaking about the physics they are learning. For example, a question may offer several different explanations which reflect common student misconceptions and ask students to choose which explanation they agree with. These questions are excellent material for ‘think-pair-share’ activities in the classroom to engage students in thinking deeply about the physics they are learning.
Maryland Open Source Tutorials in Physics Sensemaking Scherr and Elby (2022). This package of research-based, open-source tutorials for mechanics topics includes student materials and detailed instructor guides. The instructor's guides provide the rationale behind the tutorial questions and tips for teachers from experienced instructors.
Educational psychology and cognitive science also offer valuable insights into assisting students in retaining and improving their understanding following initial instruction in a topic. Some of these findings include:
Learning is most effective when interactions with a concept are spaced out over time (known as ‘distributed practice’). A ‘spiral teaching approach’ features in a freely available curriculum developed by D’Alessandris (1994). The term ‘spiral teaching’ is also used as a general term in physics education to refer to the technique of returning to a concept in more depth or a more sophisticated context.
Practice is most effective when questions do not focus on a single topic, but different topics are interleaved, requiring students to make decisions about what physics principles and knowledge they need to use, rather than simply relying on their short-term memory to use the same approach they used in the previous question.
Practice testing is much more effective than more passive approaches such as re-reading and highlighting, as the process of recall under test conditions changes how information is stored in the brain.
Resources on applying the results of educational psychology and cognitive science:
Strengthening the Student Toolbox: Study Strategies to boost learning (Dunlosky 2013) is a great resource to give students, as it is written in easy-to-understand language. It summarises the results of the Dunlosky et al. (2013) review article.
Applying Cognitive Science to Education (Reif 2008) offers a thorough discussion of the implications of cognitive science for education, with a strong focus on physics.
[bookmark: _Toc99475990]Module summary
Dynamics describes the fundamental laws (conservation of energy and momentum) which govern how interactions (forces and energy transfers and transformations) between particles result in changes in their motion.
[bookmark: _Ref98849129]Figure 1 – Venn diagram illustration of the structure of mechanics: Motion (velocity and acceleration) and interactions (forces and energy transfers and transformations) are linked by the laws which govern how these interactions change motion.
 [image: ]
Adapted from Reif (2010:152).
The first part of the module introduces the concepts of mass, force, and net force, and relates them to acceleration (changes in motion) through Newton’s second law. Newton’s laws are applied to a broad range of one- and two-dimensional scenarios involving common contact forces (for example, the normal, friction, tension forces, as well as air resistance and rolling resistance) in addition to gravity, as an example of a long-range force mediated by a field.
Newton’s laws are related to momentum via impulse, the change in momentum of an object which occurs as a result of a net force acting over time. The momentum of a single particle must remain constant if no net force acts on it.
Energy transfer and transformation is introduced in the module via the work-energy theorem. A net force acting on an object produces a displacement of the centre of mass and changes the object's kinetic energy. Power is then the rate at which work is done, or more generally, the rate at which energy is transferred into or out of a system or transformed within a system. The energy of a particle or system of particles must remain constant if no net force acts on it and there is no heat or particle transfer. With the introduction of the concept of systems of more than one particle, potential energy can be understood as energy stored in the state or configuration of a system.
In Module 2, students explore the conservation of momentum and energy in the context of one- and two-dimensional interactions between multiple (usually two) particles where no external net force acts on the system of particles.
The module offers further opportunities for students to engage in a wide variety of first-hand investigations to observe and measure force and motion using a range of technologies. Students represent phenomena, solve problems and communicate their understanding using free-body diagrams, vectors, graphs, energy diagrams and mathematical models.
[bookmark: _Toc59467025][bookmark: _Toc99475991]Big Ideas
[bookmark: _Toc99475992]Interactions
Concepts
Module 2 introduces the concepts of force, momentum, and energy transfers and transformations.
Types of Interactions
Four fundamental forces act between particles:
gravitational
electromagnetic
strong nuclear
weak nuclear.
All of these are explored during the HSC physics course. Module 2 addresses just two of these in detail: gravity, as an ‘everyday’ example of a long-range, non-contact force, and electromagnetism (indirectly in this module via contact forces).
[bookmark: _Toc99475993]Systems and conservation laws
Conservation laws describe how interactions change motion
Module 2 introduces students to the laws which govern how interactions change the motion of particles:
Conservation of momentum
Conservation of energy.
Systems of particles
Students begin Module 2 by applying Newton’s laws to single (rigid) objects (particles). In the second half of the module, students begin to consider systems of particles. This may consist of just two objects when students consider collisions in Module 2, but may also consist of a very large number of particles when students study thermodynamics in Module 3.
Fundamental ideas
Newton’s laws can be applied to a single object or a system of objects.
If an object or system of objects is isolated (has no net external force acting on it), then the object's momentum or system of objects remains constant (momentum conservation).
If an object or system is not isolated, then the rate of change of its momentum is equal to the net force acting on it (Newton’s second law).
If a system is closed (there is no energy flow across the boundary of a system, so that there is no work done by external forces, heat flow or particle transfer), then the system's total energy remains constant (energy conservation).
If a system is not closed, its energy changes at a rate equal to the rate at which work is done by a net force or the rate at which heat or particles are transferred to or from it.
[bookmark: _Toc99475994]Models and representations
Choice of system and coordinate system
Whenever Newton’s laws are applied, a choice must be made about which object, or system of objects, to consider, and the coordinate system that will be used. It is important to draw students’ attention to this and encourage them to choose the system of objects they will explicitly consider. Students should also nominate the coordinate system they will use as they begin a problem and draw a pictorial representation. Selecting one of the axes of the coordinate to align with the direction of acceleration of the system (such as along the incline, as shown in Figure 2) is wise, as it will reduce the complexity of the problem.
[bookmark: _Ref98849149]Figure 2 – Multiple representations of a ball rolling down an inclined track. (a) A pictorial representation, identifying the system (the ball) and specifying a coordinate system, (b) A motion diagram showing velocity vectors, (c) A graphical representation of the velocity, (d) A mathematical model of the velocity. 
[image: Diagrams showing four different representations of a ball rolling down an inclined track.]


Free body diagrams (force diagrams)
Free body diagrams represent all the forces acting on an object as vectors. In Stage 6 Physics, where only translational motion is considered, it is most useful to draw free body diagrams with the forces acting through the centre of mass (with their tails aligned at the centre of mass of an object).
[bookmark: _Ref98849235]Figure 3 – A free body diagram for the ball rolling down an incline in Figure 2. 
[image: A free body diagram showing the friction (left), normal (up/right) and weight force (down). ] 
Free body diagrams are an effective problem-solving tool that facilitates the identification of all the forces acting on an object and the resolution of these forces into components along perpendicular axes.
Students reason from a pictorial representation of the situation to create a free body diagram. They have identified a system to consider and chosen coordinate axes to identify all contact points between the environment and the object or system of interest.
Everywhere that an object in the environment touches the system, there is at least one contact force.
Nothing in the environment that does not actually touch the system can exert a force on the system.
The weight of an object due to its gravitational attraction to Earth is a long-range force that acts on every object on the surface of Earth, in a direction towards the centre of the Earth.
For example, Figure 3 shows the free body diagram for the ball rolling down an incline depicted in Figure 2. Two contact forces (the normal, and a force due to static friction) act at the point of contact, and the weight force acts directly downwards. The axes have been aligned parallel and perpendicular to the plane. This ensures that the acceleration occurs along one axis only. A different choice would be made if the acceleration was horizontal, for example, motion on a banked track in Module 5.
The choice of system will determine the free body diagram. Figure 4 shows a situation in which two boxes, A and B, are pushed by an external horizontal force of 5N. Box A has been chosen as the system to be analysed. Therefore, the free body diagram in Figure 4(b) includes the force that box B exerts on block A, as box B is part of the environment in this case.
In Figure 5, the system has been chosen to include both boxes, so now the only forces which appear in the free body diagram in (b) are the 5N force, the weight force and the normal force. This choice would be most helpful in a problem where the acceleration of the boxes needed to be determined, as it does not include the internal forces which act between the boxes ( or ).
[bookmark: _Ref98849344]Figure 4 – (a) A pictorial representation of two boxes on a frictionless surface, subject to a 5N horizontal force. The system (box A) is outlined with a dotted line. (b) A free body diagram for box A. 
[image: vector diagram including forces acting on box A. Normal (up), 5 newtons applied force (right), reaction force (left) and weight force (down).] 
[bookmark: _Ref98849365]Figure 5 – (a) Both boxes are chosen as the system. (b) Free body diagram for the system consisting of both boxes. 
[image: vector diagram including forces acting on the box A+B system. Normal (up), 5 newtons applied force (right), and weight force (down).] 
A note on notations used to represent forces
Notation is often adapted to emphasise certain features of a problem or situation to achieve a particular purpose in instruction. It follows from this that it is valuable for students to be exposed to a range of common approaches to notation.
When the focus of a learning activity is Newton’s third law, it can be helpful for students to use notation that makes explicit which object the force acts on and which object is causing this force, such as  to describe the force acting on object A due to object B.
Figure 6 – The force  can initially be written to include ‘on’ and ‘by’ (or ‘due to’) above the subscripts to help students remember their meaning. 
[image: notation for the force exerted on object A by object B. A second version of the notation includes 'on' written above the A subscript and 'by' written over the B subscript. ]
Sometimes it might be helpful to use the notation for the normal, friction, and weight forces which highlights that they are all forces, such as ,  and . At other points during the instruction, it might be more helpful to write these as ,  or  (or ), as this allows subscripts to be used to convey further information, such as designating components of forces, or whether the frictional force referred to is kinetic or static friction, or rolling resistance, or to specify the mass on which the gravitational force is acting, as in Figure 5(b).
Students are likely to encounter a variety of different notation and nomenclature when accessing secondary information sources. For this reason, it is recommended that alternative examples are introduced in class and that teachers are flexible in accepting a variety of notation as students demonstrate their understanding during assessment.


Vectors in Mathematics Extension 1
Students studying the vector topic in the Year 12 Mathematics Extension 1 course develop an understanding of vectors in two dimensions. The topic explores vector notations and operations, along with their application to projectile motion.
Notations used for vectors in the Mathematics Extension 1 course include  . Students also learn to express two-dimensional vectors using:
- component form, for example  where  and  are perpendicular unit vectors
- ordered pairs, for example , and
- column vectors, for example .
Energy flow diagrams and work-energy bar charts
Energy flow diagrams (EFDs), together with work-energy bar charts (WEBCs) (Van Heuvelen and Zou 2001), are representations that students can use to analyse interactions using a conservation of energy or work-energy approach (depending on their choice of system). They assist students in reasoning and solving problems involving energy in a manner analogous to how free body diagrams facilitate solving problems involving forces.
This approach provides students with a structured and methodical approach when responding to extended response questions that focus on energy conservation, such as Question 33 from the 2020 HSC Physics exam (Included in Appendix B).
[bookmark: _Ref80188664]Energy flow diagrams
Energy flow diagrams make the choice of system explicit and provide a means to represent and distinguish an energy flow into/out of a system from energy transformations that occur within a system.
A circle is drawn that encompasses all objects included in the system to be analysed. Any objects outside the circle are part of the ‘environment’. Arrows inside the circle represent energy transformations within the system, while arrows crossing between the environment and the system represent energy transfers to or from the system. An example EFD is shown in Figure 7 (left) for a system consisting of the Earth and a ball. The arrow inside the circle indicates that energy is transformed from gravitational potential energy due to the gravitational interaction between the Earth and ball, to kinetic energy as the ball falls. Figure 8 (left) shows the same situation analysed with just the ball chosen as the system. In this case, the EFD includes an arrow showing an energy transfer to the system as the force of gravity does external work on the ball as it falls, thus increasing the ball's kinetic energy.
[bookmark: _Ref98849726][bookmark: _Ref65872957]Figure 7 – (Left) Energy flow diagram and (centre) work-energy bar chart for a falling ball, with Earth and ball chosen as the system. (Right) At time  the ball and Earth are separated by a larger distance than at time . 
[image: (left) circle with Earth + ball written inside and arrow showing energy transfer from gravitational potential to kinetic energy.
(centre) bar chart showing the same transfer of energy occurring between time 1 and time 2. 
(right) a pictorial representation of the ball falling with a dotted line around both the ball and the Earth. ]
[bookmark: _Ref98849710][bookmark: _Ref65873198]Figure 8 – (Left) Energy flow diagram and (centre) work-energy bar chart for (right) a system consisting of a ball as it falls towards the Earth. 
[image: (left) circle with ball written inside and and Earth outside. An arrow crossing into the circle  showing external work increasing the kinetic energy of the system.
(centre) bar chart showing the same transfer of energy occurring between time 1 and time 2. 
(right) a pictorial representation of the ball falling with a dotted line around only the ball and not the Earth. ]
Work-energy bar charts
A work-energy bar chart represents the initial energy stored in a system as a series of bars (on the left side of the diagram), each labelled with a form of stored energy (for example, gravitational potential energy, potential energy due to the compression of a spring, kinetic energy, mass-energy, chemical energy, heat/thermal energy). The height of each bar on the left qualitatively represents the amount of each type of energy stored in the system initially (at time ). The shaded bar in the centre represents energy flows into or out of the system between the two times considered, for example, due to external work done on the system. The columns on the right represent the energy stored in different forms in the system at time . Note that the zero point for energy is arbitrary, and only changes in how much energy is stored in each form are physically significant.
WEBCs can also be drawn ‘split’ so that the bar chart showing how energy is stored in the system before the energy transfer and/or transformation is shown on the left of the EFD. Likewise, the bar chart shows how energy is stored in the system after the transfer/transformation is shown on the right. Drawn in this manner, they are known as ‘LOL’ diagrams.
Energy conservation requires that the total initial energy stored in the system + energy flows in or out = total final energy stored in the system.
An example is shown in Figure 7 (centre) for a ball falling towards Earth, where the system considered is the ball and the Earth. At time , energy is stored in the system in the form of gravitational potential energy, and this is shown with a tall bar labelled . Between  and , the system undergoes an energy transformation, as gravitational potential energy is converted to kinetic energy. As the system is isolated, the total energy stored in the system before the transformation is equal to the total energy afterwards.
The same situation is represented differently on an EFD and WEBC if the system chosen for analysis is the ball, as shown in Figure 8. As the Earth is in the environment, the gravitational force it exerts on the ball does external work on the ball (shown in the shaded column), which is transformed into kinetic energy as it falls. Energy is still conserved, but the choice of a system determines how this is represented.
Figure 9 – Representing different types of energy stores in energy flow diagrams and work-energy bar charts. Adapted from Chow et al. (2018).
Motion energy examples
	Name of energy
	Label
	Storage mechanism
	Measured property

	Kinetic energy
	
	Stored in the motion of the object
	Speed

	Thermal energy
	
	Stored in the molecular and atomic motion
	Temperature


Interaction (potential) energy examples
	Name of energy
	Label
	Storage mechanism
	Measured property

	Gravitational energy
	
	Stored in the interaction between the object and Earth (Earth’s gravitational field)
	Vertical position

	Elastic energy
	
	Macroscopic: stored in stretch or compression of object (shape change)
	Length (stretch or compression)

	Chemical energy
	
	Stored in interactions between particles
	Number of chemical species


Note:  and  are also used to represent potential and kinetic energy respectively in physics formula, including those provided on the physics formula sheet.


Resources: energy flow diagrams and work-energy bar charts
Visualising Energy (PI and DoE 2020b)
Hosted on the HSC hub and designed for NSW physics teachers, this video workshop from the Perimeter Institute introduces the value of using EFDs and WEBCs, and examples for how they can be used.
A Deeper Understanding of Energy (Chow et al. 2018)
[bookmark: _Ref80306600]A written resource from the Perimeter Institute explains how this representation can be used for many examples. In addition, it includes many ideas for hands-on learning activities to explore energy conservation with students.
Representing Energy – Energy cubes (SPU Physics Department 2020)
This site provides learning resources to support alternative energy modelling activities. In this example, students use energy cubes to represent ‘chunks’ of energy, with each of the cube’s sides labelled as a different storage mechanism. Students construct, negotiate, and enact energy stories that represent given scenarios.
Friction as an empirical model
Module 2 also introduces friction in terms of a model, as the real forces that act between atoms as surfaces move relative to each other are extremely complex. These complex forces are usually described with an empirical model in which the force due to friction is proportional to the normal force, with an experimentally determined coefficient of proportionality that depends on the two surfaces involved.
This model describes most situations involving friction very well, but it is important to note that the model has limitations. It can be helpful to discuss examples where this model fails with students to understand that an empirical model can have limitations in its applicability. An example is the coefficient of kinetic friction between a laminate benchtop and wood covered in craft foam. When bricks are added, the coefficient of friction does not stay constant as predicted by the mathematical model

but instead decreases as the foam compresses with the weight of additional bricks. This can be seen in the data taken with a force probe in Figure 10 and Figure 11, where an (almost) doubling of the mass from 3.7kg to 6.5kg results in only a 50% increase in the frictional force between the surfaces.
[bookmark: _Ref99359995]Figure 10 – A force probe is used to measure the frictional force between a wooden board with a layer of craft foam underneath and the benchtop.
[image: ]
[bookmark: _Ref99475396]Figure 11 – The frictional force between a foam-covered surface and a laminate benchtop for different masses (bricks) on the board (that is, different normal forces). The coefficient of kinetic friction for these surfaces is not constant as the normal force changes. 
[image: Time series graph showing the force versus time for three different masses. Each increases steadily to a maximum value before staying fairly constant. Higher masses correspond with higher maximum force.]
[bookmark: _Toc99475995]Observation and measurement
Momentum and kinetic energy
Investigations involving momentum or kinetic energy generally require students to determine the velocity of objects in motion. The relatively high speeds and short timeframes over which events typically occur necessitate the use of technologies to measure velocities. Suggested technologies include:
Light gates (either connected to a datalogger or standalone units). These are versatile tools and provide precise speed measurements.
Video analysis software (including Tracker (Brown et al. 2022)), which measure and track the position and velocity of objects over time. Students could use video recorded on a mobile phone or use a video downloaded from the internet (if it contains a point of reference for scale).


Less direct measurements of velocity can be made by:
launching objects from a known height (for example, off a lab bench) and measuring the horizontal distance (and direction) travelled when it strikes the ground.

Where 
measuring the distance travelled on a frictional surface (best done with a puck or a coin). Assuming uniform friction force, then the distance travelled is proportional to the initial kinetic energy of the object ( and work done by surroundings on the system is ).


rolling an object down an inclined plane or smooth curved track. This allows the initial kinetic energy before a collision to be controlled and for several trials to be conducted under similar conditions. For carts and toy cars, it can be assumed that the kinetic energy at the bottom of the ramp is approximately equal to the magnitude of the change in gravitational potential energy.

This model does not account for the energy stored in rotational motion and therefore overestimates the energy stored as kinetic energy, particularly if balls or marbles are used.
[bookmark: _Toc99475996]Relationship to other modules
[bookmark: _Toc99475997]Module 1
Module 1 prepares students for Module 2 by developing their ability to describe motion precisely, use multiple representations to support their reasoning, and gain experience using a range of measurement technologies. Module 2 builds on these skills by analysing interactions as the cause of changes in motion and introducing other measurement technologies and representations that continue to develop students’ Working Scientifically skills.
[bookmark: _Toc99475998]Module 3
Module 2 introduces students to the presence of forces between particles, systems of particles, and the conservation of energy. In Module 3, students will use these ideas to explain how mechanical waves propagate via forces between atoms in a medium, as well as to analyse how energy transfers to systems via heat and transformations of energy that occur in systems due to changes of phase from solid to liquid or liquid to gas.
[bookmark: _Toc99475999]Module 4
Module 2 introduces the concept of non-contact forces mediated by fields (gravity) that can accelerate particles according to Newton’s laws and work, power, and potential energy. In Module 4, these concepts are applied to explain the production of electric and magnetic fields by charged particles, and their properties, including the force exerted on charged particles by electric fields. The concept of potential is extended to electric fields produced by charged particles, and conservation of energy is applied to charges moving in electric fields, including in a circuit (Kirchoff’s loop rule).
[bookmark: _Toc99476000]Module 5
Advanced mechanics builds directly on Module 2, extending students’ earlier work on the mathematical model for constant acceleration to describe motion in 2D (projectile motion). Newton’s laws are applied to situations involving constant acceleration, uniform circular motion and orbital motion produced by the gravitational force between masses. Conservation of energy is used throughout the module, particularly in the last inquiry question on orbital motion. Students use the conservation of energy law to analyse the energy transformations that occur when satellites move between orbits. Students also apply conservation of (mechanical) energy to ‘non-orbital’ motion in which a system of masses (usually a large mass such as Earth and a small mass) experience a change in potential energy as the distance between the masses increases or decreases, resulting in a corresponding equal and opposite change in kinetic energy.
[bookmark: _Toc99476001]Module 6
Module 6 requires students to apply Newton’s laws to situations involving electric and magnetic fields. Furthermore, they use ideas about rates of change (for Faraday’s law) and energy conservation when reasoning about Lenzs’ law, electromagnetic braking, power and energy transfer in transformers and back emf in motors.
[bookmark: _Toc99476002]Module 7
In the inquiry question relating to special relativity, students contrast the expression for momentum they used in Module 2 with that used for particles travelling at relativistic speeds. This emphasises the fundamental role that the principle of conservation of momentum plays in physics, and that it governs interactions from the smallest to the largest scales in our universe. Energy conservation is also explored in more depth with the introduction of the idea of the mass equivalence of energy, .
[bookmark: _Toc99476003]Module 8
Conservation of momentum and energy are important themes of Module 8, governing energy generation in stars in the first inquiry question and Chadwick’s discovery of the neutron (as well as being used less directly in the development of other models of the atom) in the second inquiry question. In the third inquiry question, the emission of light in Bohr’s model of the atom is understood in the context of energy conservation, as is nuclear reactions in the fourth inquiry question. Finally, in the fifth inquiry question, conservation of energy and momentum are fundamental to detecting particles, and collisions are analysed in particle accelerators.
[bookmark: _Core_concepts][bookmark: _Toc99476004]Core concepts
Strategies for teaching each of the following core concepts are included later in this guide.
[bookmark: _Toc99476005]Forces 
A force can be defined simply as a ‘push’ or a ‘pull’.
There are four fundamental forces:
Gravity
Electromagnetism
Strong nuclear force
Weak nuclear force
The focus of Module 2 is on macroscopic, ‘everyday’ phenomena. In this context, we can usefully categorise the above forces as either long-range (non-contact) forces mediated by fields (such as gravitational interactions) or contact forces (which are all manifestations of the electromagnetic interactions between atoms).
The force due to gravity (the weight force)
Figure 12 – A mass M exerts a gravitational force on mass m, and mass m exerts an equal and opposite force on mass M.
[image: diagram showing two circles separated by a distance labelled, r. Vector arrows from the centre of each circle are directed towards the centre and of equal lengths. ]
Newton’s law of universal gravitation is an attractive force that acts between all matter particles. It is proportional to the product of their masses and inversely proportional to the square of the distance between them.


Module 5 explores Newton’s law of universal gravitation in detail, focusing on its role in orbital motion. Module 2 focuses only on the force of gravity acting on objects on the surface of Earth. For this reason, in Module 2, we use the form

where  is the gravitational field strength directed towards the centre of the Earth.
Contact forces: electromagnetic interactions between atoms
Normal force
The ‘normal force’ is a repulsive force between objects due to the resistance of chemical bonds between atoms to compression. It acts normal (perpendicular) to a surface regardless of the orientation of the surface (that is, a vertical surface will exert a normal force in a horizontal direction).
Figure 13 – A physical model illustrating how the ‘spring-like’ bonds between atoms produce the normal force. 
[image: an array of red balls connected by springs. A hand is pushing down on the balls and the springs underneath it are compressed. ]


Tension
Tension is the force that causes matter (usually light strings in Module 2) to resist stretching, and is caused by the resistance of bonds between molecules to extension.
Figure 14 – Physical model illustrating tension as the resistance of atomic bonds to stretching. 
[image: an array of red balls connected by springs. A hand is pulling up on the balls and the springs underneath it are extended. ]
Friction, Drag and rolling resistance
Friction is a force that resists relative motion between surfaces due to the microscopic roughness of the surfaces.
Kinetic friction: The force due to friction for objects moving relative to each other (kinetic friction) can be modelled empirically as

where  is the coefficient of kinetic friction, and  is the normal force the surface exerts on the object.
Static friction: When objects are stationary, the asperities (microscopic protrusions) can ’weld’ together so that the coefficient of static friction  is generally larger than the coefficient of kinetic friction and given by

The ‘less than or equal to’ occurs as static friction increases from zero to a maximum value of  as a horizontal force is applied to an object, at which time the object begins to move, as shown with data taken with a force probe exerting a horizontal force on a retort stand and brick in Figure 15.
[bookmark: _Ref99475414]Figure 15 – Force versus time measured by a force probe as an increasing force is applied to a retort stand (with a brick added to increase the normal force). The force rises to a maximum value () and then reduces to  once the retort stand begins to move. Note: the difference between  and  may not be as pronounced for larger normal forces. 
[image: Force versus time graph showing steady increase in force up to a peak labelled with formula for static friction force. After the peak the force drops to a lower level and remains constant. This is labelled with the formula for kinetic friction. 
An image is inset on graph showing a retort stand with a brick on it being pulled along by a force probe attached with string. ]
It is important to note that static friction is the force that allows objects in the world around us, such as cars and people, to accelerate or brake. For example, a car or a person speeds up when the car wheel or person’s foot exerts a force backwards on the ground, and the ground exerts an equal and opposite force forwards due to static friction. YouTube videos of cars slipping on icy roads when trying to speed up or slow down (or turn!) can be used to make this point concrete for students.
Rolling resistance is the force that causes objects on wheels, such as cars, to slow down. It is primarily caused by deformation in the wheels and the surface during the rolling process, resulting in the conversion of kinetic energy to heat. Generally, the energy required to compress a material is greater than the elastic energy released when it returns to the uncompressed state (with the difference converted to heat). In addition, if the surface is like sand, which deforms without recovering, this dissipates even more energy. Also contributing to rolling resistance is any adhesion between the wheel and the road surface and any slippage between the wheel and the surface (a source of energy loss due to kinetic friction).
Rolling resistance depends upon the normal force in a similar way to static and kinetic friction:

However, the coefficient of rolling resistance,  is substantially smaller (often an order of magnitude smaller) than  and .
Drag is a resistive force due to collisions between an object moving through a fluid (such as air or water) and the molecules in the fluid. It increases with increasing speed and/or increasing surface area.
[bookmark: _Toc99476006]How forces affect motion (Newton’s laws)
Newton’s laws govern how forces change the motion of objects in situations involving macroscopic objects moving at non-relativistic speeds.
Newton’s first law
There are various ways to phrase Newton’s first law. Here is one way.
If no net force acts on an object, it will move with constant velocity. If it is at rest, it will remain at rest.
Newton’s first law defines the ‘status quo’ for the universe – what happens to an object in the absence of any external net force. It stands in contrast to the ‘Aristotelian’ view held before Galileo (and still held by many students today!) that matter initially in motion will naturally come to rest.
Newton’s first law can also be viewed as defining what is meant by an inertial (that is, non-accelerating) reference frame. Consider a situation where someone holds a plate with a marble on it in a car with the windows blacked out. When the driver brakes, the observer in the car will see the marble accelerate forwards, seemingly without a net force acting on it. If an observer sees acceleration in the absence of a force (called a ‘pseudo-force’), they can conclude they are in a non-inertial (accelerating) frame of reference.
If an outside inertial observer could see into the car, they would observe the marble continue to move with a constant velocity while the car decelerates.
Newton’s first law holds for the inertial observer (but not the non-inertial observer).
Newton’s second law
Newton’s second law can be written as

where the Greek capital sigma, , refers to a ‘sum’ (that is, a vector sum) of all the forces acting on an object,  is the mass of the object and  is the acceleration.
Newton’s second law relates this total (net) force to the rate of change of velocity (the acceleration, ) that the force produces. The smaller the mass of an object, the smaller the rate at which its velocity changes in response to an unbalanced force.
Newton’s second law can be applied to a single particle or a system of particles.
Newton’s third law
Newton’s third law can also be expressed in a variety of ways. One suitable expression is:
Forces come in pairs.
The forces in each pair act on different objects.
The forces are equal in magnitude but opposite in direction.
Applying (and believing!) Newton’s third law can be quite challenging for students. Several ‘touchstone’ examples that can be used to challenge and strengthen students’ understanding are provided in the section on Conceptual difficulties.
Figure 16 – Forces come in pairs! The forces in the ‘Newton pair of forces’ do not cancel out as they act on different objects (in this case, different pears…).
[image: Two pairs with forces labled F_BA and F_AB pointing in opposite directions]
Further information
Physclips (Wolfe and Hatsidimitris 1991a) has a thorough discussion of the significance of each of Newton’s laws.
[bookmark: _Toc99476007]Two- (or three) dimensional forces can be resolved into independent components
Problems involving forces acting in more than one dimension may be approached by choosing a coordinate system to align the object's acceleration with one of the perpendicular (orthogonal) axes.
Forces not aligned with one of the axes are then resolved into components along each of the axes, and Newton’s second law is applied separately for forces (or components of forces) along each independent axis.
[bookmark: _The_inclined_plane][bookmark: _Toc99476008]The inclined plane
[bookmark: _Ref99475426]Figure 17 – (a) A low friction dynamics cart on an inclined plane, showing the coordinate system with one axis parallel to the plane.
(b) Free-body diagram for a frictionless cart on an inclined plane, showing the weight force resolved into two components. Interact with this graph on Desmos.com. 
[image: (left) Image of dynamics cart on incline with x-y axes and angle of incline labelled. 
(right) free-body diagram.]
The inclined plane is a substantial component of the first inquiry question of Module 2. It is an important ‘touchstone example’ for students to understand. It utilises key problem-solving skills such as reference frame choice and resolution of forces into components for substitution into Newton’s second law.
An ‘inclined plane’ refers to an object (such as a low-friction dynamics cart) moving along a sloped surface. The system is usually chosen to consist of the moving object, and a coordinate system is chosen in which one axis is aligned to the slope.
In the free body diagram for the object (Figure 17b), the weight force is resolved into two components, one perpendicular to the slope and one parallel to the incline. The normal force is perpendicular to the slope, and the friction, drag, or rolling resistance, if present, is parallel to the incline.
By applying Newton’s second law in the direction normal to and parallel to the plane, the cart's acceleration down the plane can be obtained, as shown below.
In the direction perpendicular to the plane:

As there is no acceleration in the -direction, we can substitute this on the right-hand side, and the forces in the direction perpendicular to the surface on the left side of Newton’s second law, obtaining
so that 

In the direction along the plane, if there is no friction, drag or rolling resistance, then


So if the cart is frictionless (as we have assumed here), then the acceleration is

The syllabus requires that students conduct a practical activity to explain and predict the motion of objects on inclined planes. Ideas for conducting this practical are outlined in the Physics Module 1 guide (DoE 2021). Examples that students can use to practice resolving 2D force vectors into components can also be found in the teaching strategies section of this document.
A word of caution about experiments with balls on inclined planes
The formula derived in the previous section applies to an object sliding without friction down an inclined plane. A dynamics cart (even though it rolls on wheels) provides a good approximation to this as the mass of the wheels (which are rotating) is a small fraction of the cart's mass, and the rolling resistance of most dynamics carts is low.
However, many experiments performed with the inclined plane in Year 11 Physics classes use a ball rolling down a slope rather than a cart. In this situation, all the ball's mass is rotating, and the change in potential energy is transformed into both rotational and translational kinetic energy of the ball. The linear acceleration of a sphere rolling without slipping down an incline can be shown to be:

This is less than for an object sliding down a plane. 
For this reason, practical investigations performed with rolling balls are likely to give results that are lower than those predicted by the equation in the syllabus. Students can explore this effect using the Rolling Down an Incline simulation (Christian and Belloni 2013). The Physclips – Rotation site (Wolfe and Hatsidimitris 1991b) gives a good introduction.
[bookmark: _Toc99476009]Alternate expressions of Newton’s second law
Newton’s second law relates the rate of change of velocity (that is, the acceleration) of a system of mass  to the net force which is causing the change.
One of the central themes of physics is that a wide range of phenomena can be expressed in terms of a limited number of fundamental laws. Therefore, it is important to know which laws are distinct and which are equivalent expressions that are useful for solving problems in different contexts.
After teaching Newton’s second law, it may be worthwhile to examine the relationship between impulse and momentum and between work and change in kinetic energy as alternate expressions of Newton’s second law.


Impulse and momentum:
The relationship between impulse and change in momentum is

It relates a net force occurring over a finite period to the change in momentum over that period.
The change in momentum is equal to the area under a graph of net force versus time (Figure 18).
[bookmark: _Ref99359042][bookmark: _Ref65951003]Figure 18 – The change in momentum is given by the area under (integral) of a net-force versus time graph. 
[image: Force-time graph with the region under the curve shaded in.]
When written as a rate of change of momentum, we have

This expression differs from Newton’s second law only because it can be used slightly more broadly, particularly when mass is not constant. Newton’s second law contains an unstated assumption that the system's mass does not change with time. That is, that
As this holds for all situations addressed in Year 11 Physics, the equations are equivalent for our purposes.
Work-energy theorem:
Newton’s second law can also be used to obtain the relationship between net work and changes in kinetic energy via the ‘work-energy theorem’. This relates the (dot) product of the net force acting on an object, and the displacement of its centre of mass, to the change in the kinetic energy of the object as
 (Work-energy theorem)
In one dimension, the work-energy theorem can be derived from Newton’s second law as follows (here, a constant force is assumed, but the work-energy theorem also applies to varying forces).

where  is the component of the net force in the direction of the displacement, , and  is the acceleration in the direction of the displacement.
Alternatively, one can argue directly from the constant acceleration equations that as , then multiplying by the mass we obtain . Rearranging and dividing by two, we can see that

Power
Power is the rate at which work is done by a force

Applying the WE (work-energy) theorem to particles
For particles (non-deformable objects), the work-energy theorem describes the net work done on the particle by an external force.
Applying the WE theorem to deformable objects and systems
For deformable objects/systems of particles, it is necessary to use the work-energy theorem with care, as the displacement referred to in the work-energy theorem is that of the centre-of-mass of the system.
If there is a displacement of the centre of mass of a system as the result of the action of an external force, then the kinetic energy of the system will change according to the work-energy theorem (and will yield the identical results for the change in velocity as would be obtained by using Newton’s second law). However:
An external force only does work on (that is, transfers energy to) a system when there is a displacement at the point at which the external force acts on the system.
The work done on the system (that is, energy transfer to the system) is then  where  is the displacement of the point of application of the force.
While this may appear to be a difficult idea, students’ experiences of the world include deformable objects, such as people running, walking, and jumping. For example, when a person jumps, the normal force from the ground is the external force that accelerates them upwards. Still, the energy to produce their change in kinetic energy is provided by a transformation of the chemical energy stored in their muscles (not by the ground!).
Using examples like these in our classes can give students confidence that physics can help them make sense of their observations. It is important to provide students opportunities to relate what they are already quite confident about – that the ground is not the source of energy when they run or jump or ride a bike – to the idea that the ground does provide the external force that accelerates them. Examples of suitable ‘everyday’ situations that students can analyse are described in the appendix.


[bookmark: _Toc99476010]Conservation laws for systems of particles
Conservation of momentum and energy (along with the conservation of angular momentum that is not covered in Year 11) govern how interactions between particles change their motion, from interactions between subatomic particles to those on the largest scales in our universe.
Conservation of momentum
If a system of particles experiences no net external force (is isolated), then internal forces between objects in the system do not change the momentum of the system's centre of mass. 
If there is an external net force, then the rate of change of momentum of the centre of mass of a system is

Newton’s three laws are all contained within this definition of conservation of momentum.
First law: If there is no external force acting on the system, then the system's momentum remains constant.
Second law: As discussed in the section on impulse and momentum, the expression for the rate of change of momentum of the centre of mass of a system in response to a net force can be written as Newton’s 2nd law for systems with constant mass.
Third law: As the momentum of an isolated system remains constant, forces between particles in an isolated system must be equal and opposite (otherwise the momentum of the system of both particles would change).
The value of Newton’s laws in mechanics, even though they are equivalent to the law of conservation of momentum, is that they allow us to clarify what momentum means in the context of macroscopic interactions, relating momentum to mass and directly measurable kinematic quantities such as velocity and acceleration.
Conservation of momentum governs all interactions between particles in physics. However, Newton’s laws only accurately express conservation of momentum for interactions between macroscopic objects moving at non-relativistic speeds. For interactions between particles on an atomic scale where the uncertainty principle becomes important, or for interactions between particles moving near the speed of light, the relationship between momentum and observable quantities is more complex.
In Module 7, students will explore the relativistic expression for momentum
as a more general expression than the relationship,  used to relate momentum to mass and velocity used in Module 2.
Conservation of energy
If there is no energy transfer across a system boundary (the system is closed), then the system's total energy remains constant.
Mechanisms for energy transfer
Energy transfer into a system of particles occurs when:
work done by a force that causes a displacement at the point of application of the force upon the system (or by the system on the environment)
heat flows between the environment and the system or vice-versa (due to a temperature difference between the system and environment)
energy is transferred as waves or particles to move into or out of the system (including particles like light)
Energy can be stored in different forms 
A single particle can possess mechanical energy as kinetic energy (motion energy) and mass energy.
In a system of particles, there are several ways that energy can be stored.
Motion energy
Kinetic energy – energy associated with the motion of the particles (or objects) within the system.
Heat energy (thermal energy) – used to describe the random motion of particles within systems consisting of large numbers of particles.
Interaction (potential) energy
Interaction (potential) energy is energy stored in the configuration of particles within a system due to internal forces that act between them. It includes, but is not limited to, potential energy due to a compressed spring, gravitational potential energy, electrical potential energy and chemical energy.
Mass-energy
Energy stored in the rest mass of particles in the system ().
System choice in energy transfers and transformations
Our choice of a system determines how we describe energy transfers and transformations.
Energy flow diagrams (EFDs) and work-energy bar charts (WEBCs) were introduced in the earlier section on the use of representations (page 11). This section utilised a falling ball as an example of an energy transformation between gravitational potential energy and kinetic energy if the system chosen for analysis is the Earth and the ball.
If the system is chosen to be only the ball instead, the weight force is external rather than internal. An energy transfer occurs as positive work is done on the ball by the external force of gravity, producing an increase in kinetic energy.
Conservation of momentum and energy applied to collisions
In the last inquiry question of Module 2, students examine how conservation laws apply in collisions. In these situations, the forces between objects involved in the collision are sufficiently large that any external forces can be neglected for the duration of the collision. As a result, that system may be considered isolated. In this case, the system's total momentum before the collision is equal to that after the collision.
Collisions between particles in an isolated system may be elastic, where the system's kinetic energy and momentum remain constant, or inelastic, in which kinetic energy transforms into other forms of energy in the system while momentum is conserved.
Inelastic collisions in isolated (closed) systems
In Module 2, students only consider collisions involving two objects. If there is no net external force acting on the system of two particles (so that the system is isolated), then conservation of momentum specifies that

For two interacting objects, A and B, this can be expressed as

Where  is the initial velocity of object A,  is the initial velocity of object B,  is the final velocity of object A and  is the final velocity of object B.
Note:  is commonly used to represent initial velocity instead of . This allows the subscript to be used to identify the object and/or a component. For example,  or .
Elastic collisions in isolated (closed) systems
If the collision conserves kinetic energy in addition to momentum, then

For two objects interacting elastically, this can be expressed as 

Collisions in two-dimensions
The collisions in two dimensions analysed in Module 2 are usually limited to those in which one of the interacting objects is initially at rest to ensure that problems are a suitable level of difficulty for a Year 11 course.
[bookmark: _Ref99475461]Figure 19 – (a) Ball A is initially moving with a momentum  directed up the page (dashed circle). It then impacts ball B (solid red circle), which is initially at rest. The balls move off with an angle  between the directions of their final velocity. 
[image: Pictorial representation of collision of two balls , a and B, with labels for initial and final momenta and a vector diagram showing the sum of final momenta equal the initial momentum of ball A. ]
In the most general case, when the collision is between objects of different masses, it is usually convenient to resolve the initial and final momentum vectors into their components. Convenient perpendicular directions are chosen and then conservation of momentum is applied in each direction to analyse the problem algebraically.
However, a special case occurs when the objects colliding have the same mass, and in this case, a geometric approach is most instructive and intuitive.
Consider the situation shown in Figure 19(a). Ball A is initially moving towards ball B, which is initially stationary. A glancing collision occurs, and ball B moves off along a line perpendicular to the tangent at the point of contact. Ball A moves off with a final momentum  that has a magnitude and direction such that momentum is conserved in the collision, as shown in Figure 19(b).
[bookmark: _Ref99475482]Figure 20 – If the two objects have the same mass, then the vector relationship between the momenta before and after the collision is similar (in the geometric sense) to the vector relationship between the initial and final velocities. 
[image: vector diagram showing that the final velocity vectors placed 'tip-to-tail' and a resultant vector equal to the initial velocity.] 
When the masses are the same, that is, when  the vector diagram shown in Figure 19(b) can instead be drawn in terms of the initial velocity of ball A and the final velocities of balls A and B. Because the mass is simply a scaling factor, the triangle representing the vector sum of the velocities will be similar to the triangle representing the vector sum of the momenta.
The angle is related to the values of the velocity by the cosine rule:

If the collision is inelastic, then the angle  can vary from any value between  where   for a completely inelastic collision, where the balls stick together. If the collision is perfectly elastic, then  . In this case, the sides of the triangle in Figure 20 are related as

which is the condition for conservation of kinetic energy in the special case that the masses of the two objects are the same.
[bookmark: _Toc99476011]Opportunities for extending concepts
[bookmark: _Toc99476012]Hooke’s law (the spring force)
Taking some time to explore spring forces with students is a useful investment. For example:
It helps students understand how mechanical waves are produced and propagate in Module 3.
It provides some background understanding of the mechanism underlying the normal and tension forces.
Analysing the motion of a mass on a spring using a stopwatch, light gate, or motion sensor is a simple and accessible practical investigation. Students can qualitatively examine the relationship between the position-time, velocity-time and acceleration-time graphs, and make sense of when the spring will exert a large force on the mass (when the position has maximum amplitude, acceleration also takes its maximum value). Students can be extended further (to the level of the Mathematics Extension 1 course) by analysing the motion quantitatively.
It is relatively straightforward to examine the work done by a spring as the area under a force-displacement graph (as force increases linearly with displacement, students only need to find the area of a triangle). A practical where a motion cart rolls down an incline to collide with a (soft) spring was outlined in the Module 1 guide. The motion can be analysed by video or with a motion sensor in terms of energy transfers and transformations, as well as forces and motion variables, allowing strong links to be made through the content of both modules.
[bookmark: _Toc99476013]Deriving more complex relationships
Real-world scenarios can provide a context for exploring more complex relationships between variables. For example, students could be challenged to find the optimal angle to apply a force (the angle resulting in maximum acceleration) in the scenario shown in Figure 21 (given a value for the coefficient of friction). Solving this problem generally requires students to represent the problem using appropriate diagrams, apply the component method to resolve forces into their components and apply the model of friction introduced in this module.
[bookmark: _Ref99475489]Figure 21 – (a) A stimulus image to introduce the ‘sled pull’ scenario. (b) A free-body diagram showing the forces acting on the sled. Interact with this graph on Desmos.com. Figure 21b.
[image: ]Figure 21(a) "Vintage Portrait Photo Picture of Children Playing in the Cold Winter Snow, Pulling a Sled" by Beverly & Pack is licensed under CC BY 2.0
This example can be further extended by asking students to derive an expression relating the optimal angle to the coefficient of friction. That is, to describe mathematically how the optimal angle changes as the coefficient of friction is increased or decreased.
[bookmark: _Toc99476014]Misconceptions
Much work has been done in physics education research to understand student misconceptions in mechanics. This work is summarised in a comprehensive ‘Resource letter’ by McDermott and Redish (1999).
We will focus here on just a few widely-held misconceptions/preconceptions relating to Newton’s laws:
objects not subject to a force will be at rest or come to rest
constant forces produce constant velocity (that is, )
larger or faster moving objects exert larger forces on smaller objects than the smaller object exerts back on, the larger object.
Derek Muller from the YouTube channel Veritasium has produced a video highlighting the reasonableness of these ideas considering our students’ everyday experiences, Three Incorrect Laws of Motion (2:28) (Muller 2011).
[bookmark: _Toc99476015]Pedagogical strategies to address misconceptions
Research has shown that students resisted changing incorrect beliefs even in the face of demonstrations that contradict these. However, they were most likely to change their beliefs when they realised that they were internally inconsistent (Halloun and Hestenes 1985).
Effective learning activities to address pervasive student misconceptions in Module 2 will provide students with opportunities to reflect on and articulate their own beliefs about Newton’s laws, discuss these with their peers and explicitly compare predictions based on their ideas to observations and measurements of real physical phenomena.
More in-depth suggestions for learning activities designed to address some common student misconceptions are provided in the Appendix.
Conceptual difficulties
[bookmark: _Newton’s_3rd_law][bookmark: _Toc99476016]Newton’s third law
While students can readily state the third law, they may not believe it applies in situations in which one object is much more massive than the other (such as a truck and a small car) or in which one object travels much faster than the other.
It is challenging for students to see clearly that the effects of the two forces in Newton’s third law do not cancel out (as they act on different objects).
Students will often believe that the normal force and the weight force acting on an object resting on a surface are equal and opposite due to Newton’s third law.
The challenge faced by teachers in producing a conceptual change is demonstrated by the fact that student difficulties with Newton’s third law persist into Year 12.
Question 21(a) of the 2018 HSC Physics exam paper asked students to compare the force of gravity exerted on the moon by Earth with the force of gravity exerted on Earth by the moon, for which 40% of students were not able to correctly identify the forces as equal and opposite (Source: RAP item analysis).
Examples of learning activities that can address these difficulties are provided in the Appendix.
[bookmark: _Toc99476017]Friction, rolling resistance and drag
Static friction provides the force that allows us to speed up (and to stop)
It can be non-intuitive for students to view friction as the external force that propels a car, a person, or a bicycle forwards and provides the external force required to stop.
A discussion of how students themselves walk, combined with a YouTube video showing cars trying to brake on ice, or people trying to walk on ice (or an appeal to their own experience if they have tried to walk on the ice at an ice-skating rink) can assist in making this point.
Rolling resistance and drag
Students know that cars slow down if the driver takes their foot off the accelerator or bikes slow down if they stop pedalling, so it is important to address rolling resistance at the same time to provide students with a convincing explanation for this.
Drag also acts on vehicles to slow them down due to collisions with the air molecules in the atmosphere. The drag force increases with increasing speed and cross-sectional area.
A practical to measure rolling resistance for a toy car is provided in the Appendix.
[bookmark: _Toc99476018]Suggested teaching strategies
[bookmark: _Toc99476019]IQ1: Forces
Introducing Newton’s laws
Newton’s first law
Students can brainstorm situations where they see an object continue moving if no force acts (such as a loose item in a car braking). Then, address student misconceptions directly – if Newton’s first law is correct, why do objects slow down?
It is also possible to discuss the idea that the first law allows us to identify inertial observers. Observers in non-inertial reference frames, such as accelerating cars, see loose objects apparently accelerate in the absence of forces. In contrast, an external inertial observer would identify that it was the car rather than the loose object that accelerated, according to Newton’s first law.
Newton’s second law
A common approach to introducing Newton’s second law is to use a half-Atwoods machine to accelerate a dynamics cart across a table. By transferring mass from the hanging mass carrier to the dynamics cart, the net force and acceleration can be varied while keeping the system's total mass constant.
The advantage of this approach is that it utilises readily available equipment at schools. A disadvantage is that to make sense of the practical activity, students must have a working understanding of how Newton’s second law applies to a half-Atwoods machine. They are unlikely to have developed such understanding at this early stage of the module.
If a sensor cart is available, an alternate approach is to display a force vs acceleration graph for students on a projector as the cart is moved smoothly but rapidly back and forth. Each data point then represents the force and acceleration at a particular moment in time. This can be repeated for a range of cart masses to allow students to check the graph's gradient against the cart's mass. While the data is noisy, it can be obtained very rapidly, and the process by which the data is generated is transparent to students.
The validity of the experiment should be discussed – the force that the hand applies to the force probe is only the net force if no other forces are acting on the cart. If the cart ‘bumps’ against the side of the track as it is pulled up and down, it will result in the net force acting on the cart being different to the force recorded by the force sensor (and is the primary cause of the ‘noise’ in the data).
Figure 22 – Force and acceleration data for a sensor cart pulled up and down a track. The gradient of the linear fit is within ~5% of the cart's mass. Video demonstration in Newton’s 2nd law using a sensor cart (1:47) (Humphrey 2021b). 
[image: scatter plot of force and acceleration. Inset image of cart with masses being pulled on a track.]
Newton’s third law
Newton’s third law can be problematic for students for many reasons, as outlined in the ‘conceptual difficulties’ section.
Addressing student disbelief in Newton’s third law
If two force probes are available (or two sensor carts), then it can be quite effective to measure the forces between a more massive/faster/harder object and a lighter/slower/softer object in front of students by:
demonstrating the collision to students without taking any data
asking students to predict which object will experience a greater force on its force probe due to the other object and explaining why they think this. Student whiteboards can be used, or free online student whiteboards such as whiteboard.fi. This permits students to feel safe when expressing their opinions as their peers do not see their vote, while allowing the teacher to conduct a rapid formative assessment of their students’ understanding
taking data as the collision occurs and projecting this in real-time (sample data is illustrated in Figure 23)
asking the students to describe what they saw and explain this.
Predict, Explain, Observe, Explain (1:45) (PI 2020) is a versatile teaching tool designed to get students to challenge their prior knowledge.
Often, some students in the class will be very surprised at the experiment's outcome. The aim is not to baffle students but provide them with an understanding that more satisfactory explains their observations than their existing beliefs. Therefore, it is important to immediately follow up with an analysis of the situation using Newton’s second law. The easiest situation to discuss is when one object is more massive. In this situation, even though the forces on the objects are equal and opposite, the massive object will experience a much smaller acceleration than the light object. That accounts for the observed differences in the effect of the collision on the objects. In many cases, other students in the class will volunteer this explanation so the discussion can be student-led.


[bookmark: _Ref99475502]Figure 23 – Force versus time and acceleration versus time data for a heavy (0.777kg) cart with a hard rubber bumper hitting a light (0.284kg) cart with a ‘soft/springy’ bumper. Video of the collision synced to the data can be seen in Newton's 3rd law: Heavy cart hits light cart (0:39) (Humphrey 2021c). Note that the acceleration of the yellow cart should be positive (as data is collected, the positive direction is specified manually).
[image: Two time series graphs. (above) Force versus time for each cart. The forces on each cart are equal but opposite. (below) Acceleration versus time for each cart with the lighter cart recording significantly greater acceleration than the heavy cart.]
Explaining why forces don’t cancel out if they are equal and opposite by Newton’s third law
It is time well spent in class to examine why, if the forces objects exert on each other are equal and opposite, they do not cancel out.
Model a scenario to students, such as pushing a box or other convenient object in the classroom. Note that Newton’s third law states that the force exerted on the box will be equal and opposite to the force it exerts on you – how is it that you can succeed in accelerating the box?
Students know that they can push and pull objects, so they tend to be quite engaged by the problem the first time it is proposed. A few minutes can be spent in a ‘think, pair, share’ activity where you ask them to focus on a tug-of-war situation where a group of Year 7 students pull against the same number of Year 12 students. Ask students to consider the question of how it is possible to reconcile Newton’s third law with the outcome of the tug of war and share their ideas.
Figure 24 – ‘Tug of war’ illustrates Newton's third law.
[image: ]
Image: Beach tug of war at Southport, 1917 by State Library of Queensland is in the Public Domain CC0 and has been adapted by the author.
A resolution can be obtained by analysing the forces on each team individually. The force exerted on the right team by the team on the left, , is equal and opposite to the force the exerted on the left team by the team on the right,  (by Newton’s third law). However, they do not cancel out as they act on different objects.
Which team wins the tug of war is determined by which team can push on the ground harder. The ground exerts an equal and opposite force backwards on the team’s feet, and this force from the ground can be larger (or smaller) than the force from the other team, resulting in an acceleration according to Newton’s second law.
Students can relate this to their own experiences by imagining pulling a heavy object. They need to push hard on the ground with their feet, and as they push the ground backwards, it pushes them forwards.
[bookmark: _Introducing_contact_and]Introducing contact and non-contact forces – addressing misconceptions
Students commonly misidentify the normal force acting on an object as the reaction force (due to Newton’s third law) to the weight force.
Ball resting on the Earth
One approach to addressing this misconception is to consider two scenarios separately:
Firstly, an object (such as a ball) in freefall towards the Earth. Ask students to identify the ‘Newton’s third law pair’ of forces involved (the force on Earth due to the ball and the force on the ball due to the Earth).
Secondly, consider the ball at rest on the Earth's surface – the gravitational force on the Earth due to the ball and the force on the ball due to the Earth are unchanged (and constitute the ‘non-contact’ pair of forces in the situation). However, there is now an additional force in this second situation due to the electrostatic repulsion between the atoms in the ball and the atoms on the Earth's surface. Therefore, students are encouraged to consider the upwards (normal) force exerted by the atoms in the Earth and identify the reaction force as a force downwards on the atoms in the surface due to repulsion from the atoms in the ball.
Figure 25 – Illustration intended to emphasise the electrostatic origin of the normal force between a ball and the Earth. Spring-like atomic bonds resist compression so that the ball exerts a downwards force on atoms in the Earth and the Earth exerts an upwards force on atoms in the ball.
[image: An array of red balls connected by springs with a large yellow ball resting on top. Underneath the ball the springs are compressed. ]
Identification of the correct Newton’s third law pairs of forces for the above situation can be followed by an analysis of scenarios in which there is vertical acceleration so that the normal force and the weight forces are not equal in magnitude, such as jumping on a force plate or the ‘elevator problem’.
Table 3 – Sample problems used to investigate forces.
	Example
	Description
	Diagram

	Spring scales with mass (the ‘elevator’ problem)
	Students can use spring scales with mass carriers attached to explore how the reading on the spring scale changes or remains constant as they move the scale up and down at constant speed, compared to when they accelerate it upwards or downwards. Students need to be careful not to accelerate it so rapidly that the mass falls off the scale.
	[image: Spring balance with a mass carrier suspended underneath it.]

	Jumping on a force plate
	Considering the forces acting when jumping is an excellent learning activity, as it builds directly on students’ own experience.
	[image: Pictorial representation of person jumping by pushing off the ground along with a vector diagram showing the upwards normal force is greater than the downwards weight force. ]


A suitable sequence of activities to analyse jumping on a force plate:
Carefully observe someone jumping (themselves or another student) and divide the sequence into meaningful time intervals. For example, when you bend your knees before the jump, the push-off, the time in the air, and the landing.
Draw a motion diagram (see Module 1 guide (DoE 2021)) for each time interval and use these to reason about the accelerations which occur during each interval.
Use their understanding of the accelerations to draw free-body diagrams showing the forces and (qualitatively) their relative sizes during each interval (students should be reminded that their weight does not vary during the jump!)
Finally, students can use their free-body diagrams to draw a prediction for the normal force that would be read on a force plate as a function of time during the jump.
It is helpful if there is an actual measurement to compare their predictions.
Figure 26 – Video of a person jumping on a force plate synced to data collection. Video example Jumping on a force plate (1:49) (Humphrey 2021d).
[image: image showing graph of normal force versus time and still image from a video of a person jumping on a force plate. ]
Tension in strings
Students often have substantial difficulty in reasoning about tension in strings. An effective place to begin can be to observe a spring scale supporting some mass. Students are encouraged to notice:
the spring scale is not accelerating. therefore, the upward force due to the hand on the spring must be equal to the downwards force due to the mass (ignoring the weight of the spring scale).
the reading on the spring scale is equal to the weight force of the mass, and this is happening when the force exerted on each end is equal. If the person were not exerting this force upwards, the scale would fall, and the reading would not be equal to the weight of the mass!
even if a string is added between the hand and the spring scale, and between the spring scale and the mass, the spring scale continues to read the weight of the mass.
Students can then be encouraged to visualise each molecule in a string as a miniature spring scale – the tension in the string is the force pulling on either side of each molecule in the string due to the spring-like nature of intermolecular bonds.
Figure 27 – A string modelled as a chain of molecules connected by ‘spring-like’ molecular bonds. =
[image: A string of red balls connected by springs.]
The fact that the tension force pulls at both ends of the string is often a source of confusion for students. Visualising forces in the string this way allows students to see that the tension force doesn’t reverse direction or ‘turn around’ somewhere in the string. Each molecule has both a leftward and rightward force acting on it throughout the length of the string. If the string is light, these forces will be (very close to) equal even if the string is accelerating.
Figure 28 – (Left) Free body diagram for a small ‘piece’ of string of mass , showing the leftward and rightward forces acting on it (and the equal and opposite forces on the hand and nail due to Newton's third law). (Right) The free-body diagram for a light (massless) piece of string shows equal leftward and rightward forces.
These ideas can be consolidated for students by setting up some tension problems shown below. Students predict the reading on the spring scale and can then check this experimentally (you may need to account for the mass of the scale!).
[image: images of a hand pulling a brick resting on a block of wood. Vectors are labelled showing the reaction pairs of forces. ]
Figure 29 – Sample ‘tension’ problems that students can pose and the result checked experimentally.
[image: different configurations of spring balances, masses and pulleys including suggested labels and masses that could be tested. ]
Figure 30 – One of Paul Hewitt's ‘next-time’ questions. Many similar conceptual-based questions are available for free at Next-Time Questions (Hewitt 2022).
[image: Next time question with spring balance connected to two 100 N eights via pulleys. The question reads 'Does the scale read 100 N, 200 N, or zero?'.]
Image © 2022 Arbor Scientific
[bookmark: _Forces_in_two]Forces in two dimensions: systematic problem solving
Students can be encouraged to follow a systematic approach for solving two-dimensional problems that are like the one they used for one-dimensional problems.
Table 4 – Problem solving steps for forces in two dimensions
	Step
	Description

	Step 1: Choose the system and the axes
	In a ‘pictorial’ representation of the scenario, students explicitly choose:
a system to analyse. This can be indicated with a dotted line.
axes/coordinate system. If the system is accelerating, the most efficient choice is to align one of the axes with the direction of acceleration. If the system is in equilibrium, the direction of the axes can be chosen to maximise the number of forces aligned with one of the axes.

	Step 2: Draw the free-body diagram
	In a ‘free-body’ diagram, students:
identify all the contact forces acting on the object by noting where the environment touches the system. There must be at least one force acting at each point of contact (there may be two if there is both a normal and friction force between the system and a surface).
add the weight force (and any other non-contact forces present)
resolve any forces not aligned with one of the axes into components along the axes.

	Step 3. Apply Newton’s second law
	Apply Newton’s second law. Students:
substitute the forces in their free body diagram into the left-hand side of Newton’s second law in each direction
use any explicit or implicit information provided in the question about the system's acceleration in each direction. For example, it may be clear from the question that the acceleration in one direction is zero, or (later in module 5), it may be clear that the object is undergoing uniform circular motion, so .


Inclined plane
The derivation for the acceleration of an object sliding down an inclined plane was provided in ‘Core concepts – The inclined plane’. Students should apply the above systematic approach as they complete the derivation themselves.
Many students take some time to develop competency in solving two-dimensional problems using Newton’s second law. It is helpful to follow up material on the second law with other examples that students can work through to consolidate a ‘systematic’ approach.
Laying the foundations of good problem-solving techniques in this module is invaluable for students’ success in applying these ideas in unfamiliar contexts in their HSC.
Below are two problems to explore with students after teaching the inclined plane.
The ‘fluffy dice’ problem
This problem appears in various contexts. Here, we use fluffy dice hanging from the rear-view mirror of an accelerating car, but it could be an accelerating skater dangling a yo-yo on a string or other similar scenarios.
Figure 31 – The ‘fluffy dice’ problem. (a) A written description (b) A pictorial representation, with axes. (c) A free-body diagram.
[image: Text box stating 'A fluffy dice on a string hangs at an angle \theta to the vertical from the rear-view mirror of a car moving with a constant acceleration along a straight, level road. Determine the magnitude of the acceleration of the car.' and diagrams representing the same problem.]


Table 5 – Problem solving steps for the fluffy dice problem
	Step
	Description

	Step 1: Choose the system and the axes
	Here we choose the ball as our system and align our axes with the vertical and horizontal, as the acceleration is horizontal.

	Step 2: Draw the free-body diagram
	Here the only object in contact with the ball is the string, which applies a tension force. As the tension is not aligned along one of the axes, it is resolved into components (indicated with dotted arrows).

	Step 3. Apply Newton’s second law
	Here we will apply it in both the horizontal and vertical directions. The information provided implicitly in the question is that the vertical acceleration is zero. We substitute the free-body diagram information into Newton’s second law in each direction.
Vertical direction:



Horizontal direction:








Tightrope walker
Another question that requires students to apply a systematic problem-solving approach:
Figure 32 – (a) A written description of the ‘tightrope problem’. (b) A pictorial representation, showing the coordinate system. (c) A free-body diagram.
[image: Text box stating 'Determine the tension in a tightrope due to a person standing on the rope, which makes an angle \theta to the vertical.' and diagrams representing the same problem.]


Table 6 – Problem solving steps for the tightrope walker problem
	Step
	Description

	Step 1: Choose the system and the axes
	A diagram is drawn (a), the system is chosen to be the person, the coordinate system is chosen to be vertical and horizontal.

	Step 2: Draw the free-body diagram
	This is shown in (b), and the forces that are not aligned along one of the axes (here, the two tension forces) are resolved into components.

	Step 3. Apply Newton’s second law
	Newton’s second law is applied in both directions, utilising any information provided (explicitly or implicitly) in the problem. In this case, we can assume that the person is not accelerating in the horizontal or vertical directions.
The forces in the horizontal direction cancel out, so applying Newton’s law in the horizontal direction does not assist us in finding the tension. It is acceptable for students to discover this themselves.
Horizontal direction:


Vertical direction:



Notice that the tension becomes very large as .




Coupled systems
In coupled systems, two objects share a common acceleration magnitude, often resulting from being attached together via a string. The most common examples are the Atwood’s machine and Half-Atwood’s machine. Students can use these to experimentally determine the acceleration due to gravity by timing how long it takes a mass to fall a set distance. The analysis of these types of problems can be included to extend capable students.
The usual approach is to apply Newton’s second law to each object in the system, and then to identify how the accelerations of each object are related to each other. These may be equal, or one may be the negative of the other, depending on how axes have been chosen. This reduces the number of independent unknowns in the problem.
Atwood’s machine
Figure 33 – An Atwood's machine consists of two masses attached by a light string over a (frictionless and massless) pulley.
[image: Pictorial and vector diagram representations for Atwood's machine.] 
Table 7 – Problem solving steps for the Atwood's machine
	Step
	Description

	Step 1: Choose the system and the axes
	A diagram is drawn (a). Two separate systems (mass A and mass B) are chosen. The coordinate system is chosen to be vertical and horizontal, as shown in (a), as the acceleration is in the vertical direction.

	Step 2: Draw the free-body diagram
	The free-body diagrams for masses A and B are shown in (b). The tension force in the two strings is the same as the pulley is taken to be massless and frictionless. If this is not at least approximately the case, the tensions will not be equal, and the problem is outside the scope of the HSC physics syllabus.

	Step 3. Apply Newton’s second law
	In this case, we apply it to both masses individually, and it is sufficient to apply it in the vertical direction only for both.

and

Using the information in the problem, we can set 
Using this and the information on the free-body diagrams, our equations become:
and

Solving simultaneously, we have:

We can check that this makes sense by examining the limit that if  becomes very small, then the acceleration of mass B approaches . If the masses are equal, then the acceleration becomes zero.


Half-Atwood’s machine	
Figure 34 – A ‘Half Atwood’s machine’.
[image: ]


Table 8 – Problem solving steps for the half-Atwood's machine
	Step
	Description

	Step 1: Choose the system and the axes
	A diagram is drawn (a). Two separate systems (mass A and mass B) are chosen. As shown in (a), the coordinate system is chosen to be vertical and horizontal, as shown in (a), as A's acceleration is vertical, while B accelerates horizontally. Up and left are defined as positive.

	Step 2: Draw the free-body diagram
	The free-body diagrams for masses A and B are shown in (b). The tension force in the two strings is the same as the pulley is again taken to be massless and frictionless.

	Step 3. Apply Newton’s second law
	In this case, we apply it to both masses individually, and it is sufficient to apply it in the vertical direction only for both.

and

Using the information in the problem (if A accelerates in the negative y-direction, then B accelerates in the negative x-direction), we can set 
Using this and the information on the free-body diagrams, our equations become:

and

Solving simultaneously, we have:

We can check that this makes sense by examining the limit that if  becomes very small, then the acceleration of mass A approaches . If mass B becomes very large, then the acceleration approaches zero.


Measuring the acceleration of Atwood’s and Half-Atwood’s machines.
Students can use a range of techniques to measure the acceleration of masses in Atwood’s or half-Atwoods machines to compare to the acceleration predicted by the mathematical model they have derived. These include:
motion sensors
sensor carts
timing a known distance over which the mass accelerates using a stopwatch
using a free app such as phyphox to measure the accelerometer using a smartphone (or a wireless accelerometer) attached to the cart
video analysis using Tracker.
Familiarising students with these measurement technologies during Module 1 means that they will be prepared to use these efficiently in Module 2.
[bookmark: _Toc99476020]IQ2: Forces, acceleration and energy
Learning activities for this inquiry question can be organised into those relating to friction and rolling resistance and those relating to energy transfers and transformations. It is also recommended to include an introductory lesson on momentum and impulse (from IQ3) after discussing friction and before introducing energy. This allows a clear link to be made between Newton’s laws and the conservation of momentum.
Frictional forces and rolling resistance
Two sample learning activities are provided, focusing on developing students’ Working Scientifically skills. The first explores friction as an empirical model. It allows students to assess whether this model fits data obtained from a first-hand investigation using spring scales, three bricks and a retort stand (or other similar equipment). The second investigation allows students to measure the rolling resistance of a toy car using a light gate and consolidates earlier work using the equations of constant acceleration.
Activity to measure the coefficient of friction between a laminate benchtop and a steel retort stand
Figure 35 – Apparatus for investigating friction.
[image: Two images of a brick resting on a retort stand being pulled to the right with a string. One string is attached to a force probe and the other to a spring balance.]
This activity can utilise force probes (if available) or spring scales, which the results below demonstrate are equally effective. A string is attached to a retort stand and the mass varied by adding 0,1,2 or 3 bricks. Alternatively, students can choose surfaces to test, for example, the sole of their sports shoe and the floor (it has strings and a space to put masses!)
The investigation aims to assess whether the empirical model for kinetic friction

accurately describes the dependence of the kinetic friction force as the normal force changes (due to the increased mass of the bricks) for the two surfaces chosen.
Apply Newton’s second law  in the vertical direction,  so we can obtain an expression for the kinetic friction force in this situation as .
Figure 36 – Sample data measured with a force probe.
[image: Graph showing the force versus time for different experiment setups. Higher masses correspond with higher maximum force.]
Data from the spring scale (taken by eye while pulling the retort stand with the scale):
retort stand only (1.3kg): 
retort + 1 brick (4.2kg): 
retort + 2 bricks (7.0kg): 
retort + 3 bricks (9.8kg): 
The data taken using the two technologies are quite comparable. Care should be taken when pulling the stand to keep the string horizontal. This will ensure that the force reading on the probe/scale is the horizontal force (very important for reliable, accurate data).


Figure 37 – Sample analysis of the friction force. 
[image: Scatter plot of force versus mass, including error bars, showing linear relationship. Two lines of best fit are added and labelled with slopes of 2.207 N/kg and 2.052 N/kg.]
We can interpret the gradient of the graph as , so that the coefficient of kinetic friction for retort stand sliding on the bench is . Earlier in this module guide, data for two surfaces that are not well-described by this empirical model was presented, so students should be encouraged to examine their data critically.
Activity to measure the coefficient of rolling resistance for a toy car on a toy car track
Rolling resistance can be measured using a light gate, a track and a toy car and measuring just the initial speed of the car and the distance it rolls before stopping. Long tracks, up to 5m long, produce good data and the activity can be done in larger groups of students taking turns to push the car and measure the distance travelled.
Sample data obtained for a toy car, including a calculation of the coefficient of rolling resistance are given below.
Figure 38 – A toy car and track. A light gate is used to measure the car's initial speed, and a measuring tape can be used to measure the distance it travels before stopping.
[image: Track with ruler, light gate and car.]

Figure 39 – Sample data and analysis for the rolling resistance of a toy car.
[image: Screenshot of Google spreadsheet. Data and graph for velocity, stopping distance and velocity squared. ]
Mass of car: 26.6g

Model:  where  is the force due to the rolling resistance and  is the coefficient of rolling resistance.
As the track was horizontal, the normal force is equal to the weight: 
Coefficient of rolling resistance:

which is an order of magnitude smaller than the coefficient of kinetic friction we obtained for the retort stand sliding on the benchtop.
Momentum conservation: Impulse and momentum
If an introduction to impulse and momentum is brought forwards from the third enquiry question to after Newton’s second law and before work and energy, learning activities can focus on the relationship between impulse and change in momentum and Newton’s second law, as well as force-time graphs. Collisions in which external forces are negligible so that the momentum of the objects colliding is conserved, can then be analysed towards the end of the unit after the concepts of work and kinetic energy have been introduced.
An excellent introduction to impulse and momentum is given in the video Understanding Car Crashes: It's Basic Physics (25:25) (Jones 2020).
It is important to draw out the equivalent effect of a force acting over a longer time (when studying impulse) and a force acting over a longer distance (when covering the work-energy theorem). Then, students can consider how to catch an egg thrown at them to convince them that they already have substantial confidence in these concepts.
Another interesting context to study is the change in momentum of a hand when breaking a karate board – failing to break the board produces a much larger change in momentum (and so larger average force, as the hand stops) than successfully breaking a board (where the hand continues moving downwards).
Figure 40 – Example of an analysis completed using Tracker. The red markers indicate the location of the hand at each frame of the recording as it moves downwards.
[image: Image of hand breaking a wooden board with markers showing the changing position of the hand over time.]
Students can calculate the change in momentum – and so average force acting on – a hand breaking a karate board. Watch the video Slow motion karate board break (1:13) to view a sample analysis using Tracker (Humphrey 2021a).
Energy conservation: Energy transfers and transformations
Applying the work-energy theorem to a person jumping
If the ‘jumping on a force plate’ activity (discussed earlier) was used when talking about the relationship between the normal force and the weight force, then this example can be reused to illustrate the concept of impulse (the area under the net force-time graph for the person jumping is their change in momentum) as well as the relationship between the work-energy theorem and energy transfers and transformations.
Figure 41 – Three representations of a person jumping. (left) An energy flow diagram showing the energy transfers and transformations. (centre) the work-energy bar chart which qualitatively represents how energy is stored in the systems at each instant. (right) A pictorial representation including a vector diagram.
[image: (left) circle with person written inside and Earth outside. Arrows showing internal energy transferred to kinetic energy and external work. (centre) work energy bar chart showing the same transfers of energy. (right) diagram of person jumping and vectors showing an upward normal force that is larger than the downward weight force.]
Forces: When a person jumps from a bent-knee position (at time ) to the point where they just lose contact with the ground (at time ), they accelerate upwards due to a net force resulting from the difference between the normal force acting on their feet and their weight. Their centre of mass is displaced as the net force acts on their feet, and their kinetic energy changes according to the work-energy theorem (derived from Newton’s second law).
Work and energy transfers and transformations: It is important to note that the ground does not do external work to transfer energy to the person, as the point where the force is applied doesn’t move during the acceleration. Instead, there is a transformation of chemical energy (internal energy) stored in the person’s muscles to kinetic energy and a small energy transfer out of the system. Work is done against the external force of gravity as the person’s centre of mass rises.
Applying the WE theorem to a person accelerating on a bicycle
Forces: When a person rides a bicycle, they apply a force to the bike's pedal, which is displaced as a result. The torque applied to the pedal is transferred to the wheel, which applies a force to the ground backwards. The ground applies an equal and opposite force forwards due to static friction between the tyre and the ground (see Figure 42c). As the force applied by the ground to the bike is an external net force, if this force is larger than the forces in the opposite direction (here rolling resistance and drag), the bike accelerates forwards. If the bike moves at a constant speed, the net force forwards from the ground due to static friction balances the forces backwards due to rolling resistance and drag.
Work and energy transfers and transformations: The net force due to static friction from the ground does not transfer energy to the bicycle. The underlying reason is that the point of application of the force (the point where the wheel is in contact with the ground) does not experience a displacement in the direction of the force. Instead, chemical energy stored in the muscles of the rider is transformed into kinetic energy as they apply a force to the pedals of the bike (the pedals are where there is displacement at the point of application of the force), as well as into a small amount of thermal energy (as illustrated in Figure 42(a) and (b)).
[bookmark: _Ref99475540]Figure 42 – (a) A energy flow diagram for a person accelerating on a bicycle. (a) A work-energy bar chart. (c) Forces shown acting at the point of contact. (d) A free-body diagram for an accelerating bike.
[image: ]Figure 42(c) "Cycling in Amsterdam” by Alfredo Borba is licensed under CC-SA-4.0.
[bookmark: _Toc99476021]IQ3: Momentum, energy and simple systems
Momentum and energy require students to view forces and motion with new perspectives. While this may initially be challenging for students, analysing a system's momentum and/or energy is often a far more powerful and efficient way of solving dynamics problems than applying Newton’s laws.
Familiar examples of motion such as throwing a ball, crashing a cart into a barrier and bouncing a ball off a wall can be used to demonstrate the relationships between momentum, energy and force. Asking students to explain these examples first in terms of forces and Newton’s laws and then in terms of impulse and momentum will assist students in connecting these concepts to their prior understanding.
Various relevant and modern examples can be drawn on to support student engagement and understanding of momentum and energy concepts. Car crashes, space launches, Olympic powerlifting, and contact sports, are just some examples of the many opportunities for students to apply physics to make sense of their world.
Suggested investigations
Investigations of collinear interactions can be as simple as crashing a dynamics cart into a wall. However, colliding two dynamics carts allows for this concept to be extended to explore the conservation of momentum along with elastic and inelastic collisions. More accurate data on these interactions may be obtained using two gliders on a linear air track.
Impulse can be investigated using a linear air track, a spring, or even a stretched rubber band. Inelastic collisions can be modelled by placing a loosely scrunched ball of paper between the objects under investigation. Dropping ping pong (or other) balls on different surfaces is a simple way of investigating inelastic collisions as the kinetic energy of the ball after each bounce is proportional to the height of each bounce ().
Consider a pool table or an air hockey table as possible contexts for two-dimensional interactions. Other useful examples include firework explosions and particle collisions.
An example sequence of activities exploring momentum transfers in elastic and inelastic collisions is included below. The activities can be completed using the provided data or could be used as a guide when planning a set of scenarios for which students could collect their data.
Simulations
Simulated collisions enable quick collection and analysis of data. In addition, they allow students to carefully control initial conditions to explore the impact of variables on the outcome of collisions without the need for class sets of equipment.
Collision carts interactive – the Physics Classroom
This simulation allows students to investigate the conservation of momentum in one-dimensional collisions. In addition, elastic and inelastic collisions can be explored, and the website also includes teacher notes and student worksheets.
Desmos – A study in the conservation of momentum
This simulation is suitable for introducing students to behaviour of objects in collinear collisions. It includes graphical representations of motion that are synchronised with the animation. Variables including the mass and initial velocity of each object, along with the time of collision and whether it is elastic/inelastic can be controlled using the sliders.
Collision Lab – PhET
One- and two-dimensional collisions can be investigated using this simulation. Enabling the ‘More Data’ option allows students to systematically investigate the impact of changing variables including the mass and x/y components of the initial velocity of each object.
Figure 43 – (left) A screenshot of the Collision Lab simulation by PhET Interactive Simulations, University of Colorado Boulder, CC-BY-4.0. (right) Graphs of force, velocity and momentum versus time for a simple collision from Desmos - A study in the conservation of momentum activity, CC BY-NC-SA 3.0.
[image: Screenshots of the collision lab interface and sample graphs of motion from the desmos momentum simulation.]
A thought experiment
Suppose that there are three astronauts outside a spaceship and that they decide to play catch. All the astronauts weigh the same on Earth and are equally strong. The first astronaut throws the second one toward the third one and the game begins. Describe the motion of the astronauts as the game proceeds. How long will the game last?
[image: Three astronauts playing 'catch'. Astronaut on the left is pushing the middle astronaut rightwards toward a the third.]
A thought experiment that explores the conservation of momentum. Image and text adapted from Hewitt (2009).
Figure 44 – Vector diagrams are helpful when analysing the outcome. This thought experiment can also be used to revisit relative velocity. For example, after the second throw, what are the relative velocities of the astronauts? How will each astronaut see the others moving?
[image: Text and images analysing the thought experiment in the above figure. 
Text. Our system consists of three astronauts with zero velocity relative to space. Therefore, momentum of the system is initially zero. (let right be positive)
After the first throw, A and B are moving with equal and opposite velocity, v
When B is caught by C, part of its momentum is transferred or shared and they both travel with half of B’s previous velocity, \sfrac{v}{2}
After the second throw, the astronauts are moving with the velocities shown below. As C is equally as strong as A, they change the velocity of B by an equal value v in the other direction. This results in a final velocity v_B=\ -\sfrac{v}{2}]
Problem-solving
A systematic approach to problem-solving like that outlined in the previous section can be applied to problem-solving with impulse and momentum and/or work and energy.
Table 9 – Systematic problem-solving steps for momentum and energy problems
	Step
	Description

	Step 1: Choose the system and the axes
	In a ‘pictorial’ representation of the scenario, students explicitly choose:
A system to analyse. This can be indicated with a dotted line. Whether the system is a closed/isolated system or an open system will affect how the system should be modelled in Step 3.
Axes/coordinate system, including which direction on each axis to set as positive. The positive direction can be indicated with a ‘+’ symbol. This is particularly important for problems involving changes in direction.
Crucial instants. Define key moments at which to analyse the momentum or energy of the system and label them, ,  and so on. Separate drawings could be made for each instant. For example, before or after a collision, when a thrown ball leaves the hand or is at the top of its arc.

	Step 2: Represent the problem
	Multiple representations are used to extract, organise and represent the problem in ways that can support problem solving. Students:
Draw vector diagrams or force-time graphs to when analysing impulse and/or momentum. They resolve any momenta not aligned with one of the axes into components along the axes.
Draw free-body diagrams to analyse the interactions occurring ‘during’ collisions or other events.
Draw work energy bar charts, energy flow diagrams and force versus distance graphs to support the analysis of energy transfers and transformations in systems and other work-energy problems.

	Step 3.
Apply mathematical models
	Apply mathematical models. Students:
Select the appropriate model for their chosen system and crucial instants. For closed systems, they will apply the laws of conservation of momentum and/or energy such that  or . For open systems, these would also involve terms for impulse and/or work, respectively.
Substitute the relevant masses, velocities, momenta and/or energies.
Use any explicit or implicit information given in the question about the system's momentum. For example, it may be clear from the question that the initial momentum of the system in one direction is zero or that the final energy of the system is stored entirely as kinetic energy.


An example of this approach to problem-solving is included in the sample answer for Example 3 in Appendix A.
An example sequence of activities to explore elastic and inelastic collisions
All the questions in this section are supported with videos linked to data. The aim is for students to engage in sense-making, which consolidates earlier work on motion graphs and Newton’s laws. Alternatively, students could collect and analyse their data for this sequence using a mobile phone and the free software Tracker. Sample annotated graphs are provided in Appendix A.
Example 1: A ‘sticky’ (completely inelastic) collision.
Figure 45 – The green cart (right) moves at a constant velocity towards the yellow cart (left), which is initially stationary. Example 1 video Sticky Collision (0:42) (Humphrey 2021e).
[image: Two carts, yellow and green including a label showing the location of velcro patches at each end. ]
Two carts that roll with minimal rolling resistance are on a level track. The green (G) cart moves with a constant velocity towards the yellow (Y) cart, which is initially stationary. The two carts have Velcro spots so that when they collide, they stick to each other and move off together.
Other data
Mass of yellow cart: 
Mass of green cart:  (this cart has magnets installed at one end accounting for the difference in mass). For this example, consider that the masses are equal.
Sketch a free-body diagram showing the forces acting on each cart during the collision.
Label time intervals on the graphs to show before, during and after the interaction.
Use the information in Figure 47 and assume that momentum is conserved for the system of two carts during the collision to predict:
the acceleration-time graph for the yellow cart (only the acceleration of the green cart is shown)
the position-time and velocity-time graphs during and after collision for the green and yellow carts.
Annotate features of each graph to explain your reasoning.
Figure 46 – Partial position-time, velocity-time and acceleration-time graphs for the motion of the carts during a ‘sticky’ collision. [image: ]
Example 2: An ‘explosion’ 
[bookmark: _Ref99475576]Figure 47 – (Left) Before the ‘explosion’. (Right) A firing pin on the yellow cart is triggered with the base of a screwdriver, so the carts push off each other. Example 2 video Cart Explosion (0:25) (Humphrey 2021f).
[image: Images showing the setup of two carts before the 'explosion' demonstration.]
In this example, two carts of unequal mass exert a sudden force on each other due to a spring-loaded ‘firing pin’ in one of the carts.
Other data
Mass of yellow cart: 
Mass of green cart:  (the mass of this cart has been increased by adding several small masses)
1. Sketch a free-body diagram showing the forces acting on each cart during the ‘explosion’.
1. Label time intervals on the graphs to show before, during and after the interaction.
Force-time, velocity-time and momentum-time graphs for the green cart are shown in Figure 49.
1. Assume that momentum is conserved for the system of two carts. Sketch the corresponding force-time, velocity-time and momentum-time graphs for the yellow cart.
1. Compare the changes in velocity and momentum experienced by G and Y.
Annotate features of each graph to explain your reasoning.

Working scientifically – Questioning and Predicting
When analysing data collected in class, there will be deviations from the ideal behaviour predicted by physical laws. This may be due to errors in measurement, an inability to eliminate friction or other issues arising from the method used to collect the data. These differences from the predictions are valuable in provoking student thinking and discussion around data quality and may act as a catalyst for further investigation and depth study.
Figure 48 – Partial force-time, velocity-time and momentum-time graphs for the motion of the carts during an ‘explosion’. The velocity of the green cart just after the collision is .
[image: Graphs of motion for Example 2, an explosion. Three graphs showing the force, velocity and momentum versus time graphs for carts Y and G. ]
Example 3: An elastic collision of two carts of different masses
[bookmark: _Ref99475587]Figure 49 – Non-contact collision between carts of different masses. Magnets fitted to the ends of each cart provide the repulsive force between carts. Example 3 video Elastic bounce between carts of different mass (0:26) (Humphrey 2021g).
[image: Image showing the two carts before they collide. Each cart has a magnet attached to its leading edge. ]
Example 3 considers an elastic collision between carts of different masses.
Other data
Mass of yellow cart: 
Mass of green cart:  (the mass of this cart has been increased by adding several small masses)
Initial velocity of yellow cart: 
Final velocity of yellow cart: 
1. Label time intervals on the graphs that correspond to before, during and after the interaction.
1. Assuming the collision is elastic, complete the force-time, velocity-time and momentum time graphs for each cart in Figure 51. Extra writing paper may be required for calculations.
Annotate features of each graph to explain your reasoning.
Figure 50 – Partial force-time, velocity-time and momentum-time graphs for the motion of the carts during an elastic collision between carts of different masses.
[image: Graphs of motion for Example 3, Elastic collision between carts of different masses. Three graphs showing the force, momentum and velocity versus time graphs for carts Y and G. ]
[bookmark: _Appendix_A]

[bookmark: _Toc99476022]Appendix A
[bookmark: _Toc99476023]Sample answers for collisions sequence
[bookmark: _Ref99475597]Figure 51 – Sample annotated graph for Example 1: A ‘sticky’ collision.
[image: ]

Figure 52 – Sample annotated graph for Example 2: An ‘explosion’.[image: ]


Figure  – Sample annotated graph for Example 3: Elastic collision between carts of different masses
[image: ]


Figure  – (a) and (b) Pictorial representations of carts before and after the collision, respectively. (c) Vector diagram showing the conservation of momentum. (d) Mathematical representation of the problem.
[image: Figure 44. boxes and arrows representing carts Y and G. Data supplied in the activity has been included. Vector arrows joined tip-to-tail and mathematical formula showing the conservation of momentum are also included. ]


Table 10 – Sample working for Example 3.
	Step
	Description

	Step 1: Choose the system and the axes
	A system to analyse: The system includes carts Y and G, as shown in (a). It is a closed system.
Axes/coordinate system: All motion is along a single axis, and right has been defined as positive.
Crucial instants: Two instants are chosen, before and after the collision.

	Step 2: Represent the problem
	The vector diagram (c) represents the conservation of momentum with the sum of momentum before and after the collision being equal. It also indicates the direction and relative magnitude of the momentum vectors. (d) This is an alternative representation of similar information.
Annotated graphs for this example are provided above.

	Step 3.
Apply mathematical models
	Apply mathematical models. 
The law of conservation of energy is selected as the appropriate model, as it is a closed system. 



The velocity of G is positive; therefore, it is moving to the right.


[bookmark: _Appendix_B_1][bookmark: _Toc99476024]Appendix B
[bookmark: _Toc99476025]Sample response – Question 33, 2020 HSC
Choose the system to include the magnet, the cylinder and the Earth. Let height at position Z = 0 and assume constant .
Position X
Magnet begins freefall from rest ()
Total energy of the system is stored in the gravitational field,

Position Y
Magnet has accelerated due to gravity for 0.78 m resulting in some energy being transformed from potential energy to kinetic energy.

Therefore, its velocity at Y is

Magnet experiences EM braking at this point.


Position Z
Magnet has been slowed by EM braking and travelled at constant velocity (from the linear graph for  ).  as determined from the graph or question data.

During its motion through the cylinder, energy is transferred from both the gravitational energy (falling through 0.20m) and the kinetic energy (during braking) to eventually be stored as thermal energy in the cylinder due to resistive heating.
That is


To assist students in analysing this information, students could first be guided through a qualitative analysis using the ‘multiple representations of energy’ approach. For example:
Define the system and critical instants (in this case, positions X, Y and Z).
Construct energy flow diagrams (EFD) and work-energy bar charts (WEBC) for each instant, creating an LOL diagram.
The Perimeter Institute has produced a set of two video workshops on these visualisations of energy that are tailored for NSW teachers. They introduce these powerful tools and demonstrate how they could be applied to the photoelectric effect and nuclear transmutations.
· Visualising energy (PI and DoE 2020b)
· Nuclear transmutation (PI and DoE 2020a)
Figure  – Work-energy bar charts and energy flow diagrams showing the transfer and transformations of energy occurring as the magnet moves between positions X, Y and Z. 
[image: Work energy bar charts and energy flow diagrams for the magnet, cylinder and Earth system at instants X, Y and Z. ]
[bookmark: _Appendix_B]Note: No external work is involved here, as a closed system has been chosen. An equally valid analysis could be completed using a work-energy approach by excluding the Earth and having an external weight force do work on the system at each stage. To aid the analysis of these interactions, a ‘zero point’ for the energy stored in the gravitational field has been set at position Z. It has been assumed that the gravitational potential energy of the magnet is zero at position Z.
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