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[bookmark: _Toc223937737][bookmark: _Toc243040793]Overview
Year and learning area: Year 11 Physics
Description: this resource complements the Fundamentals of mechanics program of learning. It serves as a teacher reference, offering practical strategies and ideas to enrich teaching practices and create engaging learning environments. Adapt the activities to suit students’ needs.
Duration: timing will vary based on the mode of delivery, differentiation strategies employed and class or school context; however, this series of activities should take approximately 11 hours.
Risk management: teachers are advised to undertake a risk assessment before conducting any classroom investigation or experiment. For more information on developing risk assessments, refer to Risk Assessment – a pre-requisite for risk control and WHS Risk assessment template.
This resource book elaborates on many of the activities in the Fundamentals of mechanics sample program of learning. Some activities also reference the Fundamentals of mechanics slide decks throughout this document. The resource package can be located on Physics 11–12.
[bookmark: _Toc223937738]

[bookmark: _Toc243040794]2.1 Constructing motion graphs – uniform velocity
Students learn to extract relevant data from ticker tape motion diagrams to construct a displacement-time graph for an object moving at uniform velocity.
Table 1 – learning intentions and success criteria
	[bookmark: _Toc128649917][bookmark: _Toc141426382]We are learning:
	I can:

	to analyse uniform motion using displacement-time graphs
	interpret a motion diagram represented on a ticker tape
determine and interpret velocity from the gradient of a displacement-time graph
predict the shape of a displacement-time graph for an object moving at uniform velocity
construct a displacement-time graph including the use of an appropriate line of best fit

	to use equipment to systematically collect and record displacement and time data.
	set up and use a ticker timer to investigate motion
determine elapsed time from ticker timer frequency and dot intervals
measure cumulative displacement and record displacement-time data.


[bookmark: _Toc223937739][bookmark: _Toc243040795]Lesson sequence instructions
Activate
Activate students’ prior knowledge of motion diagrams and the relationship between displacement, time and velocity from Activity 1.4 using Check for understanding 1 (2.1 PPT).
Core learning
1. Demonstrate how to set up a ticker timer and collect data showing how to pull the tape slowly and consistently to produce evenly spaced dots. Each pull should take approximately 
1–2 seconds.
Instruct students to set up their ticker timer equipment, ensuring all parts are securely positioned and ready for use. Slide 2.1 PPT ‘Setting up the ticker timer’ presents the set-up shown in Figure 1. Ensure students connect the leads from their ticker timers to AC supply, pass the paper tape through the slots on either side and position the carbon paper disc between the metal bar and the paper with carbon side down. 
Guide students to produce a ticker tape with evenly spaced dots, representing uniform velocity.
Use the slide to outline for students the link between the timing and spacing of the dots. 
Check for student understanding of how the speed of the ticker tape affects the spacing of the dots by using Check for understanding 2 (2.1 PPT).
Students independently complete the ‘Before you begin’ table in Student resource – uniform motion applying their knowledge of the ticker timer.
[bookmark: _Ref240457198]Figure 1 – screenshot of the slide to be used to support students in understanding how to set up the ticker timer and the link between the timing of the ticker timer and the spacing between the dots produced
[image: Screenshot of a slide that consists of an instructional diagram showing a ticker timer connected to AC supply, producing dots on ticker tape to measure motion. Timeline labels 0–0.20 seconds, with 0.02-second intervals and five spaces together spanning 0.10 seconds; red arrows mark timing measurements, while blue callout explains that:
- A ticker timer connected to a 50 Hz AC supply makes 50 dots every second on the ticker tape.
- Therefore, the time between consecutive dots is 1 ÷ 50 = 0.02 s
- The tape moves through the ticker timer while the timer makes dots at equal time intervals.
- The spacing between the dots tells us about the motion of the ticker tape – the more spaced out they are, the faster the tape.]
Challenge students to use ticker timer tape to generate a representation of uniform velocity by pulling out the tape as evenly as possible by hand.
Check that each student has produced a tape with evenly spaced dots before proceeding.
Instruct each student to pair up with a peer who has a ticker tape that represents a different velocity of uniform motion. This will be evident by a different spacing between dots. If the ticker tapes are not clearly different, student in pairs can produce a second tape representing uniform motion so that each pair of students has both a ‘slow uniform motion’ and ‘fast uniform motion’ ticker tape.
Students use measurements from their ticker timer tapes to complete a table of results showing displacement versus time for at least 5 measurements of cumulative displacement on the Student resource – uniform motion.
Use the slide 2.1 PPT ‘Measuring displacement from the ticker tape’ and a think aloud strategy to demonstrate the positioning of the ruler and to identify the value of the cumulative time and cumulative displacement for the first 3 rows of the table presented on the slide.
Guide students to determine the values for the next 2 rows of the table before revealing these on the slide.
Check students understand how to extract time and displacement data from the spacing of dots from a ticker timer using Check for understanding 3 (2.1 PPT).
Students independently practise the extraction of data from a ticker tape by completing the table in Student resource – uniform motion for both their slow uniform motion and fast uniform motion ticker tapes.
Use Check for understanding 4 (2.1 PPT) to activate students’ prior knowledge of the correct way to graph continuous data from Stage 5 Waves and motion, and the appropriate drawing of a line of best fit. 
Differentiation: the slide 2.1 PPT ‘Features of a line graph’ can be used to review the correct way to graph continuous data. The Teaching advice for this lesson provides support for reviewing lines of best fit as needed.
Students use the scaffold in Student resource – uniform motion to complete initial calculations, determining average velocity from total displacement over total time.
Students use the Student resource – uniform motion to plot their displacement-time data for both the slow and fast ticker tapes and construct lines of best fit.
Facilitate a discussion on the spread of the points and the uniformity of the motion represented. A sample graph is provided on the slide 2.1 PPT ‘Ticker tape displacement-time graph’ and Table 2 below. Discussion prompts and sample responses are provided in the speaker notes on the slide. 
Table 2 – discussion prompts and sample responses based on the constructed ticker tape displacement-time graph
	Discussion question
	Sample response

	What would the graph look like if the velocity were perfectly constant? Is this graph perfectly uniform?
	It would be a straight line. This graph is close to straight, but small variations show that the velocity changed slightly.

	Why might some points lie above or below the line of best fit?
	It is difficult to pull the tape at exactly the same speed. The variation in the points suggests small changes in velocity or measurement uncertainty.

	Why is a line of best fit useful?
	It shows the overall trend and gives an average slope that can be used to estimate the velocity.

	What would the graph look like if the object accelerated or stopped briefly?
	If it accelerated, the graph would become steeper. If it stopped, the graph would have a horizontal section.


Use 2.1 PPT ‘Line graphs – equations and gradients’ (5 slides) to review the equation of a line and the step-by-step calculation of the gradient using 2 points on the line. 
Outline each of the terms in the equation of a line using the think aloud prompts on 2.1 PPT ‘Line graphs – equations and gradients’ (slides 1–3).
Model the steps for calculating the gradient of a line of best fit using the worked example on 2.1 PPT ‘Line graphs – equations and gradients’ (slides 4–5).
Present Check for understanding 5 (2.1 PPT) to quickly check for student understanding of the significance of the gradient of a displacement-time graph, also detecting misconceptions around positive or negative slope. The Teaching advice for this lesson contains additional support to address such misconceptions.
Guide students to complete questions 1–5 of Student resource – uniform motion by calling on students to share their reasoning.
Students independently complete questions 6–9 in Student resource – uniform motion to determine and analyse the gradients of their own graphs.
Consolidate
1. Students complete questions 10–14 of the Student resource – uniform motion to consolidate their understanding of the interpretation of displacement-time graphs using specific evidence from their graphs, before applying their understanding to a different dataset.


[bookmark: _Student_resource_–_4][bookmark: _Ref240560123][bookmark: _Ref240585061][bookmark: _Ref240591595][bookmark: _Ref241057475][bookmark: _Ref241058665][bookmark: _Toc243040796]Student resource – uniform motion
Purpose: you will compare a slow ticker tape and a fast ticker tape. By plotting both sets of displacement and time data on the same axes, you will work out what the steepness of a displacement-time graph tells you about motion.
Equipment: ticker (paper) tape, ruler, pencil, calculator
Safety:
Follow your teacher’s instructions when using the ticker timer.
Keep fingers, hair and loose clothing clear of moving parts.
Switch off the timer before adjusting the tape or carbon paper disc.
Before you begin
	Ticker timer frequency
	_________ Hz

	Number of dot intervals in each measurement group
	_________ intervals

	Time between plotted points (number of intervals divided by frequency)
	_________ s


Prepare and measure the tapes
Label the tapes slow and fast. Mark the direction of motion on each tape.
Choose the first clear dot as the zero position for each tape.
From the zero position, mark groups containing the same number of dot intervals. Each group represents the same amount of time.
Measure the cumulative displacement from the zero position to each selected point. Do not measure only the distance within each group.
Record the time and cumulative displacement for both tapes in the table on the next page.
Record your data
Use the same time values for the slow uniform motion and fast uniform motion tapes. Record displacement from the zero position.
	Point
	Time (s)
	Slow tape cumulative displacement (m)
	Fast tape cumulative displacement (m)

	0
	0
	0
	0

	1
	
	
	

	2
	
	
	

	3
	
	
	

	4
	
	
	

	5
	
	
	

	6
	
	
	


Initial calculations scaffold
Average velocity is calculated by dividing change in displacement by change in time, that is 

	Tape
	Total displacement used
	Total time used
	Average velocity

	Slow
	_________ m
	_________ s
	_________ m/s

	Fast
	_________ m
	_________ s
	_________ m/s




Plot both sets of data
Plot both tapes on the same axes so that their motion can be compared directly. Do not join dot to dot. Draw a straight line of best fit for each dataset if the points show an approximately linear trend.
[image: Blank grid with title: 'Ticker tape displacement versus time for slow and fast uniform motion'. y-axis label is 'Displacement (m)', x-axis label is 'Time (s)'. A key is provided with blank spaces for students to add different symbols for slow and fast tape.]
Answer the following questions in the spaces provided.
Recall
1. Which ticker tape was moving faster? What evidence from the tapes supports your answer?
	


1. What quantity is shown on each axis? Include the unit used for each quantity.
	


Compare the 2 datasets on your graph
1. What is similar and/or different about the shape or steepness of the 2 graphs?
	


1. Choose one time interval that appears on both graphs. For each graph, mark the horizontal change in time and the vertical change in displacement. Label each as  or  and use the information from your graph to complete the following table.
	Tape
	Change in time
 (s)
	Change in displacement
 (m)
	What do you notice?

	Slow
	
	
	

	Fast
	
	
	


1. Over the same time interval, which graph shows the greater change in displacement? How is this linked to the graph’s steepness?
	


Calculating and interpreting the gradient
1. For each line of best fit, choose 2 points that are far apart. The points should lie on the line of best fit and do not need to be original data points. Use them to calculate rise divided by run.
	


1. Determine the units for the gradient. 
	


1. Compare the rise over run (that is, the rise divided by run) with the average velocity for each tape you calculated earlier. What do you notice?
	


1. What does the gradient of a displacement-time graph represent? Explain how your 2 graphs support this conclusion.
	


Reflect and justify – use specific evidence from your graphs and data to answer the following questions.
1. Were the tapes moving at perfectly constant velocity? What evidence from each graph supports your answer?
	


1. Why is a line of best fit useful for these data?
	


1. Which tape gives stronger evidence of constant velocity? Justify your choice using the pattern and spread of the points around the line of best fit.
	


1. Why is it difficult to produce perfectly constant velocity by hand? Describe one change that would make the results more reliable.
	




The table below shows the displacement of 2 runners during a 100 m race.
	Time (s)
	Runner A’s displacement (m)
	Runner B’s displacement (m)

	0
	0
	0

	5
	25
	5

	10
	50
	20

	15
	75
	55

	20
	100
	100


Plot the displacement-time data for Runner A and Runner B on the same set of axes then answer the questions following the graph.
Displacement versus time for Runner A and Runner B 
Displacement (m)
Time (s)
Key: Runner A symbol _______, Runner B symbol _______

1. Which runner moved at a constant velocity? Use the graph to justify your answer.
	


Which runner was ahead after 10 seconds?
	


What was the total displacement of each runner?
	


Calculate the average velocity of each runner over the entire race.
	


The runners did not move in the same way, yet their average velocities were equal. Explain how this is possible using evidence from the graph and data.
	




Sample response – student resource – uniform motion
Purpose: you will compare a slow ticker tape and a fast ticker tape. By plotting both sets of displacement and time data on the same axes, you will work out what the steepness of a displacement-time graph tells you about motion.
Equipment: ticker (paper) tape, ruler, pencil, calculator
Safety:
Follow your teacher’s instructions when using the ticker timer.
Keep fingers, hair and loose clothing clear of moving parts.
Switch off the timer before adjusting the tape or carbon paper disc.
Before you begin
	Ticker timer frequency
	50 Hz

	Number of dot intervals in each measurement group
	10 intervals

	Time between plotted points (number of intervals divided by frequency)
	0.2 s


Prepare and measure the tapes
1. Label the tapes slow and fast. Mark the direction of motion on each tape.
Choose the first clear dot as the zero position for each tape.
From the zero position, mark groups containing the same number of dot intervals. Each group represents the same amount of time.
Measure the cumulative displacement from the zero position to each selected point. Do not measure only the distance within each group.
Record the time and cumulative displacement for both tapes in the table on the next page.
Record your data
Use the same time values for the slow uniform motion and fast uniform motion tapes. Record displacement from the zero position.
	Point
	Time (s)
	Slow tape cumulative displacement (m)
	Fast tape cumulative displacement (m)

	0
	0
	0
	0

	1
	0.2
	0.023
	0.045

	2
	0.4
	0.048
	0.097

	3
	0.6
	0.074
	0.153

	4
	0.8
	0.099
	0.203

	5
	1.0
	0.123
	0.252

	6
	1.2
	0.151
	0.307


Initial calculations scaffold
Average velocity is calculated by dividing change in displacement by change in time, that is 

	Tape
	Total displacement used
	Total time used
	Average velocity

	Slow
	0.151 m
	1.2 s
	0.126 m/s

	Fast
	0.307 m
	1.2 s
	0.256 m/s


Plot both sets of data
Plot both tapes on the same axes so that their motion can be compared directly. Do not join dot to dot. Draw a straight line of best fit for each dataset if the points show an approximately linear trend.
[image: Line chart compares ticker tape displacement versus time for slow and fast uniform motion. Dark navy slow-tape line reaches 0.15 m at 1.2 s, while bright blue fast-tape line reaches about 0.31 m, with both showing linear growth from zero.]
Answer the following questions in the spaces provided.
Recall
1. Which ticker tape was moving faster? What evidence from the tapes supports your answer?
	The fast tape was moving faster. The dots on the fast tape were further apart, showing that it travelled a greater displacement during each equal time interval. For example, after 1.20 s, the fast tape had travelled 30.7 cm, while the slow tape had travelled only 15.1 cm.


1. What quantity is shown on each axis? Include the unit used for each quantity.
	The horizontal axis shows time in seconds (s).
The vertical axis shows displacement in metres (m).


Compare the 2 datasets on your graph
1. What is similar and/or different about the shape or steepness of the 2 graphs?
	Both graphs show an approximately straight-line relationship between displacement and time, indicating approximately constant velocity. The fast-tape graph is steeper than the slow-tape graph because the fast tape travels a greater displacement in the same amount of time.


1. Choose one time interval that appears on both graphs. For each graph, mark the horizontal change in time and the vertical change in displacement. Label each as  or  and use the information from your graph to complete the following table.
	Tape
	Change in time
 (s)
	Change in displacement
 (m)
	What do you notice?

	Slow
	0.6
	0.075
	Smaller change in displacement.

	Fast
	0.6
	0.155
	Approximately twice the change in displacement.


1. Over the same time interval, which graph shows the greater change in displacement? How is this linked to the graph’s steepness?
	The fast-tape graph shows the greater change in displacement. A greater change in displacement over the same change in time produces a steeper gradient.


Calculating and interpreting the gradient
1. For each line of best fit, choose 2 points that are far apart. The points should lie on the line of best fit and do not need to be original data points. Use them to calculate rise divided by run.
	Slow tape

Fast tape



1. Determine the units for the gradient. 
	


1. Compare the rise over run (that is, the rise divided by run) with the average velocity for each tape you calculated earlier. What do you notice?
	The gradient of each line is approximately equal to the average velocity calculated from the ticker tape data. The slow tape has a gradient of approximately 12.2  (0.122 ), while the fast tape has a gradient of approximately 24  (0.24 ).
This suggests that the gradient of a displacement-time graph represents velocity.


1. What does the gradient of a displacement-time graph represent? Explain how your 2 graphs support this conclusion.
	The gradient of a displacement-time graph represents velocity. The fast tape had a greater average velocity and produced a steeper graph, while the slow tape had a smaller average velocity and produced a less steep graph. In each case, the value of the gradient was approximately equal to the average velocity calculated from the ticker tape measurements.


Reflect and justify – use specific evidence from your graphs and data to answer the following questions.
1. Were the tapes moving at perfectly constant velocity? What evidence from each graph supports your answer?
	The tapes were moving at approximately constant velocity, but not perfectly constant velocity. The points for both tapes lie close to a straight-line trend but do not all lie perfectly on the line of best fit. This shows that there were small variations in velocity as the tapes were pulled.
For example, the fast tape travels different distances during successive 0.20 s intervals:
4.5, 5.2, 5.6, 5.0, 4.9 and 5.5 cm
These values are similar but not identical.


1. Why is a line of best fit useful for these data?
	A line of best fit shows the overall relationship between displacement and time rather than being overly influenced by small variations in individual measurements. Its gradient therefore provides a more representative estimate of the velocity.


1. Which tape gives stronger evidence of constant velocity? Justify your choice using the pattern and spread of the points around the line of best fit.
	Both tapes provide evidence of approximately constant velocity because their points should lie close to straight lines of best fit.
For these sample data, the slow tape gives slightly stronger evidence of constant velocity, as its displacement increases more consistently with time and its plotted points would show a slightly smaller spread around its line of best fit.


1. Why is it difficult to produce perfectly constant velocity by hand? Describe one change that would make the results more reliable.
	It is difficult to pull the tape at perfectly constant velocity by hand because the force applied and the speed of the person's hand will vary slightly during the motion. Reliability could be improved by repeating the experiment several times for each speed and comparing the results. Similar results across repeated trials would provide stronger evidence that the observed pattern is reproducible.


The table below shows the displacement of 2 runners during a 100 m race.
	Time (s)
	Runner A’s displacement (m)
	Runner B’s displacement (m)

	0
	0
	0

	5
	25
	5

	10
	50
	20

	15
	75
	55

	20
	100
	100


Plot the displacement-time data for Runner A and Runner B on the same set of axes then answer the questions following the graph.
[image: Line chart compares Runner A and Runner B displacement over time, with time in seconds on x-axis and displacement in meters on y-axis. Dark-blue Runner A follows a straight path from 0 to 100 m by 20 s, while bright-blue Runner B accelerates from 0 m, reaches 55 m at 15 s, and catches up to Runner A at 100 m after 20 s.]
1. Which runner moved at a constant velocity? Use the graph to justify your answer.
	Runner A moved at a constant velocity. Their displacement increased by 25 m every 5 s, producing a straight line with a constant gradient on the displacement-time graph.


Which runner was ahead after 10 seconds?
	Runner A was ahead. After 10 s, Runner A had a displacement of 50 m, while Runner B had a displacement of 20 m.


What was the total displacement of each runner?
	Both runners had a total displacement of 100 m.


Calculate the average velocity of each runner over the entire race.
	Runner A:

Runner B:
Both runners had an average velocity of 5 .


The runners did not move in the same way, yet their average velocities were equal. Explain how this is possible using evidence from the graph and data.
	Both runners travelled the same total displacement of 100 m in the same total time of 20 s, so they had the same average velocity of 5.0 .
However, Runner A travelled 25 m during every 5 s interval, so their velocity remained constant. Runner B travelled 5 m, 15 m, 35 m and 45 m during successive 5 s intervals, so their velocity increased during the race. This is shown by Runner B’s graph becoming progressively steeper.
Therefore, 2 objects can have the same average velocity even though their velocities change differently during the journey.


[bookmark: _Ref240547917][bookmark: _Ref240592543][bookmark: _Ref240976282]

[bookmark: _Teaching_advice_1][bookmark: _Toc243040797]Teaching advice
Background information
Ticker timer operation
A ticker timer operating at 50 Hz produces one dot every 0.02 s. Students should carefully distinguish between change in time () and cumulative time when analysing ticker tape. Change in time refers to the duration of a single section only. For example, if students group the markings on the tape into sections of 10 spaces, each section represents (10)(0.02) s = 0.2 s. Cumulative time refers to the total elapsed time from the beginning of the motion, so the time values would increase progressively (0.2 s, 0.4 s, 0.6 s, 0.8 s, and so on). Students commonly confuse these ideas by repeatedly recording the same  value in the time column rather than calculating the running total. Emphasise that cumulative time values are used for plotting motion graphs, while  is used in calculations such as determining velocity or acceleration between intervals.
Misconceptions in interpreting gradients
A common misconception is that a negative gradient on a displacement-time graph means the object is slowing down, or that a positive gradient means it is speeding up. Reinforce that the gradient represents velocity: a positive gradient indicates motion in the positive direction and a negative gradient indicates motion in the negative direction. The steepness of the gradient indicates the magnitude of the velocity (speed), while a change in gradient indicates a change in velocity. If this misconception is identified, prompt students to distinguish between direction (sign of the gradient) and speed (steepness of the gradient), using contrasting examples such as straight lines with equal steepness but opposite gradients.
Lines of best fit (trend lines)
A line of best fit, or trend line, is a line which indicates the general course or tendency of data. A trend line can be linear, exponential, logarithmic or polynomial. Data that students come across either through first-hand investigations or secondary information usually calls for trend lines of a linear nature; students may be exposed to exponential data in other Stage 6 Science courses.
An accurate line of best fit can be worked out mathematically. However, a line of best fit can be worked out manually when trying to ascertain a trend and extrapolate data. Below is an example of manual working.
Draw a circle around the data which encircles all data points.
Figure 2 – line graph with a loop drawn encapsulating the range of the data points
[image: ]
Bisect the circle you have drawn
Figure 3 – bisected loop drawn encapsulating the data points and showing the approximate positioning of the line of best fit through the data points
[image: A line graph with a circle around all of the data and a dotted line drawn bisecting the circle.]
The line which bisects the circle is a rough line of best fit.
Figure 4 – the line of best fit through the data points
[image: ]


Checks for understanding
[bookmark: _Check_for_understanding][bookmark: _Ref240939125]Check for understanding 1 (2.1 PPT)
Towards the end of a car rally, 2 older cars have started to leak oil at exactly the same rate. The oil droplets form the patterns presented. 
Compare the motion of the 2 cars. 
Figure 5 – an image depicting 2 cars with dots behind each representing the car's motion diagram produced by oil leaking from each car
[image: An image depicting two cars with dots behind each representing the car's motion diagram produced by the leaking oil.]
Check for understanding 1 sample response
Both cars are travelling at constant velocity since the oil droplets from each car are evenly spaced.
Car B is travelling faster than Car A because its droplets are further apart, meaning it travels a greater distance in the same time interval.
[bookmark: _Check_for_understanding_1][bookmark: _Ref240451588][bookmark: _Ref238547458]Check for understanding 2 (2.1 PPT)
1. How would the ticker tape look for approximately uniform motion?
1. What would the ticker tape look like if you pulled the tape faster at some point?
Check for understanding 2 sample response
1. The dots would be approximately evenly spaced, showing that equal distances were travelled in equal time intervals.
1. The dots would become further apart because more distance would be travelled during each 0.02 s time interval.
[bookmark: _Check_for_understanding_2][bookmark: _Ref240585002][bookmark: _Ref240547301]Check for understanding 3 (2.1 PPT)
1. What is the total time represented on the ticker tape below?
What is the cumulative displacement represented?
Figure 6 – the correct placement of a ruler to measure displacement from the ticker tape

Ruler by Luigi Chiesa is licensed under CC BY-SA 3.0.
Check for understanding 3 sample response
1.  
 
[bookmark: _Check_for_understanding_3][bookmark: _Ref240975928][bookmark: _Ref240615382]Check for understanding 4 (2.1 PPT)
1. Identify the missing features of the line graph below that describes the change in distance over time.
Figure 7 – line graph showing distance against an unlabelled axis with various features missing
[image: Image is a line graph showing distance against an unlabelled axis. Various features are missing (title, scale on y-axis, units from y-axis variable and the labels on the x-axis).]
Identify the graph with an appropriately drawn line of best fit. Explain your choice.
Figure 8 – four graphs, each showing the same scatterplot with a different line through the points for students to select the appropriately drawn line of best fit
[image: A panel of 4 graphs labelled A to D, each showing the same scatterplot with a different line through the points for students to select the appropriately drawn line of best fit.]
Check for understanding 4 sample response
1. The graph is missing the following:
a descriptive title that relates the independent and dependent variables
independent (x-axis) variable label and appropriate units
units for the dependent (y-axis) variable
appropriate scale for the dependent (y-axis) variable.
Graph B has the correct line of best fit drawn.
Explanations:
Graph A – line is forced through the origin.
Graph B – this best represents the overall trend of the data, with points reasonably distributed around the line.
Graph C – line does not exclude an identified outlier in the dataset.
Graph D – this is not a line of best fit, joining the dots through points is not an appropriate representation of a linear trend.
Note: an apparent outlier should only be excluded if there is evidence that it resulted from error or is otherwise not representative of the dataset.
[bookmark: _Check_for_understanding_4][bookmark: _Ref240975952]Check for understanding 5 (2.1 PPT)
Rank the velocity from greatest to least magnitude.
Figure 9 – image showing the check for understanding presented to students in the slide deck requiring them to rank velocity from greatest to least magnitude
[image: Screenshot of a physics checkpoint question showing four small graphs labeled A, B, C, and D, each plotting speed (s) against time (t) with different slopes. The task is to rank velocity from greatest to least magnitude based on the linear trends: A is constant, B decreases, C slightly increases, and D increases more steeply.]
Check for understanding 5 sample response
Answers: D, B, C, A (stationary)


[bookmark: _Toc243040798]2.2 Constructing motion graphs – uniformly accelerated motion
Students learn to extract relevant data from ticker tape motion diagrams to construct displacement-time, velocity-time and acceleration-time graphs for a uniformly accelerating object.
Table 3 – learning intentions and success criteria
	We are learning:
	I can:

	to analyse uniformly accelerated motion using displacement-time, velocity-time and acceleration-time graphs
	use primary data to construct displacement-time, velocity-time and acceleration-time graphs
calculate average velocity and acceleration from data collected over equal time intervals
predict the shape of each graph for uniformly accelerated motion
construct appropriate lines or curves of best fit

	to use equipment to systematically collect and record motion data.
	use a ticker timer to collect motion data
measure displacement over equal time intervals
systematically record displacement and time data in a table.


[bookmark: _Toc243040799]Lesson sequence instructions
Activate
1. Display the slide 2.1 PPT Setting up the ticker timer to briefly review how a ticker timer works. Reinforce that a ticker timer operating at 50 Hz produces 50 dots each second, so the time interval between consecutive dots is 0.02 s.
1. Display Check for understanding 1 (2.2 PPT) to activate students’ prior knowledge in justifying which of 3 presented ticker tapes represents slow uniform motion, fast uniform motion and motion that is speeding up. Invite students to share their reasoning.
Reinforce that evenly spaced dots indicate uniform motion, greater spacing indicates a higher speed, and increasing pacing indicates that the motion is speeding up. 
Follow up with the second question on Check for understanding 1 (2.2 PPT) by asking students to predict using a mini whiteboard what a ticker tape would look like when motion is slowing down.
Core learning
1. Students use the steps outlined in Student resource – uniform acceleration to perform an investigation of uniformly accelerating motion using ticker timer tape. 2.2 PPT ‘Investigating uniform acceleration’ (2 slides) provide supportive images of the experimental setup. These are also shown below.
Figure 10 – experimental setup for the ticker timer investigation of uniform acceleration; top view and side view
[image: Photograph of a physics experiment setup (top view) demonstrating motion using a toy car on a wooden ramp connected to ticker-timer tape such that as the car rolls down the ramp, a motion diagram will be created.
Photograph of a physics experiment setup (side view) demonstrating motion using a toy car on a wooden ramp connected to ticker-timer tape such that as the car rolls down the ramp, a motion diagram will be created.
]
Instruct students to mark every tenth dot on their ticker data and annotate their ticker tape with the displacements covered in each of these 10  0.02 second intervals. Students annotate their motion diagrams by drawing arrows between 2 consecutive spots in each interval. An example is shown below and on the slide 2.2 PPT ‘Motion diagrams’.
A motion diagram consists of a series of dots which represent the position of a particle at constant time intervals. Drawing motion diagrams assists students to distinguish between position and a displacement (a change in position), and between ‘clock reading’ (time since the motion began) and a time interval.
Figure 11 – an image of a motion diagram from a ticker tape
[image: A motion diagram with dots initially closer together, becoming increasingly spread apart and then remaining at a constant spacing.]
Figure 12 – a ticker tape motion diagram for a toy car released from rest down a ramp. The spacing of the dots increases as the car is released from rest and accelerates, increasing its velocity. The arrows below the dots represent the average velocity of the car during some of the time intervals
[image: A photograph of a ticker tape motion diagram with dots initially closely together, becoming increasingly spread apart, vector arrows indicate the increasing velocity represented.]
Use the partially completed table on 2.2 PPT ‘Recording displacement-time data’ (1 of 2) to model for students how to record data from the ticker tape. Use a think aloud to explain where each value in the first 2 rows of the table comes from.
Guide students to practise recording the data from the ticker tape using the partially completed table on 2.2 PPT ‘Recording displacement-time data’ (1 of 2) as a faded scaffold by calling on students to predict the missing values before revealing the completed table on 2.2 PPT ‘Recording displacement-time data’ (2 of 2).
Check for student understanding of the determination of cumulative time and cumulative displacement from ticker tape data by presenting Check for understanding 2 (2.2 PPT) which requires students to complete a table of data.
Students independently complete the displacement-time table in Student resource – uniform acceleration.
Introduce the concept that ticker tape data can be progressively processed and analysed to obtain descriptions of different aspects of an object’s motion using the slide 2.2 PPT ‘From ticker tape to motion graphs’.
Activate students’ prior knowledge of the distinction between average and instantaneous velocity from Activity 1.4. Connect this to explain why the midpoint is used for recording velocities using the worked example in Check for understanding 3 (2.2 PPT).
Use a gradual release of responsibility to explicitly teach students how the displacement-time data can be converted to velocity-time data using 2.2 PPT ‘Converting displacement-time to velocity-time’ (4 slides). 
After presenting 2.2 PPT ‘Converting displacement-time to velocity-time’ (1 of 4) and (2 of 4), use the partially completed table on 2.2 PPT ‘Converting displacement-time to velocity-time’ (3 of 4) to model for students how to convert displacement-time data from the ticker tape into velocity-time data using a think aloud to explain where each value in the first 2 rows of the table came from.
Guide students to practise recording the data from the ticker tape using the partially completed table on 2.2 PPT ‘Converting displacement-time to velocity-time’ (3 of 4) as a faded scaffold by calling on students to predict the missing values. Then reveal the completed table on 2.2 PPT ‘Converting displacement-time to velocity-time’ (4 of 4).
Check for student understanding of the conversion from displacement-time data to velocity-time data by presenting Check for understanding 4 (2.2 PPT) which requires students to complete a table of data.
Students independently complete the velocity-time table in Student resource – uniform acceleration.
Use a gradual release of responsibility to explicitly teach students how velocity-time data can be converted to acceleration-time data using 2.2 PPT ‘Converting velocity-time to acceleration-time’ (3 slides). 
After presenting 2.2 PPT ‘Converting velocity-time to acceleration-time’ (1 of 3), use the partially completed table on 2.2 PPT ‘Converting velocity-time to acceleration-time’ (2 of 3) to model for students how to convert velocity-time data into acceleration-time data. Use a think aloud to explain where each value in the first 2 rows of the table came from.
Guide students to practise recording the data from the ticker tape using the partially completed table on 2.2 PPT ‘Converting velocity-time to acceleration-time’ (2 of 3) as a faded scaffold by calling on students to predict the missing values. Then reveal the completed table on 2.2 PPT ‘Converting velocity-time to acceleration-time’ (3 of 3).
Check for student understanding of the conversion from velocity-time data to acceleration-time data by presenting Check for understanding 5 (2.2 PPT) which requires students to complete a table of data.
Students independently complete the acceleration-time table in Student resource – uniform acceleration.
Students use the scaffolds provided in Student resource – motion graphs as guidance to create 3 graphs based on the ticker timer tape results for uniformly accelerating motion: displacement-time, velocity-time and acceleration-time. Students draw lines or curves of best fit as appropriate.
Differentiation: scaffolds are provided for the tables of data and all 3 graphs that students will draw. However, students who more rapidly become adept at identifying the appropriate data and/or constructing graphs may be extended through removal of the scaffolds so that they can make their own decisions about the data that is appropriate to use and the features of a line graph that need to be included. 
Students independently complete a series of scaffolded questions in Student resource – motion graphs on the observations they make of the trends in the graphs.
Facilitate a class discussion to consolidate the key findings and trends. Discussion prompts and sample responses can be found in the Teaching advice for this lesson.
[bookmark: _Ref229705179][bookmark: _Ref231386969]Consolidate
1. Use Check for understanding 6 (2.2 PPT) to check for student understanding of ticker tape motion diagrams, and the link between these and the shapes of the displacement-time, velocity-time and acceleration-time graphs. Students respond to these through quick sketches on a mini whiteboard.
Direct students to Physics classroom – graph that motion. Students complete the ‘Graph that motion’ activity online, selecting graphs that match the ticker tape diagram produced by the moving car. Students use think-pair-share to share their reasoning.

[bookmark: _Student_resource_–_5][bookmark: _Ref239268905][bookmark: _Ref239269431][bookmark: _Toc243040800]Student resource – uniform acceleration
Aim: to investigate uniformly accelerating motion using a toy car, ramp and ticker timer tape.
Equipment:
	ticker timer
ticker timer tape
toy car or trolley
ramp
	power supply
connecting wires/leads
ruler
sticky tape


Method:
1. Set up the ramp so the toy car can roll smoothly down the incline.
1. Connect the ticker timer to the AC power supply using the connecting wires.
1. Thread the ticker timer tape through the ticker timer.
1. Attach one end of the ticker timer tape securely to the back of the toy car using sticky tape.
1. Place the toy car at the top of the ramp while keeping the ticker tape straight.
1. Turn on the power supply to start the ticker timer and release the toy car without pushing it.
1. Allow the car to travel down the ramp while the ticker timer marks dots on the tape.
1. Remove the ticker tape and label equal time intervals using every tenth space between the dots. Each interval then represents 0.20 seconds ().
1. Measure the displacement travelled by the car in each time interval and record your results in the first 2 columns of the table below. Complete the next 2 columns by calculating the cumulative displacement at the end of each time interval.


Table 1 – displacement-time data obtained from a ticker timer investigation into uniform acceleration
	Interval number
	displacement during interval (m)
	cumulative time at end of interval (s)
	cumulative displacement (m)

	1
	
	
	

	2
	
	0.4
	

	3
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	


Questions
1. Describe how the spacing between the dots changes as the car moves down the ramp.
	


What does increasing spacing between the dots suggest about the motion of the car?
	


Predict the shape of the displacement-time graph for uniformly accelerating motion.
	


Does the car appear to move with constant velocity or changing velocity? Explain using evidence from the ticker tape.
	


Suggest one way the reliability of the investigation could be improved.
	


Table 2 – velocity-time data obtained from a ticker timer investigation into uniform acceleration
	Time interval (s)
	Displacement during interval (m)
	Average velocity during interval ()
	Time at midpoint of interval (s)
	Instantaneous velocity at midpoint ()

	0.0–0.2
	
	
	
	

	0.2–0.4
	
	
	0.3
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	




Table 3 – acceleration-time data obtained from a ticker timer investigation into uniform acceleration
	Time (s)
	Instantaneous velocity,  (m s-1)
	Average acceleration,  during interval ()
	Time at midpoint of interval (s)
	Instantaneous acceleration,  at midpoint ()

	0.1
	
	-
	-
	-

	0.3
	
	
	
	

	
	
	
	0.6
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	




Sample response – student resource – uniform acceleration
Aim: To investigate uniformly accelerating motion using a toy car, ramp and ticker timer tape.
Equipment:
	ticker timer
ticker timer tape
toy car or trolley
ramp
	power supply
connecting wires/leads
ruler
sticky tape


Method:
1. Set up the ramp so the toy car can roll smoothly down the incline.
1. Connect the ticker timer to the AC power supply using the connecting wires.
1. Thread the ticker timer tape through the ticker timer.
1. Attach one end of the ticker timer tape securely to the back of the toy car using sticky tape.
1. Place the toy car at the top of the ramp while keeping the ticker tape straight.
1. Turn on the power supply to start the ticker timer and release the toy car without pushing it.
1. Allow the car to travel down the ramp while the ticker timer marks dots on the tape.
1. Remove the ticker tape and label equal time intervals (for example every tenth space between the dots). Each interval then represents 0.20 seconds ().
1. Measure the displacement travelled by the car in each time interval and record your results in the first 2 columns of the table below. Complete the next 2 columns by calculating the cumulative displacement at the end of each time interval.
Table 1 – displacement-time data obtained from a ticker timer investigation into uniform acceleration
	Interval number
	displacement during interval (m)
	cumulative time at end of interval (s)
	cumulative displacement (m)

	1
	0.022
	0.2
	0.022

	2
	0.033
	0.4
	0.055

	3
	0.045
	0.6
	0.100

	4
	0.059
	0.8
	0.159

	5
	0.067
	1.0
	0.226

	6
	0.075
	1.2
	0.301

	7
	0.078
	1.4
	0.379

	8
	0.082
	1.6
	0.461


Questions
1. Describe how the spacing between the dots changes as the car moves down the ramp.
	The spacing between the dots gradually increases as the car moves down the ramp. This means the car travels a greater distance during each equal time interval.


What does increasing spacing between the dots suggest about the motion of the car?
	Increasing spacing between the dots suggests that the car is accelerating. The car’s velocity is increasing because it travels further in the same amount of time.


Predict the shape of the displacement-time graph for uniformly accelerating motion.
	The displacement-time graph would be a curved line that becomes progressively steeper over time. This is because the displacement increases more rapidly as the car accelerates.


Does the car appear to move with constant velocity or changing velocity? Explain using evidence from the ticker tape.
	The car appears to move with changing velocity because the spacing between the dots increases along the tape. If the car were moving with constant velocity, the spacing between the dots would remain equal.


Suggest one way the reliability of the investigation could be improved.
	Reliability could be improved by repeating the experiment several times and averaging the results. This would reduce the effect of random variations in the measurements.


Table 2 – velocity-time data obtained from a ticker timer investigation into uniform acceleration
	Time interval (s)
	Displacement during interval (m)
	Average velocity during interval ()
	Time at midpoint of interval (s)
	Instantaneous velocity at midpoint ()

	0–0.2
	0.022
	0.110
	0.1
	0.110

	0.2–0.4
	0.033
	0.165
	0.3
	0.165

	0.4–0.6
	0.045
	0.225
	0.5
	0.225

	0.6–0.8
	0.059
	0.295
	0.7
	0.295

	1.0–1.2
	0.067
	0.335
	0.9
	0.335

	1.2–1.4
	0.075
	0.375
	1.1
	0.375

	1.4–1.6
	0.078
	0.390
	1.3
	0.390

	1.6–1.8
	0.082
	0.410
	1.5
	0.410


Table 3 – acceleration-time data obtained from a ticker timer investigation into uniform acceleration
	Time (s)
	Instantaneous velocity,  (m s-1)
	Average acceleration,  during interval ()
	Time at midpoint of interval (s)
	Instantaneous acceleration,  at midpoint ()

	0.1
	0.110
	-
	-
	-

	0.3
	0.165
	0.275
	0.2
	0.275

	0.5
	0.225
	0.300
	0.4
	0.300

	0.7
	0.295
	0.350
	0.6
	0.350

	0.9
	0.335
	0.200
	0.8
	0.200

	1.1
	0.375
	0.200
	1.0
	0.200

	1.3
	0.390
	0.075
	1.2
	0.075

	1.5
	0.410
	0.100
	1.4
	0.100




[bookmark: _Student_resource_–_6][bookmark: _Ref231387044][bookmark: _Toc243040801]Student resource – motion graphs
Using the data you have processed in the previous activity, you will now be constructing a set of 3 motion graphs to describe the uniform acceleration of the toy car travelling down the ramp.
The first step to sketching each graph is to extract the appropriate data from your earlier tables. A table has been provided for each graph to assist you.
Displacement versus time
1. Complete the following table by selecting the appropriate data from your investigation.
	Cumulative time (s)
	Cumulative displacement (m)

	0.2
	

	0.4
	

	0.6
	

	0.8
	

	1.0
	

	1.2
	

	1.4
	

	1.6
	


Predict the shape of the displacement-time graph for your investigation. Justify your response.
	




Use your table of data to construct an appropriate graph below to present your results.
[image: Blank grid space for students to draw a graph, graph title and axes' titles are provided.]
Reflection
1. Did your displacement-time graph match your prediction? Describe the shape of the graph and explain what it suggests about the motion of the toy car.
	


Describe how the gradient of the graph changed over time. Explain what this indicates about the velocity of the car throughout the motion.
	




Velocity versus time
1. Complete the following table by selecting the appropriate data from your investigation.
	Cumulative time (s)
	Instantaneous velocity (m s-1)

	0.1
	

	0.3
	

	0.5
	

	0.7
	

	0.9
	

	1.1
	

	1.3
	

	1.5
	


Predict the shape of the velocity-time graph for your investigation. Justify your response.
	


Use your table of data to construct an appropriate graph to present your results.


[image: Blank grid space for students to draw a graph, graph title and axes' titles are provided]
Reflection
1. Did your velocity-time graph match your prediction? Describe the shape of the graph and explain what it suggests about the motion of the toy car.
	


Describe how the gradient of the velocity-time graph changed over time. Explain what this indicates about the acceleration of the car throughout the motion.
	


Acceleration versus time
1. Complete the following table by selecting the appropriate data from your investigation.
	Cumulative time (s)
	Acceleration ()

	0.2
	-

	0.4
	

	0.6
	

	0.8
	

	1.0
	

	1.2
	

	1.4
	


Predict the shape of the acceleration-time graph for your investigation. Justify your response.
	



Use your table of data to construct an appropriate graph to present your results.
[image: Blank grid space for students to draw a graph, graph title and axes' titles are provided]
Reflection
1. Did your acceleration-time graph match your prediction? Describe the shape of the graph and explain what it suggests about the motion of the toy car.
	


Describe how the acceleration changed over time. Suggest reasons for such changes.
	




Sample response – student resource – motion graphs
Using the data you have processed in the previous activity, you will now be constructing a set of 3 motion graphs to describe the uniform acceleration of the toy car travelling down the ramp.
The first step to sketching each graph is to extract the appropriate data from your earlier tables. A table has been provided for each graph to assist you.
Displacement versus time
1. Complete the following table by selecting the appropriate data from your investigation.
	Cumulative time (s)
	Cumulative displacement (m)

	0.2
	0.022

	0.4
	0.055

	0.6
	0.100

	0.8
	0.159

	1.0
	0.226

	1.2
	0.301

	1.4
	0.379

	1.6
	0.461


Predict the shape of the displacement-time graph for your investigation. Justify your response.
	The displacement-time graph should curve upwards and become steeper over time. This is because the toy car is accelerating down the ramp, so it travels a greater displacement during each equal time interval.


Use your table of data to construct an appropriate graph to present your results.
[image: Line graph titled 'Ticker tape displacement versus time for a uniformly accelerating object' plots cumulative displacement (m) against cumulative time (s). Points and curve of best fit show steadily increasing, nonlinear displacement, rising from about 0.02 m at 0.2 s to 0.93 m at 2.6 s.
]
[image: Line graph titled 'Ticker tape displacement versus time for a uniformly accelerating object' plots cumulative displacement (m) against cumulative time (s). Points and curve of best fit show steadily increasing, nonlinear displacement, rising from about 0.02 m at 0.2 s to 0.93 m at 2.6 s.]
Reflection
1. Did your displacement-time graph match your prediction? Describe the shape of the graph and explain what it suggests about the motion of the toy car.
	Yes, the graph matched the prediction. The graph curved upwards and became steeper over time, showing that the toy car was speeding up as it moved down the ramp.


Describe how the gradient of the graph changed over time. Explain what this indicates about the velocity of the car throughout the motion.
	The gradient of the displacement-time graph represents the velocity of the toy car. This became steeper over time, indicating that the velocity of the car was increasing, meaning the car was accelerating in the positive direction (initial direction of motion).


Velocity versus time
1. Complete the following table by selecting the appropriate data from your investigation.
	Cumulative time (s)
	Instantaneous velocity ()

	0.1
	0.110

	0.3
	0.165

	0.5
	0.225

	0.7
	0.295

	0.9
	0.335

	1.1
	0.375

	1.3
	0.390

	1.5
	0.410


Predict the shape of the velocity-time graph for your investigation. Justify your response.
	The velocity-time graph should be an upward-sloping straight line because the toy car is accelerating at a fairly constant rate down the ramp.


Use your table of data to construct an appropriate graph to present your results.
[image: Line graph shows ticker tape velocity versus cumulative time for a uniformly accelerating object. Blue data points and smooth curve rise from about 0.11 m/s at 0.1 s to 0.49 m/s at 2.5 s, with velocity increases gradually leveling off.]
Reflection
1. Did your velocity-time graph match your prediction? Describe the shape of the graph and explain what it suggests about the motion of the toy car.
	Yes, the graph partly matched the prediction because velocity increased overall. However, it was not a straight line. The graph became less steep over time, showing that the toy car was still speeding up, but its acceleration was decreasing as it moved down the ramp.


Describe how the gradient of the velocity-time graph changed over time. Explain what this indicates about the acceleration of the car throughout the motion.
	The gradient, which represents acceleration, was steeper at the start of the graph and became smaller later in the motion. Since the gradient of a velocity-time graph represents acceleration, this indicates that the acceleration was not perfectly constant and decreased slightly over time. This may have been due to the ticker tape not feeding smoothly through the ticker timer.


Acceleration versus time
1. Complete the following table by selecting the appropriate data from your investigation.
	Cumulative time (s)
	Acceleration ()

	0.2
	0.275

	0.4
	0.300

	0.6
	0.350

	0.8
	0.200

	1.0
	0.200

	1.2
	0.075

	1.4
	0.100


Predict the shape of the acceleration-time graph for your investigation. Justify your response.
	The acceleration-time graph should be approximately horizontal because the toy car is expected to experience fairly constant acceleration down the ramp.


Use your table of data to construct an appropriate graph to present your results.
[image: Graph 3 – ticker tape acceleration versus time for uniformly accelerating object. 
Sample student response with data showing a general negative linear relationship. ]
Reflection
1. Did your acceleration-time graph match your prediction? Describe the shape of the graph and explain what it suggests about the motion of the toy car.
	The graph only partly matched the prediction. Instead of remaining constant, the acceleration values generally decreased over time. This suggests the toy car accelerated strongly at first, then the acceleration gradually decreased as the car moved down the ramp.


Describe how the acceleration changed over time. Suggest reasons for such changes.
	The acceleration was higher at the beginning of the motion and became smaller later in the graph. This may have occurred because friction and air resistance had a greater effect as the car moved, or because small measurement uncertainties affected the calculated velocity values.




[bookmark: _Teaching_advice_2][bookmark: _Ref240630349][bookmark: _Toc243040802]Teaching advice
Background information
Sample discussion prompts and responses
These follow the independent completion of the Student resource – motion graphs:
Table 4 – sample discussion prompts and responses to follow Student resource – motion graphs
	Discussion prompt
	Sample response

	What overall trend did you observe in the displacement-time graph, and what does this suggest about the motion of the toy car?
	The displacement-time graph curved upwards and became steeper over time. This shows that the toy car travelled a greater displacement during each equal time interval, meaning the car was increasing in velocity and accelerating down the ramp.

	How did the gradient of the displacement-time graph change throughout the motion?
	The gradient increased over time, so the graph became steeper. Since the gradient of a displacement-time graph represents velocity, this indicates that the velocity of the car was increasing as it moved.

	What trend was observed in the velocity-time graph, and what did this indicate about acceleration?
	The velocity increased throughout the motion, but the graph gradually became less steep towards the end. This suggests that the car was still accelerating, although the acceleration decreased slightly over time rather than remaining perfectly constant.

	How did the acceleration–time graph compare with your prediction?
	The acceleration–time graph was not perfectly horizontal as predicted. Instead, it showed fluctuations and a general decrease over time. This suggests that the acceleration was not perfectly constant during the investigation.

	What experimental factors may have contributed to differences between groups’ graphs?
	Differences may have been caused by variations in ramp angle, friction, release technique, ticker tape spacing and measurement precision. These factors can affect the displacement, velocity and acceleration values calculated from the investigation.


Checks for understanding
[bookmark: _Check_for_understanding_14][bookmark: _Ref240454494][bookmark: _Ref238547682]Check for understanding 1 (2.2 PPT)
1. Justify which of these ticker tapes match the following descriptions of motion:
Figure 13 – three ticker tape motion diagrams to be matched to motion descriptions to activate students’ prior knowledge of the link between motion and ticker tape patterns, with answers provided on the slide 
[image: Screenshot of a slide using ticker-tape patterns to activate students' prior knowledge by requiring them to match slow uniform, fast uniform, and speeding-up motion before predicting the pattern for motion that is slowing down. Three labeled tapes show patterns 3, 2, and 1 respectively, with an answer key listing A–3, B–2, C–1.]
Draw a ticker tape pattern that represents motion that is slowing down.
Check for understanding 1 sample response
1. Answers: A. 3, B. 2, C. 1
1. [image: An image of a motion diagram on ticker tape showing dots that are getting closer to each other from left to right. This represents slowing-down motion through decreasing dot spacing.]
[bookmark: _Check_for_understanding_15][bookmark: _Ref240625254][bookmark: _Ref240617964]Check for understanding 2 (2.2 PPT)
A ticker tape is divided into 0.2 s intervals. The displacement measured during each interval is shown in the table below.
Complete the table by calculating the cumulative time and cumulative displacement for each interval.
Table 5 – partially completed table showing time and displacement values from a ticker tape (both interval and cumulative), with space for student response
	
	Displacement in each time interval (m)
	Cumulative time (s)
	Cumulative displacement (m)

	0.2
	0.018
	0.2
	0.018

	0.2
	0.027
	
	

	0.2
	0.041
	
	

	0.2
	0.056
	
	


Check for understanding 2 sample response
	
	Displacement in each time interval (m)
	Cumulative time (s)
	Cumulative displacement (m)

	0.2
	0.018
	0.2
	0.018

	0.2
	0.027
	0.4
	0.045

	0.2
	0.041
	0.6
	0.086

	0.2
	0.056
	0.8
	0.142


[bookmark: _Check_for_understanding_16][bookmark: _Ref241479449]Check for understanding 3 (2.2 PPT)
1. A trolley moves along a track. Its displacement is measured every 0.20 s.
Which of the following statements describes average velocity?
A. the velocity at one particular moment in time
B. the displacement during a time interval divided by the duration of that interval
Which of the following statements describes instantaneous velocity:
C. the velocity at one particular moment in time
D. the total displacement divided by the total time.
The trolley moves 0.030 m between .
The calculated velocity, , describes the motion over the interval from 0.20 s to 0.40 s.
At which time should this velocity be plotted?
A. 0.20 s
B. 0.30 s
C. 0.40 s
Check for understanding 3 sample response
1. Average velocity = B; instantaneous velocity = C.
1. B. 0.30 s
Note: the calculated velocity is an average velocity over the interval, rather than the velocity at either end. We plot it at the midpoint of the interval, 0.30 s. For uniformly accelerated motion, the average velocity over the interval is equal to the instantaneous velocity at the midpoint.
Earlier in this focus area, we distinguished average velocity over a time interval from instantaneous velocity at a particular time. Our ticker tape gives us an average velocity for each interval. For uniformly accelerated motion, we can associate that value with the midpoint in time.
[bookmark: _Check_for_understanding_17][bookmark: _Ref240627493][bookmark: _Ref240625727]Check for understanding 4 (2.2 PPT)
A ticker tape travels:
0.018 m in the first 0.2 s
0.030 m in the next 0.2 s
0.046 m in the next 0.2 s.
Complete the following table by determining the instantaneous velocity at the midpoint of each time interval.
Table 6 – partially completed table showing time and displacement values from a ticker tape (both interval and cumulative), with space for student response
	Interval number
	Displacement during time interval (m)
	Time at midpoint of interval (s)
	Instantaneous velocity ()

	1
	0.018
	
	

	2
	0.030
	
	

	3
	0.046
	
	


Check for understanding 4 sample response
	Interval number
	Displacement during time interval (m)
	Time at midpoint of interval (s)
	Instantaneous velocity ()

	1
	0.018
	0.1
	0.09

	2
	0.030
	0.3
	0.15

	3
	0.046
	0.5
	0.23


[bookmark: _Check_for_understanding_18][bookmark: _Ref240629538]Check for understanding 5 (2.2 PPT)
The instantaneous velocity of an object has been calculated at the times shown in the following table.
Complete the table by calculating the instantaneous acceleration at the midpoint between velocity measurements.
Table 7 – partially completed table showing time and average velocity values from ticker tape motion (both interval and cumulative at the midpoint of the time interval), with space for student response
	Time (s)
	Instantaneous velocity,  ()
	Average acceleration,  during interval ()
	Time at midpoint of interval (s)
	Instantaneous acceleration at midpoint ()

	0.1
	0.090
	–
	–
	–

	0.3
	0.148
	
	
	

	0.5
	0.212
	
	
	

	0.7
	0.274
	
	
	


Check for understanding 5 sample response
	Time (s)
	Instantaneous velocity,  ()
	Average acceleration,  during interval ()
	Time at midpoint of interval (s)
	Instantaneous acceleration at midpoint ())

	0.1
	0.090
	–
	–
	–

	0.3
	0.148
	
	
	0.290

	0.5
	0.212
	
	0.4
	0.320

	0.7
	0.274
	0.310
	0.6
	0.310


[bookmark: _Check_for_understanding_19][bookmark: _Ref241470178]Check for understanding 6 (2.2 PPT)
Sketch the predicted shape of displacement-time, velocity-time and acceleration-time graphs for the following ticker tapes.
Figure 14 – two ticker tapes representing 2 different motion scenarios
[image: Two ticker tape patterns requiring students to sketch the predicted shapes of displacement-time, velocity-time and acceleration-time graphs for each. ]
Check for understanding 6 sample response
Figure 15 – displacement-time, velocity-time and acceleration-time graphs to match each of the ticker tape motion diagrams
[image: Two rows of motion diagram illustrates position, velocity, and acceleration relationships for two moving objects. Row 1 shows increasingly spaced blue dots with corresponding concave-up s-t curve, rising v-t line, and constant positive a-t line; Row 2 shows evenly spaced dots with linear s-t curve, constant v-t line, and zero a-t line.]


[bookmark: _Ref239691292][bookmark: _Toc243040803]2.3 Analysing motion graphs
Students learn to extract data from motion graphs to analyse the motion of an object.
Table 8 – learning intentions and success criteria
	We are learning:
	I can:

	to analyse motion using graphical and mathematical models
	describe the displacement, velocity and acceleration of an object from its motion graphs

	to extract quantitative and qualitative information from graphs to describe features of an object’s motion
	select the most appropriate motion graph for quantitative analysis of an object’s motion
describe the features of an object’s motion both qualitatively and quantitatively using shape, gradient and area

	to analyse motion data to make predictions about motion graphs and draw conclusions.
	predict the expected shape of a graph based on established motion relationships
use graph features to explain results and draw conclusions about motion.


[bookmark: _Toc243040804]Lesson sequence instructions
Activate
1. Activate students’ prior knowledge of the relationship between the gradient of a displacement-time graph and the motion it describes from Activity 2.1 using Check for understanding 1 (2.3 PPT).
Core learning
1. Present students with the oPhysics motion graph simulator and model the interpretation of the 3 graphs initially presented (displacement-time, velocity-time, acceleration-time) before facilitating a discussion to guide students’ interpretation of the graphs.
Prompt students to consider the significance of graph shapes, intercepts and slopes as appropriate, as well as changes in sign as they manipulate the simulator.
Students work in pairs to manipulate the motion and observe how changes in one graph affect the others in real time.
Check students’ understanding of the links between different motion graphs for a given scenario using a multiple-choice question in Check for understanding 2 (2.3 PPT).
Present students with Student resource – from motion stories to graphs. Guide students to apply their knowledge from Activity 2.1 and Activity 2.2 to complete the questions independently before calling on students to share their reasoning for their answers.
1. Review the significance of the gradient in displacement-time graphs (velocity) and velocity-time graphs (acceleration) using the slide 2.3 PPT ‘Gradients of motion graphs’.
Explore the significance of the area between the curve and the x-axis in velocity-time graphs (displacement) and acceleration-time graphs (change in velocity) using the chunking and sequencing of the concepts presented in 2.3 PPT ‘Areas in motion graphs’ (3 slides).
Guide students to practise determining displacement from the areas between the graph and x-axis on a velocity-time graph using the slide 2.3 PPT ‘Determining displacement from areas’.
Check that students can relate positive and negative areas on a velocity-time graph to positive and negative displacements using Check for understanding 3 (2.3 PPT).
Students independently work through Questions 1–8 in Student resource – analysing motion graphs quantitatively to independently practise the quantitative determination of motion variables from motion graphs.
Consolidate
1. Students predict what the displacement-time, velocity-time, and acceleration-time graphs will look like for a given motion scenario, justifying their reasoning in Student resource – analysing motion graphs qualitatively. They then use the oPhysics motion graph simulator to create each motion scenario and compare the generated graphs to their predictions.
[bookmark: _Ref231387493][bookmark: _Ref239765936]

[bookmark: _Student_resource_–_1][bookmark: _Ref241100564][bookmark: _Toc243040805]Student resource – from motion stories to graphs
Engage with the motion story presented below.
Maya starts at the school gate.
She walks away from the gate at a steady speed for 4 seconds.
She stops and waits for 2 seconds.
She then walks back towards the gate at a faster steady speed for 2 seconds, arriving back at the gate.
1. Complete the table below to describe Maya’s motion.
	Part of the journey
	Direction of motion
	Moving or stationary?
	Relative speed

	t = 0 to 4 s
	
	
	

	t = 4 to 6 s
	
	
	

	t = 6 to 8 s
	
	
	


Sketch a displacement-time graph below that represents Maya’s journey. [image: Blank grid for student graph.]
Label:
1. the section where Maya is walking away
the section where Maya is stationary
the section where Maya is walking back.
How does your graph show that Maya stopped?
	


How does your graph show that Maya changed direction?
	


How does your graph show that Maya travelled faster on the way back?
	




Sample response – student resource – from motion stories to graphs
Engage with the motion story presented:
Maya starts at the school gate.
She walks away from the gate at a steady speed for 4 seconds.
She stops and waits for 2 seconds.
She then walks back towards the gate at a faster steady speed for 2 seconds, arriving back at the gate.
1. Complete the table below to describe Maya’s motion.
	Part of the journey
	Direction of motion
	Moving or stationary?
	Relative speed

	t = 0 to 4 s
	away from starting point
	moving
	slow

	t = 4 to 6 s
	no direction (stationary)
	stationary
	zero

	t = 6 to 8 s
	towards starting point
	moving
	fast


Sketch a displacement-time graph that represents Maya’s journey. 
[image: Line graph titled 'Displacement-time graph for Maya’s journey' tracks displacement over time, with Time (s) on horizontal axis and Displacement (m) on vertical axis. Line graph rises from 0 m at 0 s to 4 m at 4 s, remains flat through 6 s, then falls to 0 m at 8 s.
]
Label:
1. the section where Maya is walking away
the section where Maya is stationary
the section where Maya is walking back.
How does your graph show that Maya stopped?
	The graph is horizontal while Maya is stopped, showing that her displacement does not change during this time.


How does your graph show that Maya changed direction?
	The gradient (representing velocity) changes from positive to negative, showing that Maya changes direction and moves back towards her starting point.


How does your graph show that Maya travelled faster on the way back?
	The graph is steeper on the way back, showing that her displacement changes more quickly with time and, therefore, that she is travelling faster.


[bookmark: _Student_resource_–_2][bookmark: _Ref241099538][bookmark: _Toc243040806][bookmark: _Ref241099385]Student resource – analysing motion graphs quantitatively
Velocity-time analysis
An object’s velocity changes over time as shown.
[image: Line graph showing velocity of an object over time.]
1. Calculate the acceleration during the following time intervals:
1. t = 0 to 2 s
	


1. t = 2 to 5 s
	


1. t = 5 to 8 s.
	


Determine the time at which the object changes direction. Outline your reasoning.
	


Calculate the displacement from t = 0 to 8 s.
	


Calculate the total distance travelled from t = 0 to 8 s.
	


Calculate the average velocity over the 8-second interval.
	


Explain why the distance travelled is not equal to the magnitude of the displacement in this motion.
	


From acceleration to velocity
An object starting at rest varies its acceleration as shown below.
[image: Line graph showing acceleration of an object over time.]
Determine the change in velocity over the following time intervals. (Hint: consider the area under the acceleration-time graph.)
1. t = 0 to 3 s
	


1. t = 3 to 5 s
	


1. t = 5 to 9 s
	




Linearising displacement-time data
An object is released from rest and accelerates downwards due to gravity. Experimental measurements are shown below in table and graph form.
	time (s)
	displacement (m)

	0
	0

	0.2
	0.2

	0.3
	0.44

	0.4
	0.79

	0.5
	1.23

	0.6
	1.77


[image: Line graph showing displacement of an object released from rest over time.]
Describe the relationship between displacement and time suggested by the above graph.
	




Sample response – student resource – analysing motion graphs quantitatively
Velocity-time analysis
An object’s velocity varies over time as shown.
[image: Line graph showing velocity of an object over time.]
1. Calculate the acceleration during the following time intervals:
1. t = 0 to 2 s
	


1. t = 2 to 5 s

	


1. t = 5 to 8 s
	


Determine the time at which the object changes direction. Outline your reasoning.
	An object changes direction when its velocity changes sign, so we need to find where the graph crosses 
Therefore the object changes direction at .


Calculate the displacement from t = 0 to 8 s.
	The displacement is found by calculating the area under the velocity-time graph.
From t = 0 to 2 s:

From t = 2 to 5 s:

From t = 5 to 8 s, the area between 7–7.5 s cancels out the area between 7.5–8 s, therefore:

Total displacement is given by:



Calculate the total distance travelled from t = 0 to 8 s.
	The distance is found by adding the magnitudes of all the areas under the velocity-time graph.
From t = 0 to 2 s:

From t = 2 to 5 s:

From t = 5 to 7.5 s:

From t = 7.5 to 8 s:

Total distance is given by:



Calculate the average velocity over the 8-second interval.
	


Explain why the distance travelled is not equal to the magnitude of the displacement in this motion.
	The object reverses direction at 7.5 s and travels 0.5 m in the negative direction.
Distance is the total travelled, regardless of direction, whereas displacement takes direction into account.
Therefore, distance  but displacement .


From acceleration to velocity
An object starting at rest varies its acceleration as shown below.
[image: Line graph showing acceleration of an object over time.]
Determine the change in velocity over the following time intervals. (Hint: consider the area under the acceleration-time graph.)
1. t = 0 to 3 s
	

Therefore the area under the acceleration-time graph  (change in velocity)
For t = 0 to 3 s:



1. t = 3 to 5 s
	For 3 to 5 s:



1. t = 5 to 9 s
	For t = 5 to 9 s:



Linearising displacement-time data
An object is released from rest and accelerates downwards due to gravity. Experimental measurements are shown below in table and graph form.
	time (s)
	displacement (m)

	0
	0

	0.2
	0.2

	0.3
	0.44

	0.4
	0.79

	0.5
	1.23

	0.6
	1.77


[image: Line graph showing displacement of an object released from rest over time.]
86. Describe the relationship between displacement and time suggested by this graph.
	




[bookmark: _Student_resource_–_10][bookmark: _Toc243040807]Student resource – analysing motion graphs qualitatively
You will be using the oPhysics motion graph simulator to investigate relationships between displacement-time, velocity-time and acceleration-time graphs.
Part A – initial observations
Complete the table below.
	Graph
	Gradient represents
	Area represents

	displacement-time
	
	

	velocity-time
	
	

	acceleration-time
	
	


Part B – predict, test, explain
Use the simulator to investigate each motion scenario.
For each scenario:
1. predict the graph shapes
1. test using the simulator
1. explain how the graphs support the motion.
Scenario 1 – constant positive velocity
Displacement-time prediction
	


Velocity-time prediction
	


Acceleration-time prediction
	


What did you observe?
	


How do the graphs support this type of motion?
	


Scenario 2 – speeding up positively
Displacement-time prediction
	


Velocity-time prediction
	


Acceleration-time prediction
	


What did you observe?
	


How do the graphs support this type of motion?
	




Scenario 3 – constant negative velocity
Displacement-time prediction
	


Velocity-time prediction
	


Acceleration-time prediction
	


What did you observe?
	


How do the graphs support this type of motion?
	


Scenario 4 – slowing down while moving positively
Displacement-time prediction
	


Velocity-time prediction
	


Acceleration-time prediction
	


What did you observe?
	


How do the graphs support this type of motion?
	


Part C – analysing relationships
Complete the table below.
	Graph feature
	Physical meaning

	straight-line displacement graph
	

	horizontal velocity graph
	

	sloped velocity graph
	

	horizontal displacement graph
	

	area below axis
	




[bookmark: _Sample_response_–_1]Sample response – student resource – analysing motion graphs qualitatively
You will be using the oPhysics motion graph simulator to investigate relationships between displacement-time, velocity-time, and acceleration-time graphs.
Part A – initial observations
Complete the table below.
	Graph
	Gradient represents
	Area represents

	displacement-time
	velocity
	no useful physical meaning

	velocity-time
	acceleration
	displacement

	acceleration-time
	rate of change of acceleration 
	change in velocity


Part B – predict, test, explain
Use the simulator to investigate each motion scenario.
For each scenario:
1. predict the graph shapes
1. test using the simulator
1. explain how the graphs support the motion.
Scenario 1 – constant positive velocity
Displacement-time prediction
	Straight line with positive slope


Velocity-time prediction
	Horizontal line above the axis


Acceleration-time prediction
	Horizontal line on zero


What did you observe?
	The displacement graph increased steadily, velocity stayed constant, and acceleration remained zero.


How do the graphs support this type of motion?
	A constant positive gradient on the displacement graph shows constant positive velocity. The horizontal velocity graph confirms velocity is constant, while zero acceleration shows velocity is not changing.


Scenario 2 – speeding up positively
Displacement-time prediction
	Curved graph becoming steeper


Velocity-time prediction
	Straight line with positive slope


Acceleration-time prediction
	Horizontal line above zero


What did you observe?
	The displacement graph became steeper over time, velocity increased steadily, and acceleration remained positive.


How do the graphs support this type of motion?
	The increasing gradient of the displacement graph shows increasing velocity. The positive slope of the velocity graph shows acceleration, while the constant positive acceleration graph confirms uniform acceleration.


Scenario 3 – constant negative velocity
Displacement-time prediction
	Straight line with negative slope


Velocity-time prediction
	Horizontal line below the axis


Acceleration-time prediction
	Horizontal line on zero


What did you observe?
	The displacement graph decreased steadily, velocity stayed negative and constant, and acceleration remained zero.


How do the graphs support this type of motion?
	The constant negative gradient shows motion in the negative direction at constant speed. The horizontal velocity graph confirms constant velocity, and zero acceleration shows the velocity is not changing.


Scenario 4 – slowing down while moving positively
Displacement-time prediction
	Curved graph becoming less steep


Velocity-time prediction
	Line sloping downward toward zero


Acceleration-time prediction
	Horizontal line below zero


What did you observe?
	The displacement graph still increased but flattened over time, velocity decreased, and acceleration remained negative.


How do the graphs support this type of motion?
	The decreasing gradient of the displacement graph shows the object is slowing down. The downward sloping velocity graph shows velocity decreasing, while negative acceleration confirms the object is accelerating opposite to the direction of motion.


Part C – analysing relationships
Complete the table below.
	Graph feature
	Physical meaning

	straight-line displacement graph
	constant velocity

	horizontal velocity graph
	zero acceleration

	sloped velocity graph
	non-zero acceleration

	horizontal displacement graph
	stationary object

	area below axis
	negative displacement or negative change in velocity


[bookmark: _Ref239766299]

[bookmark: _Toc243040808]Teaching advice
Checks for understanding
[bookmark: _Check_for_understanding_20][bookmark: _Ref241100479][bookmark: _Ref238550850]Check for understanding 1 (2.3 PPT)
What does each feature of a displacement-time graph tell you?
Table 9 –scaffold for students to complete with the significance of various features of a displacement-time graph
	Feature
	Significance

	1. an upward slope
	

	a horizontal line
	

	a downward slope
	

	a steeper slope
	


Check for understanding 1 sample response
	Feature
	Significance

	1. an upward slope
	motion is in the positive direction

	a horizontal line
	object is stationary

	a downward slope
	motion is in the negative direction

	a steeper slope
	moving faster (greater speed)


[bookmark: _Check_for_understanding_21][bookmark: _Ref241174323]Check for understanding 2 (2.3 PPT)
An object has a velocity-time graph that is a straight line with a positive gradient. Which statement is correct?
1. Its displacement-time graph is a straight line and its acceleration is zero.
Its displacement-time graph becomes steeper and its acceleration is constant and positive.
Its displacement-time graph becomes less steep and its acceleration is constant and negative.
Its displacement-time graph is horizontal and its acceleration is increasing.
Check for understanding 2 sample response
Answer: b
Explanations:
1. A straight displacement-time graph represents constant velocity, so the acceleration would be zero. This does not match a velocity that is increasing.
Correct – as velocity increases, the gradient of the displacement-time graph increases, so the graph becomes steeper. A constant positive gradient on the velocity-time graph represents constant positive acceleration.
A displacement-time graph becoming less steep indicates decreasing velocity, while constant negative acceleration would produce a negative gradient on the velocity-time graph.
A horizontal displacement-time graph means the object is stationary, so its velocity is zero. Increasing acceleration would also produce a changing, rather than constant, gradient on the velocity-time graph.
[bookmark: _Check_for_understanding_22][bookmark: _Ref241352411]Check for understanding 3 (2.3 PPT)
Which of the 3 graphs below would result in a return to an object’s original position?
Figure 16 – check for understanding requiring students to identify the graph that depicts a return to the original position
[image: Three velocity-time line graphs, labelled A, B and C, illustrating different motions.]
Check for understanding 3 sample response
Answer: C
A. Incorrect – the velocity is always positive or zero. The area under the graph is therefore positive, so the object has a positive net displacement and does not return to its original position.
B. Incorrect – the graph includes both positive and negative velocity, meaning the object changes direction. However, the positive area is greater than the negative area, so the displacements do not cancel and the object does not return to its original position.
C. Correct – the area above the time axis is equal to the area below the time axis. The positive and negative displacements cancel, giving a net displacement of zero. Therefore, the object returns to its original position.


[bookmark: _Toc243040809]2.4 Applying the equations of motion
Students derive and apply a structured problem-solving strategy and equations of motion to solve one-step and multi-step problems involving uniformly accelerated motion.
Table 10 – learning intentions and success criteria
	We are learning:
	I can:

	to analyse and predict uniformly accelerated motion in one dimension
	select and apply ,  and 
identify implied quantities such as  when an object is dropped and  at maximum height
solve one-step and multi-step motion problems

	to analyse quantitative relationships between motion variables
	use equations and graphs to describe relationships between displacement, velocity, acceleration and time
express quantitative solutions using appropriate significant figures

	to solve motion problems.
	plan to solve problems by representing scenarios, identifying relevant physics and choosing a frame of reference
solve problems by identifying known and unknown quantities, selecting equations and checking my solutions.


[bookmark: _Toc227938864][bookmark: _Toc243040810]Lesson sequence instructions
Activate
1. Demonstrate the ‘washer drop’ to engage students in observing uniformly accelerated motion.
Tie 5 metal washers (nuts or heavy pegs could be used instead) to a long piece of string so that they are equally spaced along the string and approximately 40 cm apart (see Figure 17).
Tell students that each washer will make a noise as it hits the tray and ask them to predict what they will hear when the string is dropped and share their prediction with the person next to them.
Hold the string by one end above a metal tray and allow it to fall into the tray and ask students to explain what they hear. (The time interval between the sound of each washer hitting the metal should decrease because the washers accelerate over time and cover the same distance in a shorter time).
Ask students to predict how the spacing between washers would need to be adjusted so that the timing between noises remained constant. (The spacing would have to be increased to accommodate for the increased average velocity of washers during successive time intervals).
If a difference is not apparent, repeat using Audacity to record and analyse the sounds. Instructions for using Audacity and additional information for the demonstration can be found in the Teaching advice for this lesson. Figure 18 demonstrates what a recording of the washer drop looks like in Audacity.
[bookmark: _Ref240287245]Figure 17 – set up for washer drop activity
[image: Diagram showing the placement of metal washers on a vertical string. There are 5 washers spaced 40 cm apart with the lowest washer 40 cm above a metal tray. ]
[bookmark: _Ref240287291]Figure 18 – screenshot of Audacity displaying the results of the washer drop activity
[image: Audacity screenshot.]
1. Complete Check for understanding 1 (2.4 PPT) to activate prior knowledge of how to determine velocity and acceleration from a displacement-time graph from Activity 2.3.
Ask students to determine how far the object moves each second and use this to compare the ball’s average velocity over each 1-second interval.
Confirm that students understand that this change in velocity indicates the ball is accelerating.
Core learning
1. Present the slide 2.4 PPT ‘The formulae sheet’ to show students where the equations of motion are located on the HSC Physics formulae sheet.
Note: annotate hard copies of the HSC Physics – data sheet, formulae sheet and Periodic Table by highlighting equations and other useful information as each equation is encountered in the course to improve students’ familiarity with this useful reference material. 
Introduce and guide students to apply  using gradual release of responsibility.
Define acceleration as the rate of change in velocity. Remind students that this can be speeding up, slowing down or changing direction and that its units are .
Use the slide 2.4 PPT ‘Deriving ’ to unpack the equation for acceleration, , and rearrange it to derive the first formula of motion, .
Unpack strategies and setting out for solving problems using 2.4 PPT ‘Problem-solving strategy’ (3 slides) and Student resource – physics problem-solving scaffold. Model its use by completing the included sample problem included on 2.4 PPT ‘Problem-solving strategy’ (slide 2 and 3 of 3).
Complete Check for understanding 2 (2.4 PPT) to check that students can apply 
 in simple scenarios.
Support students to solve Questions 1–4 in the Student resource – applying the equations of motion using 2.4 PPT ‘Applying ’ (6 slides) as needed to model conversion of units, rearranging and substituting into the equation.
Use 2.4 PPT ‘Implied data’ (3 slides) to illustrate examples where the data is not explicitly given in the question but can be inferred. Guide students to complete Questions 5 and 6 in the Student resource – applying the equations of motion.
Use Check for understanding 3 (2.4 PPT) to check that students understand how to apply  to compare the speeds of 3 balls launched at different upward velocities after 1 second. 
Students complete Questions 7–12 in the Student resource – applying the equations of motion. The scaffold has deliberately been removed; however, encourage students to continue applying a similar approach to set out their working.
Introduce and guide students to apply  using gradual release of responsibility.
Analyse the gradient of and the area under velocity versus time graphs to demonstrate the relationships  and , using 2.4 PPT ‘Deriving motion relationships’ (4 slides).
Work through the example on 2.4 PPT ‘Applying ’ (2 slides) to model the substitution and rearrangement of formula to solve Question 13 in the Student resource – applying the equations of motion.
Check that students can apply  using Check for understanding 4 (2.4 PPT) before they begin working independently to complete Questions 14–19 in the Student resource – applying the equations of motion.
Revisit the initial ‘washer drop’ activity – this time, have students make their own string of washers so that, when it is dropped into the metal tray, the time interval between ‘clinks’ as the washers hit the metal is the same. An example of a possible arrangement is shown on the slide 2.4 PPT ‘The washer drop’.
Watch Galileo's Measure Of Gravity Explained By Jim Al-Khalili | The Amazing World Of Gravity (5:01) on the slide 2.4 PPT ‘Galileo’s measure of gravity’ and compare his investigation to the washer drop activity.
Differentiation: display the slide 2.4 PPT ‘Optional challenge – ’. Ask students to estimate which car they think will win without doing any calculations. Then ask students to solve the problem with appropriate working. You may choose to get students to work in groups or on a whiteboard. A sample response is outlined in the Teaching advice.
Introduce and guide students to apply  using gradual release of responsibility.
Work through 2.4 PPT ‘Applying ’ (2 slides) to model the substitution and rearrangement of formula to solve Question 20 in the Student resource – applying the equations of motion.
Before students begin working independently check that they can apply using Check for understanding 5 (2.4 PPT).
Students complete guided and independent practice as they solve Questions 21–26 in the Student resource – applying the equations of motion.
Guide students to apply their understanding of the 3 equations of motion to solve problems by first determining which equation(s) to use.
Work through 2.4 PPT ‘Putting it all together’ (2 slides) to model how to select an appropriate equation as students complete Question 27 in the Student resource – applying the equations of motion. 
Complete Check for understanding 6 (2.4 PPT) to confirm that students can make decisions about the most appropriate equation to use for calculating unknown quantities. 
Students complete guided and independent practice as they solve Questions 28–36in the Student resource – applying the equations of motion.
Consolidate
1. Students write a list of instructions that summarises a systematic strategy for solving numerical physics problems. A sample response is provided on the slide 2.4 PPT ‘Consolidate (sample)’.
[bookmark: _Student_resource_–_7][bookmark: _Ref241404364][bookmark: _Toc223937740][bookmark: _Toc227938865][bookmark: _Ref230353111]

[bookmark: _Toc243040811]Student resource – physics problem-solving scaffold
[image: A scaffold to support strategic problem-solving. 
Frame the question
What is being asked? 
Represent the scenario (using graphs, diagrams and/or models)
What is your frame of reference?

Identify the relevant physics
What physics concept(s) help us to understand and solve this problem?
☐ Motion 
☐ Forces (Newton's laws)
☐ Energy and work
☐ Momentum and collisions
☐ Circular motion
☐ Gravitation
☐ Waves
☐ Electric circuits
☐ Electric field 
☐ Magnetic fields
☐ Electromagnetic induction
☐ Quantum physics
☐ Special relativity

Apply the physics
State assumptions 
Write equations
Solve mathematically

Check and interpret
☐ Correct units
☐ Reasonable magnitude
☐ Correct significant figures
☐ Correct sign/direction
☐ Answers the question
☐ Physically reasonable]
[bookmark: _Student_resource_–_3][bookmark: _Ref240351665][bookmark: _Toc243040812]Student resource – applying the equations of motion
The following equations are sometimes called the SUVAT equations. Each equation describes uniformly accelerated motion using combinations of the 5 quantities represented by each of the 5 letters in SUVAT.
	
	
	

	Where:
 = displacement (m)
 = initial velocity ()
 = final velocity ()
 = acceleration ()
 = time (s)
	
	


Use the equation  to solve questions 1–4.
Setting up for success
1. A car is travelling at  to the east. It then accelerates at  to the east for 4 seconds. Calculate its final velocity.
	Understand and plan
	Solve and check

	What is the question asking for?
	Formula:

	Represent the scenario:
	Substitute:

	
	Solve:

	What physics idea will I use?
	

	What is your frame of reference?
	Answer:


1. A car is travelling at  to the east. It then accelerates at  to the east for 5 seconds. Calculate the final velocity.
	Understand and plan
	Solve and check

	What is the question asking for?
	Formula:

	Represent the scenario:
	Substitute:

	
	Solve:

	What physics idea will I use?
	

	What is your frame of reference?
	Answer:


Changing the subject of the formula
1. A car manufacturer claims their car can go from 0 to 100  in 5.0 s. Calculate the acceleration that would be required.
	Understand and plan
	Solve and check

	What is the question asking for?
	Formula:

	Represent the scenario:
	Substitute:

	
	Solve:

	What physics idea will I use?
	

	What is your frame of reference?
	Answer:




1. A car starts from rest and accelerates for 6.4 seconds until it reaches 43.2 . Calculate its acceleration.
	Understand and plan
	Solve and check

	What is the question asking for?
	Formula:

	Represent the scenario:
	Substitute:

	
	Solve:

	What physics idea will I use?
	

	What is your frame of reference?
	Answer:


Implied data
· When an object starts from rest: 
· When object is dropped:  and  (towards the Earth)
· When an object is thrown upwards:  at the top of the flight,  (towards the Earth)
· You decide if acceleration due to gravity is positive or negative when you determine if up or down is positive.


1. A ball is thrown upwards at  Calculate the time to reach its maximum height.
	Understand and plan
	Solve and check

	What is the question asking for?
	Formula:

	Represent the scenario:
	Substitute:

	
	Solve:

	What physics idea will I use?
	

	What is your frame of reference?
	Answer:


1. A ball is thrown upwards at . Calculate the time to reach its maximum height.
	Understand and plan
	Solve and check

	What is the question asking for?
	Formula:

	Represent the scenario:
	Substitute:

	
	Solve:

	What physics idea will I use?
	

	What is your frame of reference?
	Answer:




1. Formula 1 race cars can accelerate from  in 2.5 s. Calculate the average acceleration over that period.
	Understand and plan

	Solve and check



1. A ball is dropped from a tall building. How long will it take to reach a velocity of ?
	Understand and plan

	Solve and check



1. A car travelling at 40  applies the brakes and takes 3.2 s to stop. Calculate the average acceleration during that time.
	


1. A ball is thrown vertically and takes 3.3 seconds to reach its maximum height. Calculate its initial velocity.
	


1. An arrow is fired vertically at . Calculate its velocity after 1.9 s.
	


1. A rock is dropped from a cliff. What is its velocity after 2.1 seconds?
	




Applying 
The following questions all use the equation .
1. A ball is dropped from a height of 50 m. Calculate how long it will take to reach the ground.
	


1. A ball is dropped from a height of 80 m. Calculate how long it will take to reach the ground.
	


1. A ball is thrown upwards at . Calculate its height after 1.5 s.
	


1. A ball is dropped from a tall building. How long will it take to fall 30 m?
	


1. A projectile fired vertically reaches a height of 22 m after 2 s. Determine its initial velocity.
	


1. A car accelerates from rest at . Calculate its displacement after 4 s.
	


1. A car travelling at  accelerates at  for 5 s. Calculate the distance travelled in that time.
	




Applying 
The following questions all use the equation 
1. An arrow is fired upwards at . Calculate its maximum height.
	


1. A ball is thrown upwards at . Calculate its maximum height.
	


1. A car accelerates from rest at . How fast is it moving after 100 m?
	


1. What is the minimum velocity that a projectile must be fired at to reach a height of 350 m?
	


1. An astronaut on the moon threw a ball upwards at  and it reached a height of 125 m. Calculate the acceleration due to gravity on the moon.
	


1. A bowling ball is dropped from a height of 25 m. Determine its velocity as it hits the ground.
	


1. A car travelling at  east hits the brakes and takes 50 m to stop. Calculate its acceleration.
	




Putting it all together 
These questions will require you to use any of the 3 equations of motion. After you have framed the question, the next step is to determine which equation to use.
1. A car accelerates from rest at  for 5 seconds. How far does it travel in that time?
	


1. A projectile is launched vertically and reaches a height of 200 m. Determine its initial velocity.
	


1. A 747 aircraft needs to reach a speed of  to be able to take off. If it can accelerate at , what is the minimum length the runway can be?
	


1. A car travelling at  accelerates at  for 3.5 s. How far will it travel in that time? 
	


1. What is the minimum velocity that a projectile needs to be fired vertically to reach a height of 120 m?
	


1. A car manufacturer claims their car can accelerate from 0 to  in 8 s. Determine the average acceleration over this period.
	




More challenging questions
Questions 33–34 require more than one equation.
1. A driver is travelling at  and is 40 m behind the car in front which stops suddenly. If the driver takes 1.5 s to apply the brakes and the car can decelerate at , will they stop before they hit the car?
	


1. A stone is thrown vertically upwards from the top of a 50 m cliff with a speed of . How long does it take to reach the ground below?
	


Questions 35–36 require simultaneous equations.
1. Two cyclists, A and B, start from the same point but at different times. Cyclist A starts first, riding at a constant speed of . Cyclist B starts 10 seconds later and rides at a constant speed of . When and where will they be at the same position?
	


1. A particle moves with constant acceleration. It travels 10 m in the first 2 s and 30 m in the next 2 s. Find its initial velocity and acceleration.
	


[bookmark: _Toc223937742]

Sample response – student resource – applying the equations of motion 
Applying 
1. A car is travelling at  to the east. It then accelerates at  to the east for 4 seconds. Calculate its final velocity.
	Understand and plan
	Solve and check

	What is the question asking for? Final velocity (v) of the car
	 , ,  
Formula: 

	Represent the scenario: 
	Substitute: 

	[image: A pictorial representation of what was described in the question.]
	Solve: 

	What physics idea will I use? Uniformly accelerated motion in one dimension
	

	What is your frame of reference? East is positive
	Answer:  to the east


1. A car is travelling at  to the east. It then accelerates at  to the east for 5 seconds. Calculate the final velocity.
	Understand and plan
	Solve and check

	What is the question asking for? Final velocity (v) of car
	
Formula:  

	Represent the scenario:
	Substitute: 

	[image: A pictorial representation of what was described in the question.]
	Solve:  

	What physics idea will I use? Uniformly accelerated motion in one dimension
	

	What is your frame of reference? East is positive
	Answer:  to the east


Changing the subject of the formula
1. A car manufacturer claims their car can go from 0 to 100 km/h in 5.0 s. Calculate the acceleration that would be required.
	Understand and plan
	Solve and check

	What is the question asking for? Acceleration of car
	, , , ?
Formula: 

	Represent the scenario:
	Substitute: 

	
[image: A pictorial representation of what was described in the question.]
	Solve:


	What physics idea will I use? Uniformly accelerated motion in one dimension
	

	What is your frame of reference? Assume straight line motion, direction is not important
	Answer: 


1. A car starts from rest and accelerates for 6.4 seconds until it reaches 43.2 km/h. Calculate its acceleration.
	Understand and plan
	Solve and check

	What is the question asking for? Acceleration of car
	, , , 
Formula: 

	Represent the scenario:
	Substitute: 

	
[image: A pictorial representation of what was described in the question.]
	Solve:


	What physics idea will I use? Uniformly accelerated motion in one dimension
	

	What is your frame of reference? No direction is specified so calculating magnitude only
	Answer: 


Implied data
1. A ball is thrown upwards at . Calculate the time to reach its maximum height.
	Understand and plan
	Solve and check

	What is the question asking for? Time, 𝑡, to get to max height
	,,
Formula: 

	Represent the scenario:
	Substitute: (

	[image: Diagram showing data provided in question
𝑣 ⃗_𝑚𝑎𝑥=0 𝑚 𝑠^(−1)
𝑎 ⃗=9.8 𝑚 𝑠^(−2) downwards
𝑢 ⃗=20.0 𝑚 𝑠^(−1) upwards]
	Solve:


	What physics idea will I use? Uniformly accelerated motion due to gravity where  at highest point
	

	What is your frame of reference? Up is positive
	Answer: (2 sig. figs.)


1. A ball is thrown upwards at . Calculate the time to reach its maximum height.
	Understand and plan
	Solve and check

	What is the question asking for?
	,,
Formula: 

	Represent the scenario:
	Substitute: (

	[image: Diagram showing data provided in question
𝑣 ⃗_𝑚𝑎𝑥=0 𝑚 𝑠^(−1)
𝑎 ⃗=9.8 𝑚 𝑠^(−2) downwards
𝑢 ⃗=5.4 𝑚 𝑠^(−1) upwards]
	Solve:


	What physics idea will I use? Uniformly accelerated motion due to gravity where v=0 at highest point
	

	What is your frame of reference? Up is positive
	Answer: (2 sig. figs.)


1. Formula 1 race cars can accelerate from 0 to  in 2.5 s. Calculate the average acceleration over that period.
	Understand and plan
The question is asking for 
I am applying equation for uniformly accelerated motion in one dimension. 
Direction is not given so I will provide only the magnitude of acceleration as answer. 
	Solve and check
 , ,  



1. A ball is dropped from a tall building. How long will it take to reach a velocity of ?
	Understand and plan
The question is asking for time taken, t
I am applying equation for uniformly accelerated motion due to gravity ( where .
Let down be positive to simplify calculation.
	Solve and check
 , ,  , 



1. A car travelling at 40  applies the brakes and takes 3.2 s to stop. Calculate the average acceleration during that time.
	
 , , 



1. A ball is thrown vertically and takes 3.3 seconds to reach its maximum height. Calculate its initial velocity.
	 , ,  





1. An arrow is fired vertically at . Calculate its velocity after 1.9 s.
	 , ,  



1. A rock is dropped from a cliff. What is its velocity after 2.1 seconds?
	 , ,  



Applying 
The following questions all use the equation .
1. A ball is dropped from a height of 50 m. Calculate how long it will take to reach the ground.
	, ,  , 



1. A ball is dropped from a height of 80 m. Calculate how long it will take to reach the ground.
	, ,  , 



1. A ball is thrown upwards at . Calculate its height after 1.5 s.
	, ,  , 



1. A ball is dropped from a tall building. How long will it take to fall 30 m?
	, ,  , 





1. A projectile fired vertically reaches a height of 22 m after 2 s. Determine its initial velocity.
	, ,  , 



1. A car accelerates from rest at . Calculate its displacement after 4 s.
	, ,  , 



1. A car travelling at  accelerates at  for 5 s. Calculate the distance travelled in that time.
	, ,  , 



Applying 
The following questions all use the equation 


1. An arrow is fired upwards at . Calculate its maximum height.
	 ,  , 



1. A ball is thrown upwards at . Calculate its maximum height.
	 ,  , 



1. A car accelerates from rest at . How fast is it moving after it has travelled 100 m?
	 ,  , 





1. What is the minimum velocity that a projectile must be fired at to reach a height of 350 m?
	 ,  , 



1. An astronaut on the moon threw a ball upwards at  and it reached a height of 125 m. Calculate the acceleration due to gravity on the moon.
	 , , 



1. A bowling ball is dropped from a height of 25 m. Determine its velocity as it hits the ground.
	 ,  , 





1. A car travelling at  to the east hits the brakes and takes 50 m to stop. Calculate its acceleration.
	 , , 



Putting it all together
These questions will require you to use any of the 3 equations of motion. After you have framed the question, the next step is to determine which equation to use.
1. A car accelerates from rest at  for 5 seconds. How far does it travel in that time?
	 , ,  , 



1. A projectile is launched vertically and reaches a height of 200 m. Determine its initial velocity.
	 , , 



1. A 747 aircraft needs to reach a speed of  to be able to take off. If it can accelerate at , what is the minimum length the runway can be?
	 ,  , 



1. A car travelling at  accelerates at  for 3.5 s. How far will it travel in that time?
	, ,  , 



1. What is the minimum velocity that a projectile needs to be fired vertically to reach a height of 120 m?
	 ,  , 





1. A car manufacturer claims their car can accelerate from 0 to  in 8 s. Determine the average acceleration over this period.
	 , , 



More challenging questions
Questions 33–34 require more than one equation.
1. A driver is travelling at  and is 40 m behind the car in front which stops suddenly. If the driver takes 1.5 s to apply the brakes and the car can decelerate at , will they stop before they hit the car?
	Distance travelled by driver in first 1.5 s is given by:

Distance travelled while braking given by:


The driver will not stop before hitting the car.




1. A stone is thrown vertically upwards from the top of a 50 m cliff with a speed of . How long does it take to reach the ground below?
	The question is asking for the total time. This includes the time to reach its maximum height above the cliff and then the time taken to fall back past the cliff top and to the ground 50 m below.
First find maximum height above the cliff:

Then determine the time to reach maximum height:

Determine time to fall 61.5 m





Questions 35–36 require simultaneous equations to solve for the 2 unknowns.
1. Two cyclists, A and B, start from the same point but at different times. Cyclist A starts first, riding at a constant speed of . Cyclist B starts 10 seconds later and rides at a constant speed of . When and where will they be at the same position?
	The question is asking when the 2 cyclists are at the same position, that is, when:

This will require 2 independent equations, one each to describe the position of cyclists A and B.
Applying the following formula to describe position:

Given the head start of Cyclist A, let




1. A particle moves with constant acceleration. It travels 10 m in the first 2 s and 30 m in the next 2 s. Find its initial velocity and acceleration
	The question is asking to find the initial velocity and acceleration of a particle. To solve for 2 unknown quantities, I will need to define 2 independent equations. I can use the position of the particle at  and  to find a simultaneous solution.
During first 2 s, 
In next 2 s, 

:



[bookmark: _Teaching_advice_3][bookmark: _Toc223937743][bookmark: _Toc227938866][bookmark: _Ref238997023][bookmark: _Ref239807759][bookmark: _Ref240447173][bookmark: _Toc243040813]Teaching advice
This lesson sequence is designed to establish strategies for solving problems using the equations of motion and set students up for success to solve more complex problems as they are encountered. Students will initially be told which equation to use, then ultimately work through a set of questions where they are required to select the appropriate equation.
Note: as the focus of the lesson is on problem-solving strategies and using the equations of motion, much of the data in the questions has included whole numbers for simplicity without introducing the added complexity of significant figures.
This lesson sequence uses the strategy of gradual release of responsibility (GRR) to support students. The supporting PowerPoint contains ‘I do’ and ‘we do’ examples to illustrate important scenarios. These are designed to be delivered as students work through the corresponding examples in the student resource. Although the PPT provides solutions, it is recommended that teachers use the think aloud strategy (that is, work through the solution on the board rather than just projecting a worked solution) to model the problem-solving strategies.
Activate
In the initial activity, the washers will make a sound when they land in the metal tray. Students should notice that the time between each sound becomes less as the washers accelerate. The longer the string is, the more evident this will be. Figure 19 shows a possible configuration but the longer the string and the greater the distance between the washers, the more evident this will be. If the difference is not apparent the sound can be recorded and analysed using a program such as Audacity. When this activity is revisited later during the core learning, students are asked to make their own string of washers so that, when it is dropped into the metal tray, the time between ‘clinks’ as the washers hit the metal remains the same. This can be done with trial and error, or students can calculate the appropriate spacings between washers. For this to work, the distances between each washer and the first needs to be proportional to the squares of integers: 1, 4, 9, 16 and 25. Figure 20 shows a possible configuration.
Figure 19 – possible configuration of washers on the string
 [image: Diagram showing the placement of metal washers on a vertical string. There are 5 washers spaced 40 cm apart with the lowest washer 40 cm above a metal tray. ]
Figure 20 – possible configuration for equal time interval
 [image: Diagram showing a different placement of metal washers on a vertical string. The 5 washers are spaced at increasing distances apart going upwards from 10 to 40 to 90 and 160 cm above the first washer. 
]
Using Audacity
When you open the Audacity program, the screen in Figure 21 appears. When ready to record, press the record button and press stop when finished. The stop button only becomes active after you press record.
Figure 21 – opening screen of Audacity
[image: Screenshot of opening screen of Audacity.
]
The recorded tracks will appear like what is shown in Figure 22. There are 2 tracks because it records in stereo. You only need to focus on the top track.
The peaks indicate when the washers hit the tray. The first sound occurred at around 1.5 s. The red circle indicates the 5 peaks when the five washers hit the tray. The second section in the blue box is from when the washers bounced back up and fell again.
Figure 22 – recording of washer drop activity
[image: Audacity screenshot of the recorded tracks of the washer drop activity.]
To highlight the relevant section just click and drag your cursor (see Figure 23).
Figure 23 – highlighting the relevant section
[image: Audacity screenshot showing how to highlight section of the recording.]
To zoom in on your selection, click on the magnifying glass until enough detail is revealed (see Figure 24).
Figure 24 – zooming in on the relevant section
[image: Audacity screenshot zoomed in on the relevant section. It shows 5 peaks separated by 0.15, 0.10, 0.07, 0.06 seconds.]
Core learning
In ‘2.4 PPT ‘Problem-solving strategy’ (3 slides), the focus is on establishing a routine to solve problems and model how students should set out their working. For analysing and predicting the motion of objects moving in one dimension, encourage students to became familiar with the routine and reinforce the sequence.
Understand and plan
What is the question asking for?
Represent the scenario.
Identify the relevant physics.
Choose the system and frame of reference when required.
Solve and check
Apply the physics.
Select formulae and substitute values (if appropriate).
Solve and check if the answer is physically reasonable.
This routine should become a repeatable way of thinking about physics problems, providing students with a structure they can draw on as problems become increasingly complex. This approach will become crucial as the complexity of problems increase throughout the course.
Take the time here to ensure students can manipulate equations to change the subject of the formula. Encourage students to substitute before rearranging. This often greatly simplifies the process, but students may also be rewarded later in the HSC exam for showing a correct substitution.
The data required to solve a problem is not always explicitly stated in the question but can be inferred. The section Implied data focuses on some of these examples. It is also important here to emphasise the importance of framing the question by deciding whether up or down is positive, as this determines whether the acceleration due to gravity is positive or negative.
Sample response for the optional challenge
Car A
	For first 15 s

	after 15 s

time to travel remaining 752.5 m 

total time to reach 1000 m = 15 + 22.8 = 37.8 s


Car B
	For first 10 s

	after 10 s

time to travel remaining 850 m 

total time to reach 1000 m = 10 + 28.3 = 38.3 s


Car C
	For first 15 s

	after 15 s

time to travel remaining 878.4 m 

total time to reach 1000 m = 8 + 28.9 = 36.9 s


Answer: Car C will get there first.
In the ‘Putting it all together’ section, students are required to select which equation/s are appropriate and apply them. The ‘questions in the student worksheet increase in complexity, where the more challenging questions include problems which require more than one equation or the need to solve equations simultaneously. If needed provide prompts such as 
let  = …
and  = …
An example of this can be seen in the sample response to question 35.
Working in groups and writing on vertical whiteboards can be an effective strategy for students when solving more complex problems.
Checks for understanding
[bookmark: _Check_for_understanding_23][bookmark: _Ref233031482][bookmark: _Ref238550932][bookmark: _Ref239692003]Check for understanding 1 (2.4 PPT)
1. How far does the ball fall in the first second?
What is its average velocity during that one second interval?
How far does it fall in the 2nd second and what is its average velocity?
How far does it fall in the 3rd second and what is its average velocity?
What is happening to the ball’s velocity as it falls?
How do we describe this type of motion?
Figure 25 – check for understanding 1 stimulus material
[image: Displacement-time graph for ball uniformly accelerating starting at zero and increasing until it is 45 m at t=3 s.]
Check for understanding 1 sample response
	Question
	Sample response

	1. How far does the ball fall in the first second? 
	4.9 m.

	What is its average velocity during that one second interval? 
	It fell 4.9 m over 1 s, therefore .

	How far does it fall in the 2nd second and what is its average velocity? 
	It falls 14.7 m over 1 s, therefore .

	How far does it fall in the 3rd second and what is its average velocity? 
	It falls 24.5 m over 1 s, therefore .

	What is happening to the ball’s velocity as it falls? 
	Its velocity is increasing.

	How do we describe this type of motion? 
	We would say that the ball is accelerating.


[bookmark: _Check_for_understanding_24][bookmark: _Ref241405428]Check for understanding 2 (2.4 PPT)
Rank the following cars in order of which car will be travelling the fastest to slowest after 3 s.
Table 11 – check for understanding 1
	Car
	Initial velocity ()
	Acceleration ()

	A
	25
	0

	B
	5
	8

	C
	5
	7


Check for understanding 2 sample response
Applying 
B (), C (), A ().
[bookmark: _Check_for_understanding_25][bookmark: _Ref233031629][bookmark: _Ref238550971]Check for understanding 3 (2.4 PPT)
From fastest to slowest, rank the speeds of the balls 1 s after being thrown upwards from a tall tower.
Figure 26 – check for understanding 3 stimulus
[image: Three objects labelled A, B and C are shown with vertical upward velocity arrows. Object A has an upward velocity of 10 ms⁻¹, object B has an upward velocity of 15 ms⁻¹, and object C has an upward velocity of 3 ms⁻¹.]
Check for understanding 3 sample response
Assuming gravity is , C (downwards), B (), A ().
[bookmark: _Check_for_understanding_26][bookmark: _Ref233031361][bookmark: _Ref238551009]Check for understanding 4 (2.4 PPT)
A ball is dropped from a tall building. How far will it fall in 2 s?
Check for understanding 4 sample response

[bookmark: _Check_for_understanding_5][bookmark: _Ref238656683]Check for understanding 5 (2.4 PPT)
A ball is dropped from a tall building. What will its velocity be after it has fallen 20 m?
Check for understanding 5 sample response

[bookmark: _Check_for_understanding_6][bookmark: _Ref238656594]Check for understanding 6 (2.4 PPT)
Which equation would you use to calculate each of the following values? 
1. 
1. 
1.  
A ball is thrown up at 15 m s-1. Calculate:
1. its maximum height. Equation 3 as it is time-independent and all values except s are already known.
the time to reach the maximum height. Equation 2 because now we are looking for the time till maximum height and do not need to know the displacement. 
its velocity after 2 s. Equation 2 as it is independent of displacement – this allows us to easily calculate v from the given data. 


[bookmark: _Toc243040814]2.5 Practical investigation – determining ‘g’
Students conduct a practical investigation and use 2 graphical methods to determine the acceleration due to gravity and assess the accuracy and reliability of their results.
Table 12 – learning intentions and success criteria
	We are learning:
	I can:

	to analyse the motion of objects accelerating due to gravity
	use displacement-time data to determine  using a tangent method and a linearised graph
compare the 2 graphical methods for determining 

	to systematically collect and record displacement-time data
	use equipment appropriately to measure drop time and fall time
repeat measurements and record data systematically

	to analyse and evaluate data used to determine .
	explain patterns, trends and inconsistencies
calculate percentage error, mean, range and standard deviation
use evidence to evaluate the accuracy and reliability
identify limitations and suggest improvements.


[bookmark: _Toc243040815]Lesson sequence instructions
Activate
1. Review students’ prior knowledge of acceleration due to gravity from Stage 5 Waves and motion using Check for understanding 1 (2.5 PPT). Students can respond to the quiz questions on mini whiteboards.
Differentiation: teachers may choose to show Brian Cox visits the world’s biggest vacuum (4:41)
as a refresher on the independence of the acceleration due to gravity from an object’s mass. This video provides an effective visual demonstration of this concept using a falling bowling ball and a feather in an evacuated chamber.
Core learning
1. Introduce the idea that ‘g’ can be determined through more than one graph constructed from an investigation and that different methods may produce results of varying accuracy and reliability. 
1. Explain to students that they will use an object dropped from rest to determine the acceleration due to gravity from the results, using 2 different graphical methods:
Method 1: tangent method – using the gradient of the tangent to the curve of a displacement-time graph to estimate the instantaneous velocity of object at different times during its free fall
Method 2: linearised graph method – in which the gradient of a displacement-time2 graph is used to find ‘g’ using the standard equation for a line and equations of motion.
1. Review the Student resource – measuring ‘g’ with students to ensure all students are familiar with the method for collecting and recording data when determining acceleration due to gravity.
Differentiation: teachers may choose to provide the headings for the results table to support students who may need additional scaffolding or, alternatively, to remove the tables entirely to provide more confident students greater independence in constructing their tables.
1. Students complete the investigation and are guided using the scaffolding in the Student resource – measuring ‘g’ to construct a displacement-time graph using an appropriate curve of best fit through their data points, completing questions 1–3 on the resource.
1. Use the slide 2.5 PPT ‘Gradients on a curve’ to model how to determine the gradient of the tangent to a curve at a particular point, and to review the significance of this gradient as a measure of the instantaneous velocity at a particular time. 
Guide students to calculate the gradient of the tangent to the curve using the second and third points on the slide as faded worked examples.
Check for student understanding of how to use a tangent to a displacement-time curve to calculate instantaneous velocity using Check for understanding 2 (2.5 PPT).
Students apply this method independently to their own displacement-time graphs to determine the gradient (instantaneous velocity) at 3 different points using the scaffolding in Question 4 of Student resource – measuring ‘g’.
1. Model the calculation of the acceleration due to gravity from the instantaneous velocities calculated from the graph on PPT 2.5 ‘The tangent method’ (2 slides) using a worked example on PPT 2.5 ‘Using instantaneous velocities to determine ‘g’ (2 slides).
Guide students to calculate ‘g’ from the next pair of instantaneous velocities on PPT 2.5 ‘Using instantaneous velocities to determine ‘g’’ (1 of 2) by calling on students to identify the steps before revealing the worked solution, then modelling the averaging of the 2 obtained values for ‘g’ on PPT 2.5 ‘Using instantaneous velocities to determine ‘g’’ (2 of 2).
Students use the scaffolding provided in Question 5 of ’ to independently determine a value for the acceleration due to gravity using the tangent method, based on their calculations of instantaneous velocities from Question 4.
Activate students’ prior knowledge of errors in science through a multiple-choice question in Check for understanding 3 (2.5 PPT) and review the calculation of percentage error from Stage 5 on the slide PPT 2.5 ‘What is an error?’.
Students complete Question 6 in Student resource – measuring ‘g’ to determine the percentage error in their value of ‘g’ using the Stage 5 equation provided on the student resource.
1. Students complete the scaffolded Questions 7–11 in Student resource – measuring ‘g’ to linearise the relationship between displacement and time variables and construct a different graph from their data using the prompts in their student resource. They use this linear graph method to obtain a value for the acceleration due to gravity as shown on the slide 2.5 PPT ‘Linearised graph method’ before determining the percentage error.
Differentiation: students can use a pendulum to determine the acceleration due to gravity, linearising the pendulum equation and using the gradient of a period2 versus length graph to determine g. the slide 2.5 PPT ‘Using a pendulum to determine ‘g’ and 2.5 PPT ‘From the pendulum equation to a graph’ (2 slides) can be used to guide students through this process. Additional information is provided in the Teaching advice for this lesson.
1. Review the concepts of mean, range and standard deviation from Stage 5 Data Science 2 using the slide PPT 2.5 ‘Mean, range and standard deviation’.
Collate class results for ‘g’ using both methods on the slide PPT 2.5 ‘Quantifying results analysis’. Model the calculation of the mean, range and standard deviation for Method 1 – tangent method.
Guide students to calculate the mean, range and standard deviation of the class results for Method 2 – linearised graph method.
Facilitate a class discussion to compare the 2 methods of determining ‘g’ based on the mean, range, standard deviation and the percentage error obtained for each. Sample discussion prompts and responses are provided in the slide notes and Teaching advice for this lesson.
[bookmark: _Ref231387662][bookmark: _Ref231387871][bookmark: _Ref238467961]Consolidate
1. Following the class discussion, explain to students that accuracy refers to how close an experimental value is to the accepted value of gravitational acceleration, 9.8 m s-2, and that reliability refers to the consistency and repeatability of results. A reliable method should produce similar results when repeated or when analysed by different groups.
1. Model a Claim-Evidence-Reasoning structure for accuracy using 2.5 PPT ‘Claim-Evidence-Reasoning: accuracy’ (3 slides).
Guide students to write a similar Claim-Evidence-Reasoning paragraph for reliability by calling on students to contribute to each section before revealing a worked sample response on 2.5 PPT ‘Claim-Evidence-Reasoning: reliability’ (3 slides).
Check students’ understanding of reliability and accuracy and the links between these and the measures of mean, standard deviation, range and percentage error using Check for understanding 4 (2.5 PPT).
Students independently work through the scaffolds in Student resource – evaluating graphical methods for determining ‘g’ to construct an evaluation of the accuracy and reliability of the 2 graphical methods of determining ‘g’ using the Claim-Evidence-Reasoning (CER) scaffold.
[bookmark: _Student_resource_–_8][bookmark: _Student_resource_–_11][bookmark: _Ref240448452][bookmark: _Toc243040816]Student resource – measuring ‘g’
Aim: to determine the value of the acceleration due to gravity by analysing the motion of an object dropped from rest.
Method:
1. Set up a vertical measuring scale (for example, a metre ruler) against a wall or stand.
1. Measure and mark a range of different drop heights (at least 5).
1. Hold the object at the first height and ensure it is released from rest (do not push it).
1. Release the object and start timing with a stopwatch as it is released. Stop timing when the object reaches the ground.
1. Record the time taken for the fall in your results table.
1. Repeat the measurement 2 more times for the same height.
1. Calculate the average time for that height.
1. Repeat steps d–g for each different drop height.
Results:
1. Record your results in the table below.
	drop height (m)
	time taken to fall to the ground (s)
	average time taken (s)

	
	trial 1
	trial 2
	trial 3
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	


Determining ‘g’: method 1 – tangent method
1. Complete the table below to record and/or calculate the variables that will be graphed.
	Average time (s)
	Displacement/drop height (m)

	
	

	
	

	
	

	
	

	
	


1. Plot this data as a displacement-time graph on the grid provided below. Label the axes appropriately and construct a curve of best fit through your data points.
[image: Blank graph paper for students to plot data.]
1. Determine the instantaneous velocity at 3 widely spaced points on your graph by drawing the tangent at each point and determining its gradient. Show your working, including any relevant annotations on the graph.
	


1. Use your 3 instantaneous velocity values to calculate the acceleration due to gravity using pairs of adjacent points, before calculating an average. Show your working.
	g1 = (instantaneous velocity2 – instantaneous velocity1)/time interval


	g2 = (instantaneous velocity3 – instantaneous velocity2)/time interval


	average = (g1 + g2)/2



1. Calculate the percentage error in your value for ‘g’. The equation is provided below as a reminder.

	


Determining ‘g’: method 2 – linearised graph
1. Linearise the relationship between displacement and time by rewriting  in the form . Identify the x and y variables in your equation.
	


1. Complete the table below to record and/or calculate the identified variables. 
	x-variable: _______________
(units: ____)
	y-variable: ______________
(units: ____)

	
	

	
	

	
	

	
	

	
	


1. Plot this data on the grid provided below. Label the axes appropriately and construct a line of best fit through your data points.
[image: Blank graph paper for students to plot data.]
1. Use your graph to determine a value for the acceleration due to gravity. Show your working, including any relevant annotations on the graph. 
	


1. Calculate the percentage error in your value for ‘g’. The equation is provided as a reminder.

	




Sample response – student resource – measuring ‘g’
Results:
1. Record your results in the table below.
	drop height (m)
	time taken to fall to the ground (s)
	average time taken (s)

	
	trial 1
	trial 2
	trial 3
	

	0.6
	0.20
	0.33
	0.13
	0.22

	0.9
	0.33
	0.33
	0.39
	0.35

	1.2
	0.46
	0.60
	0.46
	0.51

	1.5
	0.60
	0.74
	0.46
	0.60

	1.8
	0.72
	0.61
	0.59
	0.64


Determining ‘g’: method 1 – tangent method
1. Complete the table below to record and/or calculate the variables that will be graphed. 
	Average time (s)
	Displacement/drop height (m)

	0.22
	0.6

	0.35
	0.9

	0.51
	1.2

	0.60
	1.5

	0.64
	1.8


1. Plot this data as a displacement-time graph on the grid provided below. Label the axes appropriately and construct a curve of best fit through your data points.
[image: Annotated displacement-time graph showing the calculation of the gradient to the curve at 3 points. ]
1. Determine the instantaneous velocity at 3 widely spaced points on your graph by drawing the tangent at each point and determining its gradient. Show your working, including any relevant annotations on the graph.
	





1. Use your 3 instantaneous velocity values to calculate the acceleration due to gravity using pairs of adjacent points, before calculating an average. Show your working.
	 = (instantaneous velocity2 – instantaneous velocity1)/time interval


	 = (instantaneous velocity3 – instantaneous velocity2)/time interval


	


1. Calculate the percentage error in your value for ‘g’. The equation is provided below as a reminder.

	


Determining ‘g’: method 2 – linearised graph
1. Linearise the relationship between displacement and time by rewriting  in the form . Identify the gradient and the x and y variables in your equation.
	Starting from:
Since the object is dropped from rest,  and , therefore:
This is in the form  where  is the y-variable and  is the x-variable
The gradient, 


1. Complete the table below to record and/or calculate the identified variables. 
	time2 (s2)
	displacement (m)

	0.0484
	0.6

	0.1225
	0.9

	0.2567
	1.2

	0.3600
	1.5

	0.4096
	1.8


1. Plot this data on the grid provided. Label the axes appropriately and construct a line of best fit through your data points.
[image: Annotated displacement-time^2 graph showing the calculation of the gradient from 2 points along the line of best fit. ]
1. Use your graph to determine a value for the acceleration due to gravity. Show your working, including any relevant annotations on the graph.
	Therefore, gradient of s versus t2 graph = 





1. Calculate the percentage error in your value for ‘g’. The equation is provided as a reminder.

	


[bookmark: _Ref231388134]

[bookmark: _Student_resource_–_12][bookmark: _Toc243040817]Student resource – evaluating graphical methods for determining ‘g’
You have used 2 graphical methods to determine the acceleration due to gravity:
Method 1 – tangent method: you drew tangents to the curved displacement-time graph to determine instantaneous velocities. You then used these to determine acceleration.
Method 2 – linearised graph method: you linearised the displacement-time data to produce a straight-line graph. You then used the gradient of your line of best fit to determine the acceleration. 
You will now evaluate the 2 methods in terms of their accuracy and reliability.
Part A: evaluate accuracy
Accuracy is the extent to which measurements are considered to be close to the true value.
Accepted value of gravitational acceleration: 
1. Gather your evidence
Complete the table using your experimental results.
	
	Tangent method
	Linearised graph method

	Experimental value of g (m s-2)
	
	

	Accepted value of g (m s-2)
	9.8
	9.8

	Difference from accepted value (m s-2)
	
	

	Percentage error (%)
	
	


1. Make a claim comparing the accuracy of the results produced using each method.
Which graphical method was more accurate?
	The _________________ method was more accurate than the ___________________ method.


1. Select relevant evidence from your table to support your claim.
	


1. Explain why the linearised graphing method may have affected accuracy.
	


Part B: evaluate reliability
Reliability is the extent to which repeated observations and/or measurements taken under identical circumstances will yield similar results.
Reliability is not determined by how close a result is to 9.8 . Instead, consider how much the results vary when the analysis is repeated or completed by different groups.
Useful measures include:
range – the difference between the highest and lowest results
standard deviation – how spread out the results are around the mean
consistency between groups or repeated analyses.
A smaller range and standard deviation generally indicate greater consistency and therefore greater reliability.
1. Gather your evidence
Complete the table using your experimental results.
	
	Tangent method
	Linearised graph method

	Class mean value of g (m s-2)
	
	

	Highest value of g (m s-2)
	
	

	Lowest value of g (m s-2)
	
	

	Range (m s-2)
	
	

	Standard deviation ()
	
	


Which method has the smaller range?
	


Which method has the smaller standard deviation?
	


What does this tell you about the spread of results?
	


1. Make a claim
Which graphical method was more reliable?
	The _________________ method was more reliable than the ___________________ method.


1. Support your claim with evidence
	The tangent method produced a range of ________ and a standard deviation of _______. In comparison, the linearised graph method produced a range of ________ and a standard deviation of _________. This shows ______________________________________________.


1. Explain your reasoning
Consider the following ways that each graphical method could have affected reliability then complete the reasoning below.
	 


Part C: bring the evidence together
Before writing your final evaluation of the 2 graphical methods, summarise your conclusions.
	Question
	Conclusion
	Strongest evidence

	Which method was more accurate?
	
	g and % error

	Which method was more reliable?
	
	range and standard deviation

	Which method involved greater graphical uncertainty?
	
	

	Which method was more affected by individual judgement?
	
	

	Which method made better use of the full dataset?
	
	

	Which method was more effective overall?
	
	


Part D: overall evaluation
Your task:
Write a paragraph evaluating the overall effectiveness of the 2 graphical methods for determining ‘g’ from your practical investigation.
Your evaluation should bring together the conclusions you have already developed about accuracy and reliability.
Include:
which method was more accurate
quantitative evidence: g and percentage error
which method was more reliable
quantitative evidence: range and standard deviation, where available
the effect of uncertainty and random error
how the curved/tangent and linearised graphing approaches affected the results
an overall judgement about which method was more effective.
Paragraph scaffold:
	Both graphical methods were able to determine a value for gravitational acceleration; however, the ____________ method was more effective overall. 
In terms of accuracy, which describes _________________________________________________________________:
the tangent method produced , with a percentage error of ___________, 
the linearised graph method produced , with a percentage error of ________. 
Therefore, __________________________________________________________.
In terms of reliability, defined as __________________________________________________, the ________________ method had a smaller __________________ and _________________, indicating __________________________________.
Overall, the _____________________ method was __________________________________


Improvements
Suggest one improvement that would increase the accuracy of the experimental data itself, rather than just changing how the data is graphed.
	


Suggest one improvement that would increase the reliability of the results.
	




[bookmark: _Sample_response_–]Sample response – student resource – evaluating graphical methods for determining ‘g’
You have used 2 graphical methods to determine the acceleration due to gravity:
Method 1 – tangent method: you drew tangents to the curved displacement-time graph to determine instantaneous velocities. You then used these to determine acceleration.
Method 2 – linearised graph method: you linearised the displacement-time data to produce a straight-line graph. You then used the gradient of your line of best fit to determine the acceleration. 
You will now evaluate the 2 methods in terms of their accuracy and reliability.
Part A: evaluate accuracy
Accuracy is the extent to which measurements are considered to be close to the true value.
Accepted value of gravitational acceleration: 
1. Gather your evidence
Complete the table using your experimental results.
	
	Tangent method
	Linearised graph method

	Experimental value of g (m s-2)
	7.8
	6.17

	Accepted value of g (m s-2)
	9.8
	9.8

	Difference from accepted value (m s-2)
	2.0
	3.63

	Percentage error (%)
	20%
	37%


1. Make a claim comparing the accuracy of the results produced using each method.
Which graphical method was more accurate?
	The tangent method was more accurate than the linearised graph method.


1. Select relevant evidence from your table to support your claim.
	The tangent method produced , with a percentage error of 20%. In comparison, the linearised graph method produced , with a percentage error of 37 %.


1. Explain why the linearised graphing method may have affected accuracy.
	The linearised graphing method may have been less accurate than the tangent method because it used a straight line of best fit to represent the overall trend in the data. In this case, there was a relatively large range of values for each measurement, so individual random errors had a greater influence on the position and gradient of the line of best fit. This affected the calculated gradient and, therefore, the final value of ‘g’.
Note: in reality, the tangent method gave better results in this case because of the selection of the tangent. This may not always be the case.


Part B: evaluate reliability
Reliability is the extent to which repeated observations and/or measurements taken under identical circumstances will yield similar results.
Reliability is not determined by how close a result is to 9.8 . Instead, consider how much the results vary when the analysis is repeated or completed by different groups.
Useful measures include:
range – the difference between the highest and lowest results
standard deviation – how spread out the results are around the mean
consistency between groups or repeated analyses.
A smaller range and standard deviation generally indicate greater consistency and therefore greater reliability.
1. Gather your evidence
Complete the table using your experimental results.
	
	Tangent method
	Linearised graph method

	Class mean value of g (m s-2)
	Answers will vary
	Answers will vary

	Highest value of g (m s-2)
	Answers will vary
	Answers will vary

	Lowest value of g (m s-2)
	Answers will vary
	Answers will vary

	Range (m s-2)
	Answers will vary
	Answers will vary

	Standard deviation (m s-2)
	Answers will vary
	Answers will vary


Which method has the smaller range?
	The linearised graph method has the smaller range.


Which method has the smaller standard deviation?
	The linearised graph method has the smaller standard deviation.


What does this tell you about the spread of results?
	The results from the linearised graph method are more closely grouped together, showing greater consistency between groups.


1. Make a claim
Which graphical method was more reliable?
	The linearised graph method was more reliable than the tangent method.


1. Support your claim with evidence
	The tangent method produced a range of [class value] and a standard deviation of [class value]. In comparison, the linearised graph method produced a range of [class value] and a standard deviation of [class value]. This shows that the linearised graph results had a smaller spread and were more consistent between groups.


1. Explain your reasoning
Consider the following ways that each graphical method could have affected reliability then complete the reasoning below.
	The linearised graph method was more reliable because it required less individual judgement during graphical analysis.
In the tangent method, different students may draw slightly different tangents to the curved graph, resulting in different gradients, calculated velocities and values of g. 
This could produce a larger range and standard deviation.
In contrast, the linearised method used a line of best fit representing the trend across all data points, reducing the influence of individual random errors. Therefore, its results would be expected to be more consistent and repeatable. 


Part C: bring the evidence together
Before writing your final evaluation of the 2 graphical methods, summarise your conclusions.
	Question
	Conclusion
	Strongest evidence

	Which method was more accurate?
	linearised graph
	g = 11.1  and 13 % error compared with 23%

	Which method was more reliable?
	linearised graph
	smaller range and standard deviation

	Which method involved greater graphical uncertainty?
	tangent method
	tangent placement had to be estimated

	Which method was more affected by individual judgement?
	tangent method
	different tangent placements produce different gradients

	Which method made better use of the full dataset?
	linearised graph
	line of best fit represents the trend across all points

	Which method was more effective overall?
	linearised graph
	greater accuracy and reliability


Part D: overall evaluation
Your task:
Write a paragraph evaluating the overall effectiveness of the 2 graphical methods for determining ‘g’ from your practical investigation.
Your evaluation should bring together the conclusions you have already developed about accuracy and reliability.
Include:
which method was more accurate
quantitative evidence: g and percentage error
which method was more reliable
quantitative evidence: range and standard deviation, where available
the effect of uncertainty and random error
how the curved/tangent and linearised graphing approaches affected the results
an overall judgement about which method was more effective.
Paragraph scaffold:
	Both graphical methods were able to determine a value for gravitational acceleration; however, the linearised graph method was more effective overall. 
In terms of accuracy, which describes how close an experimental value is to the accepted value:
the tangent method produced with a percentage error of 
the linearised graph method produced , with a percentage error of 13 %. 
Therefore, the linearised graph method was more accurate.
In terms of reliability, defined as the consistency or repeatability of the results, the linearised graph method had a smaller range and standard deviation [insert class values], indicating that the class results were more consistent.
Overall, the linearised method was more accurate and more reliable because it produced a value closer to the accepted value and, based on the class statistics, more consistent results.


Improvements
Suggest one improvement that would increase the accuracy of the experimental data itself, rather than just changing how the data is graphed.
	Use more precise timing and displacement measurements, such as electronic sensors, to reduce measurement uncertainty and obtain a value of g closer to the accepted value.


Suggest one improvement that would increase the reliability of the results.
	Repeat the experiment more times and calculate a mean from the repeated trials. This would reduce the influence of random variation and provide a more reliable estimate of g.




[bookmark: _Teaching_advice][bookmark: _Ref242281606][bookmark: _Toc243040818]Teaching advice
Background information
Manual timing over short fall times is likely to be a major source of uncertainty. This can be used deliberately when evaluating limitations. If available, video analysis, light gates or electronic timing may be used as an alternative or extension.
Light gates
If available, a light gate sensor would provide for greater accuracy in results and has been used to provide the sample results. The method would be as follows:
1. Set up a vertical measuring scale beside a clamp stand.
1. Attach a light gate sensor at the lowest position, where the falling object will pass through the beam.
1. Connect the light gate to a timer/data logger so it records the time taken for the object to fall.
1. Measure a range of starting positions above the light gate. These should allow different displacement values to be tested.
1. Hold the object at the first starting position so that it is stationary before release.
1. Release the object from rest without pushing it.
1. Allow the object to fall through the light gate. Record the time shown by the data logger.
1. Repeat the measurement 2 more times for the same displacement.
1. Change the starting position to create a new displacement and repeat steps 6–8.
1. Calculate the average time for each displacement.
1. Convert the position readings into displacement fallen if needed: displacement = starting position − light gate position
Understanding acceleration due to gravity
Additional support for students can be provided to secure their understanding of the independence of the acceleration due to gravity from the mass of the falling object. Brian Cox's video showing a feather and bowling ball falling in a vacuum (Brian Cox visits the world’s biggest vacuum | Human Universe – BBC) (4:41) can be a helpful visual demonstration of this key idea (slide 2.5 PPT ‘Bowling ball versus feather?’).
Sample discussion prompts and responses to compare the 2 methods of determining ‘g’
1. Which graph was easier to analyse?
The displacement versus time² graph was easier to analyse because linearising the data produced a straight-line relationship. This allowed the gradient to remain constant across the graph, making it easier to draw a line of best fit and calculate a value for g accurately. In contrast, the displacement versus time graph was curved, requiring tangents to be drawn at individual points. Determining instantaneous gradients on a curve introduces more estimation and uncertainty. 
Which method produced the value closest to the accepted value of 9.8 m s-2?
The linearised graph method produced the value closest to the accepted value of gravitational acceleration because it had the lower percentage error. This suggests the method produced a more accurate representation of the relationship between displacement and time during free fall.
Why does a lower percentage error indicate greater accuracy?
A lower percentage error indicates greater accuracy because the experimental result is closer to the accepted theoretical value of 9.8 m s-2. A smaller percentage error means the method more successfully modelled the true motion of the object with less overall deviation caused by measurement or processing errors. 
Why is the tangent method less reliable?
The tangent method is less reliable because it depends heavily on estimation at multiple stages of the analysis. Different students may draw slightly different tangents at the same point, producing different instantaneous velocity values. Even small variations in tangent placement can significantly alter the calculated gradient. Reliability is further reduced because the acceleration due to gravity was calculated using changes between instantaneous velocities across relatively large time intervals. Since each instantaneous velocity already contains uncertainty, comparing them over broader intervals compounds these errors and can produce inconsistent values of g. As a result, repeated analysis by different students is less likely to produce consistent results.
Why does a line of best fit improve reliability?
A line of best fit improves reliability because it incorporates all data points rather than relying on a few individually estimated gradients. This reduces the influence of random errors or anomalous measurements and produces a more representative overall trend. Since the graph is linear, different students are also more likely to draw similar lines of best fit and calculate similar gradients, increasing consistency between repeated analyses.
Which method would likely produce more consistent results between groups?
The linear graph method would likely produce more consistent results between groups because the straight-line relationship reduces subjectivity in the analysis. Most students would obtain a similar gradient from the line of best fit, whereas the tangent method requires multiple judgement-based decisions when drawing tangents and selecting points. The linear method also avoids propagating errors through repeated calculations of instantaneous velocity, making it more reproducible and therefore more reliable.
Using a pendulum to determine the acceleration due to gravity
1. Use the video The Pendulum Equation (7:47), linked on the slide 2.5 PPT ‘Using a simple pendulum to determine ‘g’’, to introduce the equation for the period of a pendulum’s swing and explicitly show how this equation can enable an experimental determination for ‘g’. 
1. Explain to students that they will now use a pendulum to determine the acceleration due to gravity using the gradient of an appropriate graph, and use 2.5 PPT ‘From the pendulum equation to a graph’ (2 slides) to explicitly model how this can be done.
1. Use Student resource – using a simple pendulum to determine the acceleration due to gravity to scaffold student determination of the acceleration due to gravity, identification of variables, planning of the investigation and recording and processing of data collected.
1. Students complete the investigation, construct a suitable graph from their collected data and use the gradient of this graph to determine a value for the acceleration due to gravity. Scaffolding is provided on the Student resource – using a simple pendulum to determine the acceleration due to gravity.


[bookmark: _Student_resource_–_9][bookmark: _Ref231387798][bookmark: _Ref231387840]Student resource – using a simple pendulum to determine the acceleration due to gravity 
Aim: to determine the value of the acceleration due to gravity by analysing the motion of a simple pendulum.
Method:
1. Set up a clamp stand with a piece of string and attach a small mass to form a pendulum.
1. Measure the length of the pendulum from the pivot point to the centre of the mass. Record this value.
1. Select a range of different lengths for the pendulum (at least 5).
1. Pull the pendulum to a small angle (less than 10°) and release it from rest.
1. Start timing as the pendulum passes a fixed reference point.
1. Measure the time taken for 10 complete oscillations. Record the time in your table.
1. Repeat the measurement 2 more times for the same length.
1. Calculate the average time for that length.
1. Repeat steps b–h for each different pendulum length.
Results
Record your results in the table below.
	Independent variable: length of pendulum
(m)
	Dependent variable: time taken for 10 swings (oscillations) (s)
	
Average time for 10 swings (s)
	
Average time/swing, 
T (s)

	
	Trial 1
	Trial 2
	Trial 3
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	;
	
	
	
	
	


1. Complete the table below to record and/or calculate the variables that will be graphed.
	variable 1 (x-axis): ___________________
(units: _______)
	variable 2 (y-axis): ___________________
(units: _______)

	
	

	
	

	
	

	
	

	
	

	
	


Derive the expression that links the variables you have selected for your graph.
	




Plot an appropriate graph on the grid provided below that will allow determination of a value for the acceleration due to gravity. Construct a line of best fit through your data points.
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	


Use your graph to determine a value for the acceleration due to gravity. Show your working, including any relevant annotations on the graph.
	


1. Calculate the percentage error in your value for ‘g’. 
	








Sample response – student resource – using a simple pendulum to determine the acceleration due to gravity
Aim: to determine the value of the acceleration due to gravity by analysing the motion of a simple pendulum.
Method:
1. Set up a clamp stand with a piece of string and attach a small mass to form a pendulum.
1. Measure the length of the pendulum from the pivot point to the centre of the mass. Record this value.
1. Select a range of different lengths for the pendulum (at least 5).
1. Pull the pendulum to a small angle (less than 10°) and release it from rest.
1. Start timing as the pendulum passes a fixed reference point.
1. Measure the time taken for 10 complete oscillations. Record the time in your table.
1. Repeat the measurement 2 more times for the same length.
1. Calculate the average time for that length.
1. Repeat steps b–h for each different pendulum length.
Results
Record your results in the table below.
	Independent variable: length of pendulum (m)
	Dependent variable: time taken for 10 swings (oscillations) (s)
	
Average time for 10 swings (s)
	
Average time/swing, 
T (s)

	
	Trial 1
	Trial 2
	Trial 3
	
	

	0.20
	11.02
	11.10
	10.95
	11.02
	1.102

	0.30
	12.25
	12.41
	11.94
	12.20
	1.220

	0.35
	13.27
	13.35
	13.18
	13.27
	1.327

	0.40
	13.75
	13.71
	13.98
	13.81
	1.381

	0.45
	14.49
	14.55
	14.40
	14.48
	1.448

	0.50
	15.20
	14.90
	14.68
	14.93
	1.493


1. Complete the table below to record and/or calculate the variables that will be graphed. 
	variable 1 (x-axis): length, L
(units: m)
	variable 2 (y-axis): average T2
(units: s2)

	0.20
	1.214

	0.30
	1.488

	0.35
	1.761

	0.40
	1.907

	0.45
	2.096

	0.50
	2.229


Derive the expression that links the variables you have selected for your graph.
	Start with the pendulum equation for the period:

Square both sides to remove the square root:

Rearrange to show the relationship between and :



Plot an appropriate graph on the grid provided that will allow determination of a value for the acceleration due to gravity. Construct a line of best fit through your data points.
[image: Sample student graph.]
Use your graph to determine a value for the acceleration due to gravity. Show your working, including any relevant annotations on the graph.
	From the equation of the line of best fit, 
Rearranging,

Therefore, 
11.26 m s-2


Calculate the percentage error in your value for ‘g’. 
	

Taking the absolute value, 





Checks for understanding
[bookmark: _Check_for_understanding_7][bookmark: _Ref238551112]Check for understanding 1 (2.5 PPT)
Questions
1. What is the approximate value of acceleration due to gravity (‘g’) near the Earth’s surface?
1. A ball is dropped from rest. Describe how its velocity changes over time as it falls.
1. An object is dropped from rest and falls for 2 seconds. Calculate its final velocity.
1. Sketch the shape of a velocity-time graph for an object in free fall (no air resistance). Explain what the slope of the graph represents.
1. Two objects of different masses (for example a table tennis ball and a brick) are dropped at the same time from the same height (ignore air resistance). Which one hits the ground first? Explain your answer.
1. Why might experimental values of ‘g’ differ slightly?
Check for understanding 1 sample response
1. 9.8 m s-2 downwards.
1. Its velocity increases over time in the downward direction as it accelerates at a constant rate of 9.8 m s-2 downwards.
1. Using ,  downwards.
1. The velocity-time graph is a straight line with a constant gradient that represents acceleration.
1. Both hit the ground at the same time because the acceleration due to gravity is independent of mass.
1. Experimental error will lead to inaccuracy in determining ‘g’.
[bookmark: _Check_for_understanding_8][bookmark: _Ref241114926][bookmark: _Ref238551162]Check for understanding 2 (2.5 PPT)
Calculate the instantaneous velocity at the point identified on the following graph.
Figure 27 – a displacement-time curve for a ball dropped from rest. The light blue dot marks the point at which students are to calculate the gradient. 
[image: Displacement-time graph for a ball dropped from rest. The gradient of the graph steadily increases from left to right. ]
Check for understanding 2 sample response
[image: Sample student response showing annotation for how to calculate gradient from rise over run of s-t graph. ]
[bookmark: _Check_for_understanding_9][bookmark: _Ref241117427]Check for understanding 3 (2.5 PPT)
1. Which of the following statements about error in science is incorrect?
1. Error can come from the measuring instrument as well as the person using it.
Error can cause small differences between repeated measurements, even when they are made carefully.
Error means that a mistake has been made during the experiment.
Error can be investigated by repeating measurements and comparing the results.
Check for understanding 3 sample response
The incorrect option is c.
Explanation:
1. Error can come from the measuring instrument as well as the person using it.
This statement is correct. Error is not only caused by the person taking the measurement. It can also come from the measuring instrument itself, such as limited precision or calibration issues. This helps show that error is not simply the result of human fault.
Error can cause small differences between repeated measurements, even when they are made carefully.
This statement is correct. When measurements are repeated, results are rarely identical. These small differences occur because of inherent uncertainty or due to random errors in measurements, not because something has been done incorrectly. This shows that variation does not mean a mistake has been made.
Error means that a mistake has been made during the experiment.
This statement is incorrect. This reflects a common misconception. In science, error does not necessarily mean a mistake. Even when an experiment is carried out carefully, some level of error is always present due to limitations in tools and methods. Mistakes are avoidable, but error is inherent in all measurements.
Error can be investigated by repeating measurements and comparing the results.
This statement is correct. Repeating measurements allows scientists to observe how much results vary, estimate uncertainty, and identify unusual values. This shows that error is something that can be analysed and understood, rather than completely removed.
[bookmark: _Check_for_understanding_10][bookmark: _Ref241419015]Check for understanding 4 (2.5 PPT)
Which statements correctly use evidence to support a claim about accuracy or reliability?
1. The method was more accurate because it had a smaller standard deviation and range.
The method was more reliable because its mean was closer to the accepted value.
The method was more accurate because its mean had a lower percentage error.
The method was more reliable because its percentage error was lower.
The method was more reliable because it had a smaller standard deviation and range.
The method was more accurate because its mean was higher.
Check for understanding 4 sample response
Answers: c and e
Explanation:
a. Standard deviation and range show how closely repeated results agree, so they indicate reliability, not accuracy.
b. A mean closer to the accepted value indicates accuracy; it does not show whether repeated results were consistent.
c. Correct – a lower percentage error means the mean is closer to the accepted value, indicating greater accuracy.
d. Percentage error compares a result with the accepted value, so it indicates accuracy, not reliability.
e. Correct – a smaller standard deviation and range show less variation between repeated results, indicating greater reliability.
[bookmark: _Toc221026285][bookmark: _Toc223937745]f. A higher mean is not necessarily more accurate; accuracy depends on how close the mean is to the accepted value.

[bookmark: _Toc240728693][bookmark: _Toc243040819]2.6 Relative velocity
Students revisit vector subtraction and apply  to determine the relative velocity.
Table 13 – learning intentions and success criteria
	We are learning:
	I can:

	to analyse relative velocity involving motion in 2 dimensions
	interpret relative velocity notation, , and identify the frame of reference
use vector subtraction to determine relative velocity
resolve vectors into components when required

	to use vector representations to organise information about relative motion.
	represent velocities using labelled vector diagrams
establish and communicate positive directions or axes
use head-to-tail diagrams and components to represent vector subtraction.


[bookmark: _Toc240728694][bookmark: _Toc243040820]Lesson sequence instructions
Activate
1. Play the animation from the slide 1.9 PPT ‘Relative velocity discussion’, then use questions in Table 14 to probe student observations. 
[bookmark: _Ref241425171]Table 14 – discussion questions for relative velocity
	Question
	Sample response

	What do the positive () and negative () signs indicate about the direction each person is travelling relative to the north arrow? 
	Positive (+) velocities indicate movement to the east (right), while negative (−) velocities indicate movement to the west (left).

	If you were standing still on the side watching, who is moving the fastest, and who is moving the slowest? 
	Ben is the fastest with a speed of , while Chloe is the slowest with a speed of . Speed depends only on magnitude, so we ignore the direction signs.

	If you were Chloe, how would the motion of the other 3 runners look from your perspective?
	Since Chloe moves west at , Alex and Ben appear to be moving east toward her faster than their ground speeds at  and  respectively. Dan appears to move west away from her at a speed of .

	Will the distance between Alex and Chloe get larger or smaller over the 10 seconds? 
	The distance will get smaller because Alex is heading east and Chloe is heading west directly toward each other. They close the gap between them at a combined rate of .


Differentiation: students stand up and describe their position using a shared frame of reference centred on the middle of the room. Then ask students to take steps away from their origin, pause and describe changes in their relative positions. 
Core learning
1. Introduce relative velocity using the slide 1.9 PPT ‘Relative velocity’. Use the animation to reinforce the idea of frame of reference. Use the slide 1.9 PPT ‘Another relative velocity scenario’ to support this idea and facilitate discussion. Cold call for answers using the questions on the slide.
Use Check for understanding 1 (2.6 PPT) to check that students understand how to describe the relative velocity of objects travelling in one dimension.
1. Provide the relative velocity formula from the slide 1.9 PPT ‘Calculating relative velocity’. Apply it to the familiar one-dimensional examples that connect the mathematical process to everyday experiences such as cars travelling in same/opposite direction on roads using 1.9 PPT ‘Applying the formula’ (2 slides).
1. Introduce relative velocity in 2 dimensions using the slide 1.9 PPT ‘Relative velocity in 2 dimensions’. Highlight the need to use vector addition and/or vector subtraction.
Model using the worked example on the slide 1.9 PPT ‘Relative velocity in 2 dimensions questions’ how to solve a 2-dimensional relative motion problem by subtracting vectors using the head-to-tail method. 
Check that students understand how to apply the relative motion formula by completing Check for understanding 2 (2.6 PPT).
Students complete Questions 1–3 in the Student resource – relative velocity.
Consolidate
1. Use Check for understanding 3 (2.6 PPT) as an exit ticket for students to find relative motion and describe how changes in the reference frame affect the perceived motion of objects.


[bookmark: _Student_resource_–][bookmark: _Ref232156829][bookmark: _Toc240728695][bookmark: _Toc243040821]Student resource – relative velocity
1. Two boats are travelling on parallel channels in opposite directions.
Boat A is travelling north at 45 .
Boat B is travelling south at 35 .
If a passenger sitting on Boat A looks out the window at Boat B as they pass each other, what speed and direction will Boat B appear to have?
	


254. Two cars are travelling on a straight, 2-lane highway in opposite directions.
Car A is travelling east at 100 .
Car B is travelling west at 80 .
If the driver of Car A looks across at Car B as they pass each other, what speed and direction will Car B appear to have?
	


255. An aeroplane travelling due north at 600  and a second aeroplane travelling due east at 800 are flying at the same constant altitude. What is the velocity of the first aeroplane relative to the second?
	


256. An aeroplane travelling due north at 300 km/h and a second aeroplane travelling due west at 400  are flying at the same constant altitude. What is the velocity of the first aeroplane relative to the second?
	




Sample response – student resource – relative velocity
1. Two boats are travelling on parallel channels in opposite directions.
Boat A is travelling north at 45 .
Boat B is travelling south at 35 .
If a passenger sitting on Boat A looks out the window at Boat B as they pass each other, what speed and direction will Boat B appear to have?
	Let south be positive

 is 80 south


258. Two cars are travelling on a straight, 2-lane highway in opposite directions.
Car A is travelling east at 100 .
Car B is travelling west at 80 .
If the driver of Car A looks across at Car B as they pass each other, what speed and direction will Car B appear to have?
	Let west be negative

 is 180 west


259. An aeroplane travelling due north at 600 km/h and a second aeroplane travelling due east at 800  are flying at the same constant altitude. What is the velocity of the first aeroplane relative to the second?
	
Answer: 1000 at 307o (3 sig. fig.)


260. An aeroplane travelling due north at 300  and a second aeroplane travelling due west at 400  are flying at the same constant altitude. What is the velocity of the first aeroplane relative to the second?
	
Answer: 500 at 53.1o (3 sig. fig.)




[bookmark: _Toc240728696][bookmark: _Toc243040822]Teaching advice
Background information
Before introducing formal formulas or coordinate systems, relative velocity lessons should always start by anchoring into the students’ own lived experiences. By tapping into their daily observations (for example, watching traffic move from a train window), teachers can help students build an immediate, instinctual grasp of relative motion. The goal of this opening phase is to help the class recognise patterns in how speeds seem to change based on direction before introducing any math. Once students conceptually master that objects moving in the same direction subtract and objects moving in opposite directions add, the formal scalar equation () becomes automatic.
The subscripts in relative velocity notation () often confuse beginners, so it’s essential to decode the syntax explicitly early in the lesson. Teachers should establish a consistent verbal script, instructing the class to read  as ‘the velocity of object A as observed by object B’ or ‘the velocity of A relative to B’. The critical rule to reinforce is that the second letter always denotes the observer. To build physical intuition, tell students that the observer always considers themselves completely stationary, viewing the rest of the world moving relative to their fixed frame of reference.
Transitioning to 2 dimensions is where students typically falter because they try to add or subtract vector magnitudes as simple scalar numbers. To bridge this gap, teachers can use simple perpendicular scenarios, such as a boat crossing a river current or an aeroplane encountering a crosswind. The lesson must emphasise that finding how object A moves relative to object B requires ‘cancelling out’ the observer’s motion, which translates to vector subtraction: 
. Teachers can scaffold this visually by teaching the ‘flip and add’ technique for head-to-tail vector diagrams: draw the first vector (), reverse the direction of the observer's vector to create its negative (), and join them head-to-tail to reveal the true relative velocity resultant.
[bookmark: _Toc228890700]

Checks for understanding
[bookmark: _Check_for_understanding_11][bookmark: _Ref235782993]Check for understanding 1 (2.6 PPT)
Use the following scenario:
Car X is towing a caravan and is travelling 80  east.
Car Y is a sports car and is travelling at the speed limit of 110 east.
A truck is moving at 60 east and started in front of both cars.
State whether each of the following statements is true or false:
1. From inside the truck, both Car X and Car Y look like they are getting closer from behind.
1. Because all 3 vehicles are driving East, Car Y looks like it is standing still from Car X’s perspective.
To the driver in Car X, the truck appears to be getting closer faster than it does to the driver in Car Y.
To the driver in Car X, the slower truck appears to be moving backwards relative to them.
Check for understanding 1 sample response
a: True, b: False, c: False, d: True
[bookmark: _Check_for_understanding_12][bookmark: _Ref241431097]Check for understanding 2 (2.6 PPT)
An aeroplane travelling due north at 600  and a second aeroplane travelling due east at 800 are flying at the same constant altitude. What is the velocity of the first aeroplane relative to the second?
Check for understanding 2 sample response
	[image: A vector triangle diagram demonstrating relative velocity addition using component vectors. Vertical Component: A dashed gray vertical arrow pointing upward, labeled -vA to its right. Horizontal Component: A dashed gray horizontal arrow pointing left, connected head-to-tail from the tip of the vertical arrow, labeled vB above it. Resultant Vector: A solid black diagonal arrow pointing up and left, drawn from the base of the vertical arrow to the tip of the horizontal arrow, labeled vAB to its left.]
	



 =  –  = 
Final answer: 1000 at 


[bookmark: _Check_for_understanding_13][bookmark: _Ref235783061]Check for understanding 3 (2.6 PPT)
Two boats are travelling towards a harbour entrance.
Boat A travels east at .
Boat B travels  north.
1. Determine the velocity of Boat A relative to Boat B.
Without recalculating, describe the velocity of Boat B relative to Boat A.
Check for understanding 3 sample response
1. Let north (y-axis) and east (x-axis) be positive.


Calculate the magnitude:

Calculate the direction:

To a passenger on Boat B, Boat A appears to move at  in a direction 51° south of east.
From Boat A’s perspective, Boat B would appear to be moving away at the same speed but in the exact opposite direction. That is 51° north of west.
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2.1 Setting up the ticker timer

A ticker timer connected to a 50 Hz AC supply makes 50 dots

ticker timer every second on the ticker tape.

* Therefore, the time between consecutive dots is 1 = 50 = 0.02 s

» The tape moves through the ticker timer while the timer makes
dots at equal time intervals.

e

ticker tape » The spacing between the dots tells us about the motion of the

ticker tape — the more spaced out they are, the faster the tape.
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2.1 Checkpoint 2

Check for understanding

Rank the velocity from greatest to least magnitude
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Graph 1 — ticker tape displacement versus time for a uniformly accelerating object

dependent variable (unit)

independent variable (unit)




image20.png
PR I RN FAN

P R PRI

Graph 2 — ticker tape velocity versus time for a uniformly accelerating object
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Graph 3 — ticker tape acceleration versus time for a uniformly accelerating object
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Graph 3 — ticker tape acceleration versus time for a uniformly
accelerating object
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2.2 Checkpoint 1

Activating prior knowledge

1. Justify which of these ticker tapes match the following descriptions of motion:

' N\

A. slow uniform motion @ e o ° ° ) )
- J
B. fast uniform motion ( h

°® ° °® )
C. motion that is speeding up N J
' N\
@ °® ® °® ® °® °®

- J

2. Draw a ticker tape pattern that represents motion that is slowing down.
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