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Appendix B: teacher plans for each mechanics unit. 

 
Augmenting the Modeling Physics Curriculum with 

Enhanced Proportional Reasoning Strategies and its Effects 
on Students’ Conceptual Understanding of Basic Mechanics 

 
Co-investigators: 

Geoffrey Rivera Clarion, Anna Field, and J.J. Plank 
Arizona State University MNS degree action research, summer 2018 

 
http://modeling.asu.edu/Projects-Resources.html 

 
Method:  
"Starting at the beginning of the semester, students in the treatment groups were taught 
mechanics with proportional reasoning using a standard Modeling Physics (MP) curriculum in 
mechanics (units 2 through 9; versions 3.0 and 3.1) enriched by the addition of various 
interactive engagements involving ancillary proportional reasoning. ..."   
 
Suggested future research: 
     "The failure to show increased gains due to an augmented curriculum may stem from the 
infrequency and paucity of proportional reasoning exercises. Further study should be done with 
treatments that include increased frequency of interactive engagements and other exercises 
imbued with proportional reasoning. These additional exercises could include (but are not 
limited to) Physics Invention Tasks in which students employ proportional reasoning from data 
of related physical quantities in one context to data of other related physical quantities in a 
different context (Brahmia et al, 2017). It is the opinion of the investigators that the addition of 
alternative worksheets and new formative assessments focused on proportional reasoning would 
better scaffold the added instructional content. Having a more scaffolded approach would likely 
improve the efficacy of the treatment." 
      "The investigators remark that future studies would be strengthened by the inclusion of the 
CTSR and MCI as pretest measures. Having pretest and posttest data from both of these 
instruments would facilitate normalized gains calculations which would more effectively 
quantify any increase in mathematical, scientific, and proportional reasoning skills as a result of 
the treatment." 
     “The investigators found that students performed well in discussion, but outside of white 
board meetings, were not applying concepts properly. Many students did not have a foundational 
concept of how the information in graphs and equations are related until asked to think deeply 
about, and extensively synthesize this information. After completing this project, the 
investigators plan to continue to implement the ideas therein and further expand them. In the 
school year following this project, the FCI and CTSR question pairs 5-6 and 7-8 will be 
administered at the beginning of the year to assess growth. In addition to stronger graph 
linearization techniques in group work, the investigators plan to implement more worksheets 
containing deeper proportional reasoning and linearization strategies. More specifically, 
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questions and methods from Joe Mahler's linearization worksheets (Mahler, 2016). The 
investigators also plan to include more quizzes with linearization and proportional reasoning 
themes. Although these inclusions will likely extend the time required to cover the mechanics 
units, these worksheets and quizzes focused on linearization strategies and proportional 
reasoning will help students to better understand concepts in mechanics, and other important 
scientific reasoning strategies.” 
 
Ref: Mahler, Joe, 2016. Linearization worksheets. Available at 
    https://drive.google.com/drive/folders/0B8bJkNnVbHRGTHgwNGZjZGtPN28. 
 
Ref: Brahmia, Suzanne, Boudreaux, Andrew & Kanim, Steven, 2017. Developing Mathematical 
Creativity with Physics Invention Tasks. Cornell University Library. Available at 
    arxiv.org/ftp/arxiv/papers/1602/1602.02033.pdf. 
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Appendix B: Augmented Proportional Reasoning Plans 

Unit 2: Buggy Lab 

Treatment Group Contrast Group 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Introduce formal definition of proportional 
reasoning – Proportional reasoning is a ratio of 
values or a ratio of ratios. 

N/A 

Start Socratic dialog of proportional reasoning as 
it relates to the model(s) established during 
whiteboarding (see below). 

N/A 

Record thoughts and comments in notebook - 
including added proportional reasoning 
questions/discussion. 

Record thoughts and comments in notebook. 

Classroom Discourse Notes: 
During the whiteboard session, groups should identify mathematical models similar to: 

  

Where x is the position of the buggy, v is the velocity of the buggy, and x0 is the initial position 
of the buggy. 
Tell one group to round their coefficient value and assume the vertical intercept value is equal to 
zero, similar to: 

  
Have students refer to this model when answering questions during the Socratic dialogue 
outlined below. 

 

x = vt + x0

x = 0.89 m/s( )t + 0.15 m

x = 1 m/s( )t
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Unit 2 Socratic Dialogue 

Teacher Student Response 

What type of proportional relationship are we 
investigating? 

Linear relationship 

What quantities have a linear relationship in this 
investigation? 

Position and time. 

Based on the previous answer, what name can be assigned 
to this linear relationship? 

Constant velocity. 

By looking at the graph, how do we know that the 
relationship between the position and time is linear? 

The line is straight. 

By looking at the motion map, how do we know that the 
relationship between the position and time is linear? 

All the velocity arrows are the same 
length and evenly spaced. 

By looking at the equation, how do we know that the 
relationship between the position and time is linear? 

The velocity (the change in meters for 
each second) is constant. 

If the velocity doubled over the same amount of time, how 
would that affect the position? 

The position would double for the same 
amount of time. 

Juanita travels a distance d, and Tran travels at the same 
velocity for a quarter of the time, what is Tran’s 
displacement? 

Tran’s displacement is d/4.  

 
 



 4 

Unit 3: Incline Lab 
Treatment Group Contrast Group 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Review formal definition of proportional 
reasoning. 

N/A 

Start Socratic dialog of proportional reasoning as 
it relates to the model(s) established during 
whiteboarding (see below). 

N/A 

Record thoughts and comments in notebook - 
including added proportional reasoning 
questions/discussion 

Record thoughts and comments in notebook. 

 
 

 
Sample whiteboard from Unit 3 
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Classroom Discourse Notes: 
In this unit avoid using the word “per”. Instead, use “for every”. 
During the whiteboard session, groups should identify mathematical models similar to: 

  
Where x is the position of the particle, a is the particle’s acceleration, v0 is the particle’s initial 
velocity, and t is time. 
At the end of the whiteboard discussion, have one group round their coefficient values, for 
example: 

  
Address the proportional relationships between position and the square of time and velocity and 
time. Have students refer to these models when answering questions during the Socratic dialogue 
outlined below.  
 

Unit 3 Socratic Dialogue 

Teacher Student Response 

What type of proportional relationship are we 
investigating? 

Linear: for  

Quadratic: for  

What quantities have a linear relationship in this 
investigation? 

Velocity and time. 

What quantities have a quadratic relationship in this 
investigation? 

Position and time. 

By looking at the graph, how do we know that the 
relationship between the position and time is 
quadratic? 

Upward opening parabola. 

By looking at the graph, how do we know that the 
relationship between the velocity and time in linear? 

Line. 

By looking at the motion map, how do we know that 
the relationship between the position and time is 
quadratic? 

Position increases as the square of the 
time. 

x = 1
2
at2 +  ? +  ?

v = at + v0

x = 1
2

2 m/s2( )t2
v = 2 m/s2( )t

v = 2 m/s2( )t
x = 1

2
2 m/s2( )t2
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Unit 3 Socratic Dialogue (continued) 

Teacher Student Response 

By looking at the motion map, how do we know that 
the relationship between the velocity and time is 
quadratic? 

Velocity arrows change the same amount. 

By looking at the equation, how do we know that the 
relationship between the velocity and time is linear? 

The change in velocity or acceleration (the 
change in meters for every second for each 
second) is constant. 

By looking at the equation, how do we know that the 
relationship between the position and time is 
quadratic? 

The time is squared. 

A car travels with a constant change in velocity 
(acceleration) for a certain amount of time. After that 
time, it has a specific velocity. It then travels with the 
same constant change in velocity for twice as much 
time. What happens to the new velocity?  
 
What if the time tripled? 

Doubled. 
 
 
 
 
 
 
Tripled. 

The same car travels with a constant change in 
velocity (acceleration) for a certain amount of time. 
After that time, it has a specific position. It then 
travels with the same constant change in velocity for 
twice as much time. What happens to the new 
position?  
 
What if the time tripled? 

Quadrupled. 
 
 
 
 
 
 
9 times. 
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Unit 5: Paradigm Modified Atwood’s Machine lab 
(Manipulated variable: force. Responding variable: acceleration) 

Treatment Group Contrast Group 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Review formal definition of proportional 
reasoning. 

N/A 

Start Socratic dialog of proportional reasoning as 
it relates to the model(s) established during 
whiteboarding (see below). 

N/A 

Record thoughts and comments in notebook - 
including added proportional reasoning 
questions/discussion 

Record thoughts and comments in notebook. 

Classroom Discourse Notes: 

In this unit focus on system masses and system forces. 
After the whiteboarding session, address the proportional relationship between the sum of the 
forces on the system SFsystem and the system acceleration asystem: 

  
Where msystem is the mass of the system, 
For AP Physics 1 students, consider using this mathematical representation: mass as inertia: 

  
Have one group round their value for system mass, similar to: 

  
Have students refer to this model when answering questions during the Socratic dialogue 
outlined below. 

 

Fsystem = msystemasystem∑

asystem =
Fsystem∑
msystem

Fsystem = 100 kg( )asystem∑
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Unit 5 Socratic Dialogue 

Teacher Student Response 

What type of proportional relationship are we 
investigating? 

Linear. 

What quantities have a linear relationship in this 
investigation? 

Net force and acceleration. 

By looking at the graph, how do we know that 
the relationship between the net force and 
acceleration is linear? 

Line. 

By looking at the equation, how do we know that 
the relationship between the net force and 
acceleration is linear? 

The mass is constant. 

An object experiences an acceleration If the 
acceleration is doubled, what happens to the net 
force that it experiences? 

Doubled. 

If the acceleration is tripled, what happens to the 
net force that it experiences? 

Tripled. 

Gustavo’s inertia is 100 kg. If a net force of 
200 N is experienced by Gustavo, what 
acceleration will he experience? What if the net 
force is 400 N? 

Gustavo will accelerate at 2 m/s/s; If the net 
force is 400 N, Gustavo will accelerate at 
4 m/s/s. 
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Unit 6: Augmented Projectile Motion  
(Manipulated variable: initial projectile speed. Responding variable: range). 

Treatment Group Contrast Group 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Review formal definition of proportional 
reasoning. 

N/A 

Start Socratic dialog of proportional reasoning as 
it relates to the model(s) established during 
whiteboarding (see below). 

N/A 

Record thoughts and comments in notebook - 
including added proportional reasoning 
questions/discussion 

Record thoughts and comments in notebook. 

Classroom Discourse Notes: 

During the whiteboard session, groups should identify a mathematical model similar to: 

  

Where R is the projectile range, v0 is the initial speed of the projectile, and k represents an 
unknown proportionality constant. 
Have students refer to this model when answering questions during the Socratic dialogue 
outlined below. 
 

R = kv0
2
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Unit 6 Socratic Dialogue 

Teacher Student Response 

What type of proportional relationship are we 
investigating? 

Quadratic. 

What quantities have a linear relationship in this 
investigation? 
 

The square of the speed and the range. 

By looking at the graph, how do we know that 
the relationship between the speed and range is 
quadratic? 

Upward opening parabola. 

Show students the equation for projectile range:  

 
How can your R versus v0 graph help you 
determine the projectile’s initial angle? How can 
we manipulate the graph to help us? 

Plot R versus v02, which is a linearly proportional 
relationship; find the slope of a best fit line; 
slope is equal to sin(2θ)/g; initial angle is equal 
to sin-1(slope ´ g)/2. 
 
NOTE: This response will indicate a strong 
understanding of the linear proportionality 
between x and v02, while also showcasing 
linearization techniques. 

By looking at the equation, how do we know that 
the relationship between the speed and range is 
quadratic? 

Horizontal variable is squared, vertical variable 
is not. 

An object is launched at a particular angle. If the 
initial speed is doubled, what happens to the 
range it experiences? 

Quadrupled. 

An object is launched at a particular angle. If the 
initial speed is tripled, what happens to the range 
it experiences? 

Nine times. 

R =
v0
2 sin 2θ0( )
g
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Unit 7: Paradigm Modified Centripetal Force lab  
(Manipulated variable: radius. Responding variable: velocity of spinning mass). 

Treatment Group Contrast Group 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Review formal definition of proportional 
reasoning. 

N/A 

Start Socratic dialog of proportional reasoning as 
it relates to the model(s) established during 
whiteboarding (see below). 

N/A 

Record thoughts and comments in notebook - 
including added proportional reasoning 
questions/discussion 

Record thoughts and comments in notebook. 

Classroom Discourse Notes: 

During the whiteboard session, groups should identify mathematical models similar to: 

  

 or 

  

Where v is the speed of the object undergoing circular motion, FT is the tension force in the 
string, m is the mass of the object, and r is radius of the circle traversed by the object (the length 
of the string). 
Have students refer to these models when answering questions during the Socratic dialogue 
outlined below. 
 

v2 =
FT
m
r

v =
FT
m

r
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Unit 7 Socratic Dialogue 

Teacher Student Response 

What type of proportional relationship are we 
investigating? 

Square root. 

What quantities have a linear relationship in this 
investigation? 

Speed and the square root of radius. 

By looking at the graph, how do we know that the 
relationship between the speed and the square root of 
radius is linear? 

Sideways opening parabola. 

By looking at the equation, how do we know that the 
relationship between the speed squared and the radius is 
linear? 

Vertical variable is squared, horizontal 
variable is not. 

An object undergoes a similar uniform circular motion. If 
the radius is doubled, what happens to the speed it 
experiences? 

Increases by the square root of 2. 

An object undergoes a similar uniform circular motion. If 
the radius is quadrupled, what happens to the speed it 
experiences? 

Doubled. 

NOTE: If students have trouble, use numbers: 

If the tension force is 5 N, the mass of the object is 5 kg 
and the radius is 1.0 meter, what speed will the spinning 
object have? 

1 m/s. 

Now, let’s quadruple the radius, now r = 4.0 meters, what 
is the speed now? 

Doubled. 

An object undergoes a similar uniform circular motion. If 
the radius is made 9 times as great, what happens to the 
speed it experiences? 

Tripled. 
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Unit 8: Paradigm Modified Energy Incline Lab  
(Manipulated variable: height. Responding variable: speed of object). 

Treatment Group Contrast Group 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Review formal definition of proportional 
reasoning. 

N/A 

Start Socratic dialog of proportional reasoning as 
it relates to the model(s) established during 
whiteboarding (see below). 

N/A 

Record thoughts and comments in notebook - 
including added proportional reasoning 
questions/discussion 

Record thoughts and comments in notebook. 

Classroom Discourse Notes: 

During the whiteboard session, groups should identify a mathematical model similar to: 

  
 or 

  
Where v is the speed of the object, g is earth’s gravitational acceleration, and h is the height of 
the object. 
Have students refer to this model when answering questions during the Socratic dialogue 
outlined below. 
 

v2 = 2gh

v = 2gh
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Unit 8 Socratic Dialogue 

Teacher Student Response 

What type of proportional relationship are we 
investigating? 

Square root. 

What quantities have a linear relationship in this 
investigation? 

The square of the speed and the height. 

By looking at the graph, how do we know that 
the relationship between the speed and height is 
square root? 

Sideways opening parabola. 

How can your speed vs height graph help you 
determine the acceleration due to gravity? How 
can we manipulate the graph to help us? 

Plot h versus v2, which is a linearly proportional 
relationship; find the slope of a best fit line; 
slope is equal to 2g. 
 
NOTE: This response will indicate a strong 
understanding of the linear proportionality 
between h vs v2, while also showcasing 
linearization techniques.” 

By looking at the equation, how do we know that 
the relationship between the speed squared and 
height is linear? 

Vertical variable is squared, horizontal variable 
is not. 

An object is released from an incline of a 
particular height. If the height is quadrupled, 
what happens to the speed at the bottom of the 
incline? 

Doubled. 

An object is released from an incline of a 
particular height. If the height increased nine 
times, what happens to the speed at the bottom of 
the incline? 

Tripled. 
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Unit 9: Paradigm Momentum Lab  
(Manipulated variable: initial momentum. Responding variable: final momentum). 

Treatment Group Contrast Group 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Carry out lab-based whiteboard session with 
each group showing 4 representations of their 
model: written descriptions, graphs, diagrams, 
and equations. 

Review formal definition of proportional 
reasoning. 

N/A 

Start Socratic dialog of proportional reasoning as 
it relates to the model(s) established during 
whiteboarding (see below). 

N/A 

Record thoughts and comments in notebook - 
including added proportional reasoning 
questions/discussion 

Record thoughts and comments in notebook. 

Classroom Discourse Notes: 

In this unit focus on system masses and system momentum. 
During the whiteboard session, groups should identify a mathematical model similar to: 
  

Where pf is final momentum of the system and pi is the initial momentum of the system. 
Have students refer to this model when answering questions during the Socratic dialogue 
outlined below. 
 

pf = pi
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Unit 9 Socratic Dialogue 

Teacher Student Response 

What type of proportional relationship are we 
investigating? 

Linear 

What quantities have a linear relationship in this 
investigation? 

Total initial momentum and total final 
momentum. 

By looking at the graph, how do we know that 
the relationship between the total initial 
momentum and the total final momentum is 
linear? 

Line 

By looking at the equation, how do we know that 
the relationship between the total initial 
momentum and the total final momentum is 
linear? 

The slope is 1. 

A system of objects collides. If the initial 
momentum of the system doubles, what happens 
to the final momentum of the system? 

Doubles. 

A system of objects collides. If the initial 
momentum of the system is reduced by 50%, 
what happens to the final momentum of the 
system? 

Reduces by 50%. 

 

 


