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Abstract 

I studied the effects of introducing a substance metaphor for the quantity in physics 
commonly called momentum.  This treatment also involved introducing a diagrammatic 
representation called an interaction diagram that students could use to organize and convey their 
understanding.  The representation is similar to a “system schema” but also includes momentum 
flow arrows to show transfers of momentum that result from the interaction.  The idea of treating 
momentum as a flowing substance is discussed sporadically in the academic literature and is 
featured in at least one fully developed curriculum.  There is little to no quantitative data on the 
effect that this metaphor has on student understanding of Newton’s Laws, which are the 
cornerstone of reasoning about objects in the mechanical universe.  I will show that a substance 
metaphor for momentum, when used in conjunction with the diagrammatic representation, will 
improve Newtonian reasoning skills in students who traditionally have difficulties with math and 
science. 
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Rationale 

I will provide quantitative and qualitative evidence regarding the use of a substance 
metaphor for momentum as the centerpiece of the modeling mechanics curriculum for 
conceptual-level physics classes.  What is unique about this treatment is the introduction of an 
interaction diagram in conjunction with the development of the substance metaphor.  The 
diagram leads students to consider a group of interacting objects and then to select a system of 
study.  A typical force diagram focuses on an object (the particle) and diminishes the importance 
of the surroundings.  Forces become disambiguated from the surroundings and this could end up 
fostering the idea that force is a property of the object being studied. 
 

There has been documented success in improving students’ beliefs about Newton’s Third 
Law (NTL) through modeling instruction. (Halloun & Hestenes, 1987)  I hypothesize that FCI 
scores on NTL questions for the treatment group will be higher than a typical modeling class.  
The momentum substance idea leads to NTL without having to think about the idea of push and 
pull.  The foundations of NTL will therefore be planted before we introduce the word “force.” 
 

A substance metaphor is also aligned with how many curricula model energy and 
electricity current.  I believe that providing another “flowing substance” model will encourage 
modeling skills in the students and provide an alternate model to compare with the “force” 
model.  There are situations where the “momentum current” model may provide an easier 
pathway to Newtonian thought than the “force” model.  The force model has no simple answer 
for the question, “Why do objects move?”  The “momentum current” model provides a concise 
explanation:  objects move because they contain momentum.  
 

I have previous experience with the development of this substance metaphor.  Last year I 
used a momentum current model to teach Newton’s laws to a Conceptual Physics class without 
ever using the words “force” or “acceleration.”  What gave promise to the development of this 
curriculum was the ease with which students accepted NTL.  They were able to develop 
confident responses to questions such as, “Why does the Earth not fall upwards when you drop 
an object?”  A typical response highlighted equal interactions but different amounts of mass in 
the interacting objects.  A guided quantitative whiteboard activity had students using the model 
to show that all object have the same velocity after falling the same distance.  It was this 
discussion that made me wonder if student understanding of Newtonian concepts could be 
advanced with this alternate model. 
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Literature Review 

The importance of metaphor in learning Newton’s Laws 
 

Students engage their previous experience when they develop new knowledge in science.  
(diSessa, 1982; Clement, 1982)  This mass of observations of the physical world is the 
foundation for the beliefs of our students.  Metaphors are used in an attempt to scaffold new 
ideas with previous knowledge. (Bransford, Brown & Cocking, 1999)  If this is done in a 
haphazard way then learning becomes fragmented and thick with misconceptions. (Bagno, 
Eylon, and Ganiel, 1999; Clement 1989) A learning environment in which the student is a part of 
developing scientific models provides the context and culture for becoming practitioners of 
scientific thought. (Brown, Collins, & Duguid, 1989; Hestenes, Wells & Swackhammer, 1992) 
Likewise, the student’s previous experience and commonsense notions must be involved for this 
process to change their belief-system. (Hestenes, Wells & Swackhammer, 1992) 
 

The Force Concept Inventory measures Newtonian beliefs. (Hestenes, Wells & 
Swackhammer, 1992)  Data suggests that a modeling approach to the teaching of Mechanics 
does more to change beliefs than traditional instruction. (Hestenes, Wells & Swackhammer, 
1992) In the Modeling methodology force is seen as an agent of change.  The two basic models 
of dynamics (Free Particle and Constant Force Particle) are tied into the kinematics quantity of 
acceleration to explain the motions of objects.  An alternate view of force is that it causes a flow 
of momentum between two objects. (diSessa, 1979)  The substance metaphor is ubiquitous in 
student preconceptions and in legitimate physical models. (Reiner, Slotta, Chi & Resnick, 2000)  
This would seem to make it a good candidate for modeling a phenomenon like momentum that 
has substance-like attributes.  (Herrmann, 1999) 
 

One of the common misconceptions students hold before stepping into a physics class is 
that force is a quantity contained in objects. (Hestenes, Wells & Swackhammer, 1992)  This 
impetus belief is tough to unravel and requires observations combined with student-led 
discussion that put this thought into conflict with what is observed. (Hestenes, Wells & 
Swackhammer, 1992)  Perhaps physics teachers work so hard to discourage this substance-like 
thinking of force that they shy away from using it in their models.  However there is nothing 
inherently wrong with substance based metaphors and they are used with great success in 
thermodynamics, electrostatics, and information technologies to name a few. (Herrmann, 1999; 
Reiner, Slotta, Chi & Resnick, 2000) 
 
The importance of Newton’s Third Law 
 

Newton’s Third Law (NTL) is unique because it is easy to recite but challenging to truly 
understand.  It is arguably the axiom that is most important in understanding what it means for 
objects to interact.  Traditional instruction has a poor track record when it comes to instilling the 
notion of reciprocity of forces. (Brown, 1989)  This stems from students’ belief that force is a 
property of an object as opposed to the result of an interaction. (Brown, 1989)  A representation 
that puts focus on the interactions among many objects has shown to be more effective in 
developing Newtonian beliefs than a traditional force diagram. (Hinrichs, 2004)  In the typical 
representation forces are symbolized as arrows or vectors, which calls upon the student’s 
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physiological sense of push and pull.  A System-Schema approach as developed by the Modeling 
Group at Arizona State University has shown promise in complementing the force diagram to 
present a more complete picture of the interaction concept. (Hinrichs, 2004) 
 
An Alternate Model for Interactions 
 

All of Newton’s Law can be logically deduced by thinking of force as a flow of 
momentum. (Herrmann, 1999)  The first law becomes: An object maintains a constant amount of 
momentum unless the objects experiences interactions with its surroundings. (Herrmann, 1999)  
Newton’s second law is similar in structure to the mathematical form of electricity current or 
fluid current: ΣFavg=Δp/Δt.  It states that forces cause an object to experience a change in 
momentum over a period of time.  Using a momentum substance metaphor you can interpret this 
as forces causing a current of momentum from one object to another. (Herrmann, 1999)  
Thinking of momentum as a substance that flows at the rate quantified by a force is a fully 
Newtonian idea. (diSessa, 1979)  The third law is essentially a restating of the conservation of 
momentum: The momentum current that flows out of one interacting object is equal to the 
momentum current flowing into the other. (Herrmann, 1999) 
 

This model opens up the possibility to involve the preconception of a substance involved 
in motion along with an approach that naturally addresses the shortcomings of other treatments 
of NTL.  The idea of interactions involving two objects is a necessity since the substance must 
flow from one object to another.  The idea of reciprocity is addresses because however much 
substance flowed out of one object must have flowed into the other. (diSessa, 1979)  This model 
has a second benefit in that the conservation of momentum is a necessary result of our model. 
 

This model does not exclude the introduction of a vector representation of force to 
complement the discussion.  The student’s experience with matter being conserved serves to 
provide the conceptual framework for the momentum is substance metaphor.  Recognition of this 
prior experience is important in understanding how the metaphor is comprehended. (Lakoff & 
Johnson, 1980)  Situations with two-dimensional motion could be more easily studied by 
thinking of forces represented as vectors since the momentum substance does not have a 
direction.  The lack of a directional attribute to a substance is one of the challenges of using it as 
a metaphor for momentum, a quantity that has a direction.  However, an abstract idea is 
understood through the complex overlay of many metaphors. (Lakoff & Johnson, 1980)  It is 
possible for students to incorporate the momentum substance metaphor into the more typical 
treatment of introductory physics either later in the course or in future physics courses. 
(Herrmann, 1999) 
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Method 

Subjects 
 
Treatment Group:  The investigator is Allen Sears.  I have been teaching for eleven years at the 
Ida Crown Jewish Academy in Chicago, Illinois.  The school is situated in the far north side of 
the city in a heavily observant Jewish neighborhood.  The school has an enrollment of 
approximately 350 students and provides a dual curriculum of Judaic and general studies.  The 
school is aligned with the modern orthodox movement that stresses the importance of 
engagement with the secular world as part of Torah study.  All of the students are from families 
that practice observant Judaism.  Morning classes are single gender but the secular classes are 
mixed gender.  I worked with 21 conceptual physics students over two sections.  Eight students 
were left off the study due to lack of consent, missing over a quarter of the treatment, or for 
enrolling late in the course and missing the pre-exam.  Conceptual physics is the lowest level of 
college preparatory physics.  Of the 21 students, 57% have documented learning disabilities and 
29% are in a modified/remedial level of mathematics. 
 
Contrast Group: The contrast group teacher is Nathan Unterman.  This group consists of 60 
students in three Regulars level physics classes at Glenbrook North High School in Northbrook, 
Illinois.  Northbrook is a suburb north of Chicago and is home to some of the students in the 
treatment group.  Total enrollment is 2,102 students and has an ethnic breakdown as follows: 
82% White, 0.5% Black, 2.5% Hispanic, 13% Pacific Islander, and 2% multi-racial.  The 
contrast group teacher used the modeling cycle for both classes and very often employed 
whiteboard discussions and Socratic questioning techniques.  Whiteboard exercises were adapted 
from Modeling Physics material supplemented with readings and homeworks from College 
Physics by Randall Knight.  Of the 60 students 16% have a documented learning disability and 
0% are in a modified/remedial level of mathematics.  Newton’s Laws and momentum were 
covered from late August until late February with the post-FCI administered in May.  The 
contrast teacher has been teaching physics for over thirty years.   
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Procedure for Treatment 

Pre-assessment of abilities 
  

All students in this study were administered the Force Concept Inventory at the beginning 
of the school year.  The exam was taken before the students were engaged in any kind of 
instruction, mechanics or other.  This assessment provided a measurement of the student’s 
preconceptions about force and motion before instruction.  It also allowed for comparison of the 
student pools to provide evidence of similar samples. 
 
Permission 
  

All students taking part in this investigation were authorized by letters of consent signed 
by the subject and their guardian.  Additionally, all subjects also signed a letter of assent before 
any photograph or video evidence was gathered.  In the cases where permission was not given 
the student’s FCI scores were not included in the study.  Additionally no video or photograph 
evidence was gathered for these students. 
 
Treatment 
 
There were three key facets to the 
treatment:  The substance metaphor for 
momentum, a momentum current model 
for explaining Newtonian mechanics, and 
lastly a diagrammatical representation 
called an interaction diagram to organize 
thinking in terms of this new model. 
 
Force as current and momentum as a 
flowing substance 
 
 The substance metaphor for 
momentum leads to an interpretation of 
NSL that is similar to the idea of a current.  
Here I think of current as describing the 
quantity of a substance (such as water) that flows past a surface area per unit of time.  Water 
current is defined as the product of the cross-sectional area of a pipe and the speed of the water 
in the pipe (fig. 1).  This reduces to the volume of water that flows through a cross section per 
second.  This basic form, an amount of substance per change in time, is used to describe the time 
rate of change of a number of physical quantities that are also thought of as having substance-
like attributes (fig. 1).  These quantities include energy and electricity current. 
 
 The key difference between momentum and physical quantities such as energy, 
electricity, or water is that momentum is a vector quantity.  For this reason I focused on one-
dimensional cases in the treatment.  There is still the issue of momentum having positive and 

figure 1 showing NSL and similarities to other math models for current  
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negative values.  Traditionally the quantity of a substance is only thought of as having positive 
values.  This problem is also present in thinking about energy and electricity, which can take on 
positive and negative values.  For our purpose we simply thought of positive momentum as 
corresponding to movement to the right in horizontal motions and up in vertical motions.  
Negative values of momentum represent 
motion to the left in horizontal motions or 
down in vertical motions.  In keeping with 
the idea of substance, we thought of an object 
containing -3 kgm/s of momentum as having 
less momentum than an object containing +3 
kgm/s of momentum. 
 

Another rational for adopting a 
substance metaphor was the idea of 
conservation of matter.  Momentum is a 
conserved quantity and NTL is closely 
related to the conservation of momentum 
(fig. 2).  When two objects collide the change 
in momentum of one object must the 
negative change in the other.  This idea is 
just like two people exchanging a common 
substance, like markers.  When two students engage in a marker exchange the amount lost by 
one must be equal to the amount gained by the other.  This analogy was used to help introduce 
the substance metaphor to the treatment class. 
 
The momentum current model 
 

This model centers on momentum as the cause of motion.  The proposed definition 
during the treatment was: momentum is a conserved quantity that causes motion and can be 
transferred from one object to another.  This 
is similar to Newton’s idea of momentum as 
the “quantity of motion.”  An object moves 
because it contains momentum.  This is a 
departure from saying that nothing really 
causes motion but that inertia inhibits changes 
in motion.  Later I will explain the activities 
that engage students in developing this 
definition for momentum. 

 
In order to explain why objects 

experience changes in motion we developed 
the idea of interactions.  Interactions are 
defined as occurring whenever two objects 
come into physical contact or as occurring 
without contact because of fields.  The fields 
we developed were gravitational, electric, and 

figure 2 showing how NTL leads to conservation of momentum  

figure 3 Newton’s First Law 



A Substance Metaphor for Momentum 
 

 

9 

magnetic.  Interactions are the cause of 
changes in motion in this model.  The 
development of the definition of interaction 
was done before the development of 
momentum.  Once momentum was defined 
we had two observations:  1) Interactions 
cause changes in motion and 2) Momentum 
transfers from one object to another during 
the interaction.  These observations were 
the foundation for the momentum current 
model, which we developed as: interactions 
change motion by causing a current of 
momentum to flow from one object to 
another. 
 
 Now with the main tenant of the 
model in place I developed Newton’s Laws.  
The first law was stated as follows: a) 
Constant velocity results from either no 
interactions or many interactions that sum to 
zero and b) Objects change velocity when 
they experience one or more interaction that 
have a non-zero sum.  I chose to use velocity 
to describe motion here in the first law to 
distinguish the quantity that describes 
motion (velocity) from the quantity that 
causes motion (momentum). 
 
 Newton’s Second Law was 
expressed mathematically as F=p/t where F 
was initially called the flow rate of 
momentum, p was a quantity of momentum 
that transfers, and t was the duration of the 
interaction.  It is important to remember that 
the word “force” had not been used yet in class so there was a convenience to calling the symbol 
“F” a flow rate of momentum since flow also starts with the letter “f.”  We explained the 
meaning of this mathematical model by saying that the flow rate is a measure of the size of the 
interaction.  This was the first step in connecting interactions and momentum flowing to the 
more visceral idea of pushing and pulling, and eventually to the idea of force.  The term “flow 
rate” was eventually superceded by “current” since students were already familiar with the idea 
from studying electrical circuits.  We did not formally replace “flow rate” with “current” until we 
brought the idea of “force” into the discussion. 
 
 Newton’s Third Law, in the momentum current model, states that whenever two objects 
interact the flow rate of momentum out of one object must be equal to the flow rate into the 
other.  This is a logical consequence of the conservation of momentum.  If one object is to give 

figure 4 Newton’s Second Law 

figure 5 Newton’s Third Law 
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momentum to the other we can assume that no momentum disappears along the way and the time 
during which this exchange happens is the same for both objects.  In the treatment we used these 
facets of the model to conclude that the flow rates must be the same for each object, but the flow 
is into one of the objects and out of the other.  The “into and out of” part is equivalent to 
oppositely directed forces in the traditional wording of the third law. 
 
Interaction Diagrams 
 
 In order to visualize the flow of momentum among interacting objects I developed a 
diagram based off the system schema representations presented by Lou Turner in The Physics 
Teacher. (Turner, 2003)  The diagram highlights a system of interest and all objects that are 
interacting with that system.  Circular momentum containers represent the objects and 
interactions connect the containers like pipes in which momentum flows.  I call this 
representation an interaction diagram.  The following example shows an instance where an 
interaction diagram (fig 6b) is used to explain why a car colliding with another car (fig 6a) has a 
change in velocity.  The system of choice is cart B.  This is represented by the dashed loop 
around the container that represent cart B.  The system experiences interactions with three 
separate objects: the track, the Earth, and cart A.  These interactions are represented by the 
connections between the containers.  Within the containers and connectors are dashed lines with 
direction arrows representing the flows of momentum into and out of the system.  The direction 
of momentum flow is determined from the change in momentum of the system.  Cart B initially 
had a negative momentum but after the collision the momentum goes up to zero.  Since Cart B 
experiences a positive change in momentum there should be a net flow into the system.  The 
momentum current into the system due to the track is equal to the momentum current out of the 
system into the Earth.  The direction of the momentum current in this case is based off free-fall.  
The flow of momentum because of a gravitational interaction (near the surface of the Earth) is 
always into the Earth.  This is because an object that is dropped from rest will acquire a greater 
and greater negative value of momentum.  Remember here that we stick with a standard that 
“down” is the “negative” direction.  So in a case where an object is at rest on a table there would 
be equal momentum current into the object due to the table and out of the object due to the Earth. 

figure 6b interaction diagram for cart B 

 

figure 6a carts A and B collide head-on and stick together 

A 

A 

B 

B 

Before: Carts of equal mass and speed move 
toward each other 

After: Carts at rest immediately after the 
completely inelastic collision 

+ - 
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The Interaction Diagrams and Newton’s First 
Law 
 

The constant velocity case can be 
depicted as either a system experiencing no 
interactions or a system that experiences 
multiple interactions whose momentum 
currents sum to zero (fig. 7).  This is a visual 
representation of zero net interactions.  If the 
sum of the interactions is non-zero then the 
object will experience a change in momentum; 
thus a change in velocity (fig. 8).  The number 
of chevrons in the diagram represent greater 
currents of momentum; thus a greater 
magnitude interaction.  In each case there are 
uneven currents that lead to either the object 
gaining momentum (getting faster) or losing 
momentum (getting slower).  Again, if the 
direction of motion were reversed then gaining 
momentum would actually correspond to an 
object getting slower since negative 
momentum is less than positive momentum in 
the substance model. 
 
The Interaction Diagrams and Newton’s 
Second Law 
 

The second law is the mathematical 
model for momentum current.  It states that the 
momentum current is equal to the amount of 
momentum that flows from one object to 
another divided by the duration of time (fig. 9).  
When combined with the definition of 
momentum it can be shown that the change in 
velocity of a system depends on the mass of the 
system along with the net momentum current.   
 
The Interaction Diagrams and Newton’s Third 
Law 
 
 When we focus on a single interaction, 
the interaction diagram shows that the current 
of momentum out of one object must be the 
current of momentum flowing into the other 
object.  The direction arrows of the current are 

figure 7 Example interaction diagrams showing constant velocity 

figure 8 Examples of interactions diagrams showing acceleration 

figure 9 Greater momentum current shown with chevrons 
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places within the interaction “tube” and the 
direction of flow necessarily points toward 
one object and away from the other.  In this 
way the diagram shows equal interactions 
in opposite directions. 
 
Using the interaction diagram in problem 
solving 
 

The interaction diagram can be used 
to help organize interactions when solving 
a quantitative problem.  In figure 11 there 
is an example using interaction diagrams 
along with the mathematical 
representations of Newton’s second law 
and the definition of momentum to solve a 
typical introductory dynamics problem.  Here we ignore the car’s interactions with the Earth and 
the road in order to simplify the picture. 

figure 10 Interaction diagram showing the flow out of C is 
equal to the flow into A 

figure 11 The interactions diagram as part of problem solving 
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Structure of the Treatment 
 
 The treatment began with observation of toy cars with different velocities.  Students were 
asked, “how can you tell which car is faster?”  The discussion led to the idea that distance and 
time are the factors that determine the “fastness” of an object.  The concept of position was then 
developed in order to talk about how to find distance.  From this point I began the process of 
introducing the motion map.  Students represented the position of the toy cars with dots drawn at 
equal time intervals.  A whiteboard discussion asked students to look for similarities and 
differences in their drawings for fast and slow objects.  Speed and velocity were formally defined 
from looking at the motion maps.  Lastly, arrows were added to the motion maps to more easily 
see the velocity of an object.  This was the process that developed all of the kinematics terms 
used throughout the treatment.  Noticeably absent from this list is “acceleration.”  Because 
acceleration is not a part of Newton’s second law in the momentum current model there was no 
need to bring it into the discussion.  In lieu of talking about acceleration we talked about whether 
an object had a changing or constant velocity. 

 The next step was to integrate the idea of changes in motion with interactions.  This 
activity utilized a frictionless air puck that used a balloon as an air supply.  As long as the 
balloon remained inflated the puck would move with a constant velocity.  Students were asked to 
draw motion maps for the puck while the balloon was inflated and again once the balloon had 
run out of air.  Then students were asked what contributed to causing the puck to change velocity 
once the balloon ran out of air.  The sound of the table scraping with the puck was mentioned as 

figure 12 Important facits of the treatment in cronological order 
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an indication that contact between 
the table and the puck contributed to 
the changing velocity.  The term 
“interaction” was introduced to name 
the act of two objects coming in 
contact.  A homework assignment 
was provided to give students 
practice in identifying when objects 
were interacting by looking for 
changes in motion (fig.13).  
 Next I introduced a second 
category of interaction by observing 
the motion of a falling ball.  Students 
drew motion maps and concluded 
that the object was changing velocity 
and must be interaction with some 
other object.  Once it was determined 
that nothing was touching the ball I 
asked the class for ideas about what 
is interacting with the ball.  It was 
generally thought that “gravity” 
caused the ball to fall, but to 
emphasize the idea that objects 
interact I asked the students what 
object accounts for this thing that 
they were calling gravity.  To aid in the discussion I set up two demonstrations.  For the first 
demonstration I hung a balloon from the ceiling and showed that it would change in velocity if 
my hand came close to, but did not touch, the balloon.  Force the second demonstration I placed 
a magnet near an iron rod and showed how it changed velocity when the magnet was near, but 
not touching, the rod.  These demonstrations 
provided evidence that interactions can occur 
without contact in special situations.  We 
called these situations “long-range 
interactions.”  Lastly, the class reached a 
consensus that gravity is really the long-range 
interaction between the ball and the Earth. 
 The interaction diagram was now 
introduced as a way to diagram which objects 
were interacting with a system.  This 
introduction did not include momentum flows 
for the obvious reason that we had yet to 
discuss momentum.  The goal was to get 
students to choose a system and then identify 
all of the objects that were interacting with the system.  A whiteboard activity provided the 
framework for student discussion of their interaction diagrams (fig 14). 
 

figure 13 Examples from a homework on motion maps and interactions 

figure 14 Whiteboard example of first interaction diagram 
activity 
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Building the substance metaphor began with  a lab activity involving Pasco™ collision 
carts.  These activities are included in this paper as Appendix B.  The first activity studied the 
before an after velocities of equal mass carts first colliding inelastically and then colliding 
elastically.  Students measured velocities qualitatively using a scale of fast, medium, slow, and 
not moving.  Groups whiteboarded their result tables and drew a consensus that the velocity of 
the incoming cart was dispersed equally among all the interacting carts if the carts “stuck 
together” after the collision.  They also found that the velocity of the incoming cart was given 
over to the other cart if the collision was elastic.  When the students began to reach a consensus 
that the velocity of the incoming cart was transferred during the collision, I proposed a model 
that interactions cause velocity to transfer from one object to another.  To test out this model the 
class performed a second lab activity in which carts of unequal mass engaged in inelastic 
collisions.  The goal of this activity was to have students apply their new model to this scenario 
and find it unable to describe their observations.  The post lab whiteboard discussion provided a 
gateway to showing that the product of mass and velocity was the quantity that was distributed 
among all the interacting objects.  The class refined the model to say that the product of mass 
and velocity was what transferred when objects interacted and that this new model also explained 
our observations from the first activity.  We named the quantity momentum and defined two 
facets of the  quantity: a)  objects move because they contain momentum and b) momentum will 
transfer from one object to another when the two objects interact.  At this point the reading that 
is included in Appendix C was handed out.  The first sets of questions were assigned as 
homework and subsequently whiteboarded. 
 

At this point I began introducing the 
momentum flow arrows on the interaction 
diagrams with examples from the previous 
homework assignment.  We used these 
diagrams along with motion maps to study an 
array of motions.  Although we already had 
the foundations, it is at this time that we 
introduced Newton’s First Law as: a) Objects 
will have a change in momentum if the 
momentum currents are non-zero and b) 
Objects keep a constant level of momentum if 
there are no momentum currents or if the 
momentum currents sum to zero.”  Summing 
to zero is akin to having a bathtub fill with 
water at the same rate as the water drains.  The 
“bucket” or container metaphor for an object was stressed. I often drew the container sizes 
proportional to the mass of the objects but this was not required of students nor was it explained 
in the reading materials.  A whiteboard exercise, included in Appendix D,  gave students practice 
in drawing interaction diagrams with momentum flow arrows (fig. 15).  Because of previous 
instruction involving other flowing quantities (such as fluids and electricity), we began to call the 
momentum flow a momentum current. 
 

Next we introduced the “force sensor” as a detector of momentum current.  I told that 
class that a force sensor, placed in-between the interacting objects, would provide a quantitative 

figure 15 Interaction diagram with momentum flow arrows 



A Substance Metaphor for Momentum 
 

 

16 

measure of the momentum current.  This was then shown by connecting string to both ends of 
the force sensor and then using this modified “rope” to pull an object.  The sensor is part of the 
“string” much like an ammeter is part of the circuit to measure current.  A demonstration was 
also done where the force sensor was used to hold a hanging mass as rest.  In both cases students 
whiteboarded motions maps and interaction diagrams.  We introduced a math model for 
momentum flow rate as F = p/t  where “F” stands for flow rate of momentum but later was 
merged with the physiological idea of push and pull.  Again, the detla symbol to represent a 
change in the momentum and time were left off to simplify the look of this math model.  
Newton’s Second Law then came from our previous ideas for flow rate and not from a lab such 
as the modified Atwood machine.  Whiteboard worksheets of some simple dynamics problems 
gave practice in using the interaction diagrams and motions maps along with simple quantitative 
work.  It was at this time that we introduce the need to define something strange:  a negative 
value for the quantity of momentum.  We likened it to the idea that bank accounts can have 
negative values if you go below zero. 
 

At this time I introduced the idea that our idea of momentum current is more commonly 
know as “force” and that we needed to connect our model of momentum current with the idea of 
pushing and pulling.  This was done by giving the students spring force sensors and having them 
observe that as they pulled “harder” the measure of the momentum current increased.  Now it 
was important to introduce Newton’s Third Law formally.  We had already established that both 
interacting objects experience the same interaction through our modified system schemas.  Since 
momentum is modeled like a substance it must be the case that the flow rate out of one object is 
the same as the flow rate into the other.  It is a similar idea to a single loop electrical circuit in 
steady state; the flow rate out of one element must be the same as the flow rate into the next.  
When the word “force” replaces “flow rate” you get the more traditional wording of Newton’s 
Third Law.  Homework questions from the reading packet were assigned that used the “force” 
vocabulary in order to get them to connect momentum flow into or out of an object as a force. 
 

The next part of the unit was a lab to get the gravitational force model Fg=mg.  This is 
typical to most treatments but the students used interaction diagrams in the prelab to show that 
the flow rate measured by the sensor was reading the same value as the flow rate of momentum 
into the earth (gravity).  Again, the goal of the lab was to find how the mass of an object affected 
the flow rate of momentum into the earth due to gravity.  We did not bother interpreting the 
slope of the graph as gravitational field although it would match up with our energy unit where 
we talk about the field.  From the lab we established the math model as: W=10m.  The term “W” 
was defined as the momentum current between the earth and the object due to gravity and was 
named “weight.”  The direction of the momentum flow was established from previous free fall 
examples.  The flow of momentum due to gravity is into the Earth and out of the other object.  
This agrees with the plus and minus sign conventions of a typical axis system.  We did not 
discuss the constant of proportionality nor its units or meaning as the gravitational field strength.  
For our purposes it was only a number than made our calculations match observation. 
 

The final activity was a whiteboard exploration, included in Appendix D, where we 
applied the model to a new situation.  The students were led through the process of finding the 
final velocity at some random time of two books (of different mass) dropped from equal heights.  
They got the same final velocity using the following math models: W=10m; F=p/t; p=mv.  When 
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asked to make motion maps for the books the students reached the conclusion that all object fall 
in the same way regardless of mass.  We also asked what would happen (qualitatively) if an 
interaction with air became a factor.  Demonstrations were shown to validate the findings of the 
students.  
 
Readings and lab activities are included in the Appendix.  The reading and homeworks are edited 
and slightly altered versions of the introduction to momentum unit in The Karlsruhe Physics 
Course Textbook.  (Herrmann, 2006) 
 
Assessment 
 

The only quantitative assessment was the FCI administered at the beginning of the year 
and again immediately after the treatment was completed.  This also happened to be the last day 
of the school year.  Multiple qualitative assessments were made during the course of the 
investigation.  Samples of student work were archived.  Many of the whiteboard sessions were 
archived with photos of whiteboards and audio recordings of student discussion.  Some student 
whiteboard presentations were recorded on video.  At the end of the treatment random students 
were chosen by a computer to participate in interviews about selected FCI questions.  Students 
who refused to take part in the interview were replaced by other randomly selected students.  
These interviews were recorded on video.  Lastly, students were required to keep journals on 
their reflections about the class on a semi-daily basis.  These journals were archived via Google 
Docs by the students and were shared with the Investigator. 
 
The post-FCI interview involved the following questions: 3, 4, 13, 15, 16, 17, and 28. These 
questions appear in Appendix E.  Students were questioned using a “think aloud” protocol using 
the following questions: 
 

1) What was your reasoning behind choosing response <student’s response on post FCI>? 
2) (If they didn’t use the whiteboard) Is there anything you could draw to help explain your 

answer to me? 
3) (If post-FCI response incorrect) Why does response <correct FCI response> not seem 

Newtonian to you? 
4) (If post-FCI response correct)  Why does response <popular FCI incorrect response> not 

seem Newtonian to you? 
 

Timeline 

Monday 4-19 
• Observation of two cars (Z-Car and Battery Car) 
• What do fast and slow mean? 
• Distance, position and time 
• Motion maps & Handout Reading on Motion Maps 
• HW: Finish reading on Motion Maps 
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Wednesday 4-21 
• Smartboard presentation on motion maps / video analysis (Two cars, looping 

rollercoaster, free fall) 
• HW: Do 1-8 on the worksheet for tomorrow 

 
Thurday 4-22 

• Whiteboard motions maps from worksheet 
 
Monday 4-26 

• Three motion maps: Plastic puck and balloon puck 
• Without balloon inflated; With balloon inflated; Letting the balloon run out while puck is 

moving 
• Board meeting: Describe the "third" motion with a motion map and note the sounds that 

you hear during motion 
• WB consensus: You hear the table scrape when the puck gets slower but not when it 

moves with a constant speed 
• Define interaction in terms of contact between two objects 

 
Friday 4-30 

• Small group WB's aimed at extending the model: 
• #1 How does the balloon change velocity when my hand is near? 
• Consensus: There are types on interactions that do not involve contact... long range 

interactions 
• #2 How do we explain a ball falling using our model 
• Consensus: The ball must interact with the Earth. This is a long range interaction 
• #3 How do we explain the elephant at rest on the table using our model? 
• Consensus: There must be two interactions (elephant-Table and elephant-Earth) that 

combine to seem like no interactions 
 
Monday 5-3 

• Review Observation #3: Why does the object have a constant velocity when there is 
clearly an interaction with the table? 

• Consensus: There are two interactions (Elephant, Earth and Elephant, Table) and 
interactions can add together. These interactions add together to zero 

• Observation #4: Three interactions can also add to zero (pushing down on elephant) 
• Interactions do not "cancel" out 
• Introduce the Interaction Diagram to map out the interacting objects 

 
Tuesday 5-4 

• Board meeting on more motion: 
• Observation #5: Car and spring (car has a changing velocity) 
• Observation #6: Book pushed with a constant velocity with a hippo on top of the book 
• Different systems will result in different interactions on your diagrams... the hippo & 

book system vs. the hippo system vs. the book system… if students do not happen to 
have varying systems prime whiteboards in that direction for sake of the discussion 

• Handed out worksheet on interaction diagrams 
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• We now have Newton’s First Law although we just call it “The Model” 
 
Wednesday 5-5 

• WB presentations on selected questions from the worksheet 
• The space shuttle orbit problem and the bits of paper problem yielded some especially 

interesting conversation 
 
Thursday 5-6 

• Finished WB presentations 
• Quiz 

 
Monday 5-10 

• Observation: how mass and velocity affect stopping a car 
• Activity 1: Changing velocity in two collisions 

 
Tuesday 5-11 

• Board meeting on Activity 1 
• Consensus: Interactions cause a transfer of velocity from one interacting object to the 

other 
• Activity 2: changing mass and collisions 
• Began taking data 

 
Wednesday 5-12 

• Finish data on Experiment 2 
• Board meeting: do the results validate the velocity transfer model? 
• Turning fast and slow into numbers 

 
Thursday 5-13 

• Consensus: When the mass of the carts are dissimilar the velocity transfer model fails. 
• Reevaluating the model 
• When we look at the mass and the velocity together we see a quantity that behaves like a 

substance... that is transferred (Teacher guided discussion) 
• New term: Momentum (product of mass and velocity) 
• New facet of the model: When objects interact they transfer momentum 
• HW: Reading #1 and do #1-5 at the end of the reading 

 
Friday 5-14 

• We now have an explanation for why object move... because they contain momentum 
• Diagramming momentum transfers on the interaction diagrams: flow arrows 
• Whiteboard #1 and 2 from the reading 

 
Monday 5-17 

• Whiteboard presentations #3, 4 and 5 from the reading 
• Interactions can be quantified by the flow rate of momentum 
• Introduce a new device to measure the flow rate of momentum: force sensor 
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Tuesday 5-18 
• Introduce math model for force: F=p/t 
• Newton’s Second Law 
• Make parallel to math model for flow rate of charge from CASTLE 
• HW: Reading 3 Exercises (1-5) 

 
Wednesday 5-19 

• Whiteboard #1-5 from homework 
• Momentum can have negative values 

 
Monday 5-24 

• Reading 4:  Bridging together the physiological idea of force with interaction 
• Force model for interactions compared with the momentum current model 
• Newton’s Third Law:  Force and Momentum Current perspectives 
• HW:  Reading 6 Problems 1-8 

 
Wednesday 5-26 

• Whiteboards of selected questions from homework 
• Prelab:  Measuring the momentum current due to gravity 

 
Tuesday 6-1 

• Lab:  Measuring the momentum current due to gravity 
• Students collect data and a graph was made by the teacher on the smartboard 
• Consensus:  The momentum current is directly related to mass 
• Introduce and define “weight” as the momentum current due to gravity 
• Math model:  W=10m 

 
Wednesday 6-2 

• In-class work on free fall worksheet 
• Assign whiteboard groups and being presenting 

 
Thursday 6-3 

• Finish whiteboard presentations on free fall 
• Consensus:  All objects have the same motion map when in free fall provided the 

interaction due to air is small 
 
Friday 6-4 

• Administered Post FCI 
 
It was rare to have a complete week of instruction due to the chaotic schedule at the Ida Crown 
Jewish Academy.  Religious holidays, unexpected school visitors and unscheduled school-
sanctioned days off all contributed to making the treatment interminant. 
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Data Analysis 

The main quantitative instrument used in this study was the Force Concept Inventory (FCI).  The 
scores were analyzed in the following manner: 
 
1.  Pre and post scores for both groups were made into a histogram to see if the scores followed a 
normal distribution. 
2.  Paired t-tests were run for each group to see if there was a statistically significant change in 
beliefs as a result of instruction. 
3.  An independent sample t-test was run on the pre-test scores for both groups to assess whether 
the students could be considered as being from the same population.  
4.  The normalized gain or “Hake gain” was calculated for each student and averaged for each 
group to come up with an overall Hake gain for the group. 
5.  Statistical analysis was done to find the standard deviation (sigma) of the Hake gains for each 
group so as to find the standard error (sigma/root N) in that measurement. 
6.  Histograms were made for itemized per question Hake gains for each group.  This provided 
information on strength and weakness of treatment for specific misconceptions. 
7.  Steps 1-7 were repeated for selected questions on the FCI.  These questions represent material 
that was explicitly covered in both the contrast and treatment groups. 
 
Qualitative data was gathered in the form of recorded student interviews and class discussions.  
The main focus was to find evidence of students using the “momentum flow” model to explain 
the concept of Newton’s Third Law correctly.  
 

Results 

Quantitative Data 
 
The first point of interest was to determine if there was a statistically significant change 

in Newtonian beliefs as a result of the treatment.  The pre and post FCI data were arranged into a 
histogram to see if the score distributions could be represented by a normal curve.  Measures of 
the sample variance, skewness and kurtosis verified that the data sets were appropriately 
modeled as normal curves.  As such, a paired two-tail t-test  for means was used to assess the 
significance of increase in the mean score.  A t-test was also preferable due to the smaller sample 
size of the treatment group.  The conclusion from this analysis was that I could, at a 95% 
confidence level, reject the null hypothesis that the means for the pre and post were equivalent 
[t(20)=-8.81, p=2.6E-08, α=0.05]. This suggests that the treatment resulted in a statistically 
significant change in the Newtonian beliefs of the students. 
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t-Test: Paired Two Sample for Means

Treatment Pre FCI Treatment Post FCI
Mean 5.38 10.10
Variance 4.35 3.89
Observations 21.00 21.00
Pearson Correlation 0.27
Hypothesized Mean Difference 0.00
df 20.00
t Stat -8.81
P(T<=t) one-tail 1.3E-08
t Critical one-tail 1.72
P(T<=t) two-tail 2.6E-08
t Critical two-tail 2.09  
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t-Test: Paired Two Sample for Means

Control Pre FCI Control Post FCI
Mean 6.93 12.20
Variance 7.55 16.74
Observations 60.00 60.00
Pearson Correlation 0.42
Hypothesized Mean Difference 0.00
df 59.00
t Stat -10.56
P(T<=t) one-tail 1.6E-15
t Critical one-tail 1.67
P(T<=t) two-tail 3.2E-15
t Critical two-tail 2.00  
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 While there was a significant change in FCI scores, the post-test average does not meet 
the generally accepted 60% threshold for Newtonian thinking.  This is not surprising given that 
the treatment group is comprised of students from the Conceptual Physics class.  This is 
traditionally the lowest level of physics offered at the high school level.  To get a sense for how 
this gain should be understood I used the contrast group data for comparison purposes.  The 
contrast group is made up of students from the regular algebra-trigonometry level of physics.  
While not an honors-level class, this class would typically contain students with better developed 
mathematical and scientific thinking skills when compared to a Conceptual Physics group.  To 
get a sense of the two populations I also recorded the percent of students in the study who have a 
diagnosed learning disability (with an individualized education plan) and the level of 
mathematics class in which the student was concurrently enrolled.  This was documented back in 
the Method sections.  The data shows that the treatment group had greater disadvantages to 
success in science than the contrast group. 
  
 I did a similar analysis for the pre and post-FCI scores of the contrast group. This was 
found by making a histogram of contrast pre-post data and then using a paired two-tailed t-test 
for means.  The conclusion from this analysis was that I could, at a 95% confidence level, reject 
the null hypothesis that the means for the pre and post were equivalent for the contrast group 
[t(59)=-10.56, p=3.2E-15, α=0.05].  I saw from this data that there was a statistically significant 
change in the beliefs of the contrast group. 
 

The pretest mean for the contrast group [m=6.93, σ=2.75] is a bit higher than the pretest 
for the treatment group [m=5.38, σ=2.09].  This may be further evidence that the two groups are 
from different populations.  To test for the significance of this difference we ran an unpaired t-
test on the pretest scores.  The conclusion from this analysis was that we should, at a 95% 
confidence level, reject the null hypothesis that the two pretest groups are equivalent [t(79)=2.36, 
p=0.0209, α=0.05].  This adds to the previous evidence that the contrast group and the treatment 
group are not from the same population and a t-test to compare the posttest scores would be 
inappropriate.  Therefore other methods of comparison were employed to understand the 
implications of the treatment gains. 
 

t-Test: Paired Two Sample for Means

Control Pre FCI Control Post FCI
Mean 6.93 12.20
Variance 7.55 16.74
Observations 60.00 60.00
Pearson Correlation 0.42
Hypothesized Mean Difference 0.00
df 59.00
t Stat -10.56
P(T<=t) one-tail 1.6E-15
t Critical one-tail 1.67
P(T<=t) two-tail 3.2E-15
t Critical two-tail 2.00  
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In order to compare FCI gains made by the treatment group to the contrast group I 
employed a calculation of the normalized gain for each student.  This quantity was shown by 
Richard Hake to be an effective way to compare the methods of teaching across a wide variety of 
students.  This quantity is referred to as the “Hake Gain” <g> and is found as a ratio of actual 
improvement to possible improvement (Hake, 1997). 

 

€ 

< g >=
post(x) − pre(x)
total(n) − pre(x)

 

  
The Hake gains for the two groups were found by taking an average of the individual Hake gains 
for each student.  This also provided a way of assessing the statistical significance of the 
difference by looking at the standard error by finding the ratio of the standard deviation to the 
root of the number of subjects. 

 
 While the mean for the Contrast group [<g>=0.226 +/- 0.022] is greater than the mean for 
the treatment [<g>=0.188 +/- 0.020] there is a slight overlap of the error bars.  I concluded that 
the mean Hake Gain for the contrast groups was statistically similar to that for the treatment.  It 
is important to note here that Hake categorized three zones of Hake Gain: low, medium and high.  
These scores all fall into the “low” region of improvement. 

<g> Control FCI <g> Treatment FCI

Mean 0.226 Mean 0.188
Standard Error 0.022 Standard Error 0.020
Median 0.224 Median 0.222
Mode 0.000 Mode 0.130
Standard Deviation 0.174 Standard Deviation 0.090
Sample Variance 0.030 Sample Variance 0.008
Minimum -0.222 Minimum 0.040
Maximum 0.789 Maximum 0.333
Count 60.000 Count 21.000
Confidence Level(95.0%) 0.045 Confidence Level(95.0%) 0.041
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I next looked at a comparison of FCI questions that both groups had covered as part of 
their curriculum.  The treatment group did not cover two dimensional motion or vectors other 
than to draw motion maps.  The selection of questions that were explicitly covered by both the 
contrast and treatment teachers comes to twenty-three out of the thirty total questions on the test.  
The questions will appear later as part of an itemized analysis of these questions. 
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This data showed a similar pattern of change in means for each group.  I ran a two-tailed 

paired t-test for the pre and post scores for each group.  We were able to reject the null 
hypothesis that the pre and post mean FCI scores for each groups were statistically equivalent 
within a 95% confidence level [t(59)=-11.90, p=2.5E-17, α=0.05][t(20)=-9.71, p=5.2E-9, 
α=0.05].  This gave us the ability to look at a comparison of the Hake Gains for the selected FCI 
questions. 

 
 

The Hake gain was calculated for each student and then the individual Hake gain for each 
group was calculated by finding the mean of the individual Hake scores within a group.  The 
standard deviation of the scores was also found to get the standard error in the average Hake 
gain. 
 

t-Test: Paired Two Sample for Means

Control Pre 
Selected FCI

Control Post 
Selected FCI

Treatment Pre 
Selected FCI

Treatment Post 
Selected FCI

Mean 5.65 10.45 4.33 8.81
Variance 5.42 9.81 3.33 3.46
Observations 60.00 60.00 21.00 21.00
Pearson Correlation 0.38 0.34
Hypothesized Mean Difference 0.00 0.00
df 59.00 20.00
t Stat -11.90 -9.71
P(T<=t) one-tail 1.3E-17 2.6E-09
t Critical one-tail 1.67 1.72
P(T<=t) two-tail 2.5E-17 5.2E-09
t Critical two-tail 2.00 2.09
 

<g> Control Selected FCI <g> Treatment Selected FCI

Mean 0.272 Mean 0.236
Standard Error 0.023 Standard Error 0.022
Median 0.294 Median 0.211
Mode 0.294 Mode 0.278
Standard Deviation 0.179 Standard Deviation 0.100
Sample Variance 0.032 Sample Variance 0.010
Range 0.983 Range 0.323
Minimum -0.250 Minimum 0.105
Maximum 0.733 Maximum 0.429
Count 60.000 Count 21.000
Confidence Level(95.0%) 0.046 Confidence Level(95.0%) 0.045
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 As should be expected, the treatment group had an increase in average Hake Gain on the 
selected questions that mirror topics covered by the treatment [<g>=0.236 +/- 0.022].  It was 
surprising to see that contrast group also had a similar increase in Hake Gain from the full FCI 
mean [<g>=0.272 +/- 0.023].  Once again I compared the Hake Gains of the two groups by 
looking at the standard error.  As can be seen from the chart there is an overlap of error bars.  We 
conclude that within a 95% confidence level the two groups have comparable Hake gains.  This 
is an especially important result because it suggests that a Conceptual Physics class receiving the 
treatment can achieve similar gains in Newtonian understanding as a regular level algebra-
trigonometry class taught using the modeling methodology. 
  

To get a sense for how the treatment affected student understanding of Newtonian 
concepts I made an itemized histogram for the twenty-three selected questions used for the 
previous comparison of means.  The histogram included the Hake Gain of each group to see how 
the treatment affected understanding of that concept and also how it differed from the contrast 
group. 
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 The treatment group achieved higher gains on twelve of the twenty-three selected 
questions.  The contrast group achieved higher gains on eight of the selected questions.  There 
were two questions that had similar gains and one where both groups had a negative Hake score.  
The higher average for the contrast group can be explained by the wide margin of increase on 
questions 11, 12, and 13.  Also of interest is question 22 where the treatment also showed a 
negative Hake score. 
 
 Questions 12 and 21 involved parabolic motion but were included in the selected 
questions because the treatment group did talk about similar motions and resulting interactions in 
a whiteboard secession.  However it is worth noting that projectile and two-dimensional motion 
was not specifically covered by the treatment.  In problem 12 the most frequent response was the 
correct one but there was a scattering of incorrect responses.  The most frequent incorrect 
response corresponded with the notion that a projectile keeps a straight-line motion briefly until 
it begins a projectile path.  Question 22 includes another two-dimensional motion where a 
constant force is acting.  Most students failed to pick a correct response and thought the object 
should have a constant velocity the whole time or at least part of the time. 
 
 Questions 11 and 13 share a misconception that there should be a force acting in the 
direction of motion.  For question 13 most students answered the response that also matches 
what a motion map should look like to describe the motion.  The post instruction interviews with 
the treatment group revealed multiple instances of confusion between motion maps and 
interaction diagrams that may account for these responses.  There is also the issue that objects 
“carry” force even after they interact with an object.  This is more disconcerting since one of the 
major themes of the treatment is replacing the “objects have force” misconception with “objects 
contain momentum.”  There are instances in the interview data where students appear to have 
this misconception and could also be a factor in the low scores for number 13.  In contrast, the 
treatment group had high gains on questions 6 and 7, which test similar ideas of objects that had 
previously experienced centripetal forces, which should afterward move with a straight-line 
motion.  Question 10 has a similar idea with a “kick” that changes the motion of a puck and the 
treatment group had reasonable gains on that question as well.  Perhaps the throwing action 
depicted in problem 13 is what is causing the confusion.  The distinction here would be the 
difference between a person making the action of throwing and an inanimate object in contact 
with another object.  Question 27 also involves a person in the act of pushing and the hake gains 
for that problem were low, but not negative.  Therefore it is reasonable to conclude that much of 
the negative gain on problem 13 stems from choosing the response that “looked” like a motion 
map.  Question number 11 had a much smaller negative gain and had no option that mirrored a 
motion map. 
 
 Questions 4, 15, 16 and 28 all dealt with Newton’s Third Law (NTL).  It was on these 
questions where we thought we would see higher gains than a group that experienced a typical 
modeling curriculum.  To get a better understanding of how students understood NTL we should 
look at the qualitative data. 
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Qualitative Data 
 
 Video evidence was collected during instruction and after the post-FCI for the treatment 
group.  The video and pictures of whiteboard secessions were taken to document the history of 
the treatment and tend to show fewer misconceptions than the post-FCI interviews.  The 
interview questions included all of the questions pertaining to NTL and a mix of questions 
dealing with NFL and NSL.  The main purpose was to probe deeper into the NTL beliefs of the 
students; the non-NTL questions were asked mainly to break up the monotony of questions about 
force pairs.  I hypothesized that the treatment would have a drastic effect on student 
understanding of NTL and that did not show up in the analysis of the quantitative data.  The 
interviews provide some insight into this discrepancy.  These interviews were done after the 
treatment and after the post-FCI exam was administered. 
 
The initial response for all students addresses the question, “What was your reasoning for 
picking response ________?” 
 
Leading questions were also asked as a follow-up if students did not engage the momentum 
current model in their reasoning. 
 
If the treatment is to be considered effective then a student should be able to state that the two 
objects exert equal forces because the amount of momentum flowing out of one object is the 
same as the amount flowing into the other.  This is essentially a statement of conservation of 
momentum and since we defined force as the flow rate of momentum NTL is essentially a result 
of the conservation law.  
 
Correct answers:  #4 – E #15 – A #16 – A #23 – E  
 
Interview: Student 14T 
 
#4 Pre: A  Post: Correct E 
While it may seem that the truck would exert more force on the car … there is an equal amount of force acting on 
each other… there is a difference, I guess, in velocity for each car because of the mass behind it.  It’s like in this 
case with the stone and the Earth should be gaining momentum but you can’t really tell that the earth is gaining 
momentum because the earth is so huge. [could not draw a diagram to explain this] 
 
-Why didn’t you choose “a”? 
 
Because of what we learned. I mean if I push down on the table the table is pushing equally up on me. 
 
#15 Pre: C  Post: Correct A 
 
Kind of like we said back on #4 it’s an equal amount of force pushing on the truck. 
 
-  Could you draw something to explain how you know? 
 
An interaction diagram.  [draws diagram without momentum flows]  And they both have an equal amount of 
momentum. 
 
#16 Pre: A  Post: Correct A 
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As the car is getting up to cruising speed the car is also going to need to have for that speed the same amount of 
force pushing back on it.   
 
-  You picked the same answer for #15 and #16.  Did it make a difference that in this case the car was traveling at a 
constant speed? 
 
… If it’s at a cruising speed they should have a constant amount of force pushing on each other 
 
#28 Pre: C  Post: Correct E 
yeah… and interaction diagram…. they’re touching each other…. A is interacting with B… The one who weighs 
77kg is going to move farther as the 95kg is going to move less but they still exert the same amount of force on each 
other… there’s a difference of mass but the forces are the same 
 
-  How do you know the forces should be the same regardless of the masses being different? 
 
They’re interacting … 
 

 
In this case we see a student who answered all of the NTL questions correctly.  The basis 

of understanding is related to the interaction diagram but he does not verbalize the momentum 
flows. The picture gives evidence of the student using the interaction diagrams with momentum 
flow arrows to explain his reasoning for question #15.  This student also shows understanding of 
why two interacting objects can have different changes in velocity.  There is confusion with the 
words “force” and “momentum” but a strong idea of what “interacting” means. 
 
Interview: Student 2T 
 
#4 Pre: A  Post: Correct E 

Student 14T drawing an interaction diagram for question #15 
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I believe I said that because when the … when we were talking about the forces exerting on something you said that 
during a game of tug-o-war that each side exerts the same amount of force on each other… so, that was my basis for 
that one.   
 
- Is there any way to think about it in terms of the model of momentum flowing? 
 
Like… nothing can…. I don’t know.   
 
- What about any picture or drawing that you could use to support your argument? 
 
I don’t think so. 
 
 
#15 Pre: D  Post: Incorrect D 
Because the truck is off it’s not exerting any force back on the car, so it’s getting pushed because the car is there. 
 
-Would you say that the car and truck are interacting with each other? 
 
Yes 
 
-  If you had to compare the interactions… is the car interacting with the truck more than the truck is interacting 
with the car? 
 
They are interacting equally. 
 
-  But you would say that the force that the car is pushing the truck with is different than the force that the truck is 
pushing the car with? 
 
Yeah, because it’s moving the truck.  So, the amount of force that the car pushes on the truck is greater than what 
the truck pushes on the car… actually it’s ze… [stops himself from saying “zero”] 
 
-  So you are picking “C” instead of “D”? 
 
Yeah 
 
#16 Pre: D  Post: Incorrect D 
If the forces were equal then nothing would be moving because one would be pushing one way and the other would 
be pushing the other way.  So I would say “C” again…[car pushes truck more than truck pushes car] 
 
-  How is this difference than number four where a large truck collides with a small car and you said that during the 
collision the truck exerts the same amount of force on the car as the car exerts on the truck? 
 
It doesn’t say anything about which way they’re going after.. the direction if they’re moving or if they’re standing 
still makes a big difference in my mind. 
 
#28 Pre: C  Post: Incorrect B 
Student A exerts a force on student B because he’s doing the pushing…he’s making the motion happen… B’s just 
kind of sitting there… he’s not doing anything. 
 
-  How about in terms of interactions?  Which objects are interacting? 
 
A and B.  They’re both touching each other.   
 

This is an interesting case.  The student harbors the misconception that the object that has 
the greater change in motion was pushed harder.  However, the student also indicates a belief 
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that the two objects are interacting equally.  There are other contradictions such as using an 
example from class to answer #4 correctly but not referring to that idea for the other three 
problems.  This student’s knowledge is fragmented and the treatment had little effect on 
changing NTL beliefs. 
 
 
Interview: Student 20T 
 
#4  Pre: A  Post: Correct E 
Because we learned some of the Newtonian laws that for every force or action there is an equal and opposite 
reaction.  So, even though the truck is a lot bigger than the car and the impact on the car is different than the impact 
on the truck, they’re still pushing the same on each other.  [Student was unable to explain this idea using an 
interaction diagram] 
 
#15 Pre: B  Post: Correct A  
It’s kind of the same reasoning I had for the other one the cars pushing on each other even though they’re in the 
same direction this time and the little car is pushing the truck… they are still pushing on each other equally… and, I 
don’t know, it’s interacting with friction also so that makes a difference. 
 
-Does it make a difference in which vehicle is pushing harder? 
 
No because they are pushing the same on each other. 
 
-  How do you know that to be true? 
 
I just know it. 
 
-  Is there any picture you can draw to show that? 
 
Yeah, the car is giving the truck momentum so I can draw one of these [interaction diagram]. 
 
-  How does that picture show that the force the car is pushing on the truck with is the same as the force the truck 
pushes with on the car? 
 
It doesn’t… it just shows the one way [referring to the momentum flow] 
 
#16 Pre: B  Post: Correct A 
Yeah, it’s the same reasoning. 
 
-Even though this time the car and truck are at a cruising speed? 
 
Yeah, it’s the same. 
 
#28 Pre: D  Post: Correct E 
I know that even objects or people with different mass it doesn’t matter how the momentum manifests itself… for 
example student A was heavier than student B and he was kind of the one exerting the force because he’s pushing on 
student B and so it has a different effect of how the momentum manifests itself.  I know that they are still pushing on 
each other the same amount. 
 
-  Would you say that student B is also exerting a force? 
 
Yeah, same amount of force. 
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 The momentum flow model is left off of student explanations.  The student has a solid 
understanding of NTL but cannot explain how she knows that to be true.  This student go so far 
as to say that the momentum flows cannot show NTL because the momentum only flows one 
way [from one object to the other].  Two factors appear to be the major contributors to changes 
in beliefs:  1) The lessons on what it means for objects to interact and 2)  The system schema 
aspects of the interaction diagrams. 
 
Interview: Student 18T 
 
#4 Pre: A  Post: Incorrect A 
I know that they’re both exerting a force on each other but it’s possible that because the truck is so much bigger and 
it weighs so much that when it interacts with the car is just has… exerts more because of it.  [unable to use an 
interaction diagram to explain this reasoning] 
 
#15 Pre: C  Post: Incorrect C 
I imagined it this way because if the car is speeding up and the truck is being pushed and it’s all moving forward… 
so I imagined all the force coming from that back car… and I thought it was greater because that’s what’s causing 
the car to move forward. 
 
#16 Pre: B  Post: Incorrect D 
-  Is that a Newtonian thought? 
 
… 
 
-  Or… why did you choose that over something like “A” [the correct response for NTL]? 
 
Well, if the truck’s engine is not running there’s nothing causing it to move forward except for that back car. 
 
#28 Pre: B  Post: Incorrect D 
I said that because A has a greater mass which causes both of them to move away from each other. 
 
-  They both move away from each other but A is pushing harder than B? 
 
Mainly because of its increased mass. 
 
 This student shows little change in beliefs and a complete lack of ability in Newtonian 
reasoning.  The responses are all based on intuition and not on the classroom experience;  they 
speak more to the inability of the teacher to engage the student than the treatment itself. 
 
Interview:  Student 4T 
 
#4 Pre: A  Post: Correct E 
I remember you saying once that if you push against something that it will push the same force back.  [Student did 
not believe they could draw a diagram to support their answer] 
 
#15 Pre: C  Post: Incorrect C 
I don’t think I meant to choose “C”… I was confused as to whether the force is the same… they probably push the 
same force… I don’t know what I was thinking.  On the last answer [#4] I said they exerted the same amount of 
force and I think that applies here. 
 
#16 Pre: C  Post: Correct A 
I think my reasoning, which is probably wrong, was that they were both constant [velocity] and that made it equal. 
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#28 Pre: C  Post: Correct E 
Just like #4 I said that when to you push something it pushes the same back on you. 
 
 After reading #15 aloud the student changed their answer to the correct Newtonian belief.  
The student did not use the momentum current model explicitlly in their explanation but was 
able to remember instances of class discussion to back up their reasoning. 
 
Interview:  Student 7T 
 
#4 Pre: E (correct)  Post: Incorrect A 
Because the truck contains a lot more force because of its size. 
 
-Is there a way to show me that with a diagram? 
 
Well… maybe that’s not the answer because they might have the same amount… of force.  So it would be “E” 
because if they’re both colliding head-on-head [draws interaction diagram] the same amount is being transferred 
from one another.   
 
-  They same amount of “what” is being transferred? 
 
Of force. 
 
#15 Pre: B  Post: Incorrect C 
Because the car is working so hard to get onto the cruising speed a lot more force is… the car is speeding up to get 
to the same speed as the truck.  [draws an interaction diagram showing momentum going from the car to the truck] 
 
#16 Pre: C  Post: Correct A 
Now it’s at a constant speed there has to be… sums to zero… the same amount going in [refers to the previous 
interaction diagram] goes out there. 
 
#28 Pre: D  Post: Correct E 
Yeah, based on what we did from a different example 
the amount of weight didn’t affect how much time 
one pushes on another.  So the same amount of force 
is really going onto each other. 
 

This picture shows the student using 
the momentum flow model to explain her 
reasoning on #4.  Ultimately the student 
changed their response on #4 without 
guidance from the investigator.  The flow 
model was applied correctly in problem #15 
but the NTL interpretation was incorrect.  
This is a result of confusing the idea of 
momentum and force.  This student 
repeatedly identifies the “substance” that 
flows as “force.”  There is also confusion in 
#16 between NSL and NTL. 
 
 
 

Student 7T using interaction diagrams to explain question #4 
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Summary of Interview Findings 
 
 The interview subjects were picked randomly and represented a diverse distribution of 
FCI scores and class grades.  These questions focused only on NTL because I wanted to get 
evidence that improvements on thinking about “force pairs” was a result of introducing the 
substance metaphor and the subsequent momentum current model.  The interviews do not show 
conclusive evidence that student thinking was changed because of the momentum substance 
metaphor.  Rather it shows that most students relied on the system schema aspects of the 
interaction diagram to explain their understanding. Namely, the picture of connecting two objects 
with an interaction had an influence on developing the thought that when two objects interact 
that they experience the interaction equally.  There was further evidence that the concept of force 
was not adequately developed.  I wanted to develop the idea of force as the push or pull that each 
of the interacting objects experience.  The development of this idea with a one-day activity 
involving spring scales was not sufficient.  There is evidence that students think about 
interactions and force as separate ideas such that equally interacting objects could experience 
unequal forces.  The Contrast group used the system schema representation in their introduction 
to forces.  The similar gains in NLT questions on the FCI could be account for by the Treatment 
group using the interaction diagrams without the momentum flow arrows, which are then 
essentially just system schemas.   
 
Quotes From Student Journals 
 
All of these entries occurred during the treatment 
 
“Today we went over some more of the packet. We learned about quantifying momentum flow rate. We explained 
the different exercises and went over #4, which was really confusing until we went over it. The amount of newtons 
means the amount of units of momentum flowing through an object every second.” 

- Student 18T 
 
“Today I learned that momentum behaves like a substance that can transfer, yet it can have a negative amount. By 
transferring, one object gains what the other object loses which is why you use the bucket analogy to describe 
momentum. One bucket pours water into the other and that bucket is losing water and the bucket that it's pouring 
into gains that lost water.” 

-  Student 12T 
 
“I learned something cool when the ball bounced off the wall it transferred momentum to the wall but the wall didn't 
move. The wall is also attached to the earth, so the ball is transferring momentum to the earth, but since the earth is 
so big this collusion did not make a difference that we can feel.” 

-  Student 16T 
 
“I discussed my whiteboard today with the class. I found it interesting that momentum is different that a substance in 
the fact that momentum can have a negative something. It is different than a liquid or solid, because you can never 
have negative amounts of water in a glass. If there is no water in the glass you would just say "I have no more 
water", not "I have -5 water in my glass.” momentum is different though, because it is possible to have negative 
momentum.” 

- Student 11T 
Students were required to keep journals on Google Docs on a weekly basis.  These served 

to document what was on the minds of students during the treatment.  These selections were 
chosen as examples of students thinking about motion in terms of the momentum current model.  
The first quote from Student 18T provides evidence of understanding of the meaning of the 
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current idea as an amount of momentum that flows per second.  The development of the second 
law left off the mathematical delta symbol so it was important to make sure that the quantities 
“p” and “t” were understood as change in quantities. 
 
Students 12T and 11T show evidence of dealing with the idea of a negative substance.  This 
evidence is important because this implementation of the metaphor involves describing a 
directional quantity with a non-direction quantity.  Students needed to work out the idea that -5 
units of momentum is less than +5 units of momentum even if they result in similar, albeit 
directionally different, motion. The analogies provided by these students are evidence that 
students made attempts to fit the substance metaphor into their understanding of motion. 
 
Student 16T provides evidence of thinking about momentum as a flowing substance.  This 
student takes a collision event and thinks about what happens to the momentum after the 
collision.  We did not have any homework problems on this long of a sequence of momentum 
transfers.  This quote provides evidence of a student extending the model to making a correct 
conclusion:  that the Earth must have experienced a momentum change as a result of the collision 
even if we could not sense it.  It also provides evidence that the idea of velocity resulting from 
the ratio of momentum and mass was part of the student’s thinking.
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Conclusion 

Treating momentum as a transferable substance is a viable model for teaching mechanics 
to lower-level physics students.  The FCI analysis shows that a conceptual-level class was able to 
make gains similar to an algebra-trigonometry based class on the FCI as a result of the treatment.  
Student journals show evidence that ideas of momentum conservation were present in student 
understanding as a result of the substance metaphor.  Post-FCI interviews show evidence that 
students used the momentum current model and interaction diagrams to explain their Newtonian 
reasoning.  At the very least these findings support further development of the curriculum. 
 

While the treatment improved student understanding of Newton’s Third Law it did not 
show the gains for which I was hoping.  Students who understood NTL relied on the idea of 
interactions rather than comparing flow rates of momentum.  One adjustment to the curriculum 
could be to have a separate whiteboard devoted to explaining NTL situation with interaction 
diagrams.  The only overt NTL question appeared on the last review homework assignment.   

 
There needs to be a better connection to the visceral idea of force and the momentum 

current representation.  That link is needed in order for this curriculum to link up with how 
Newton’s Laws are discussed in mainstream science.  One issue faced in making this connection 
was the lack of sequential days of instruction.  The scheduling combined with covering this 
material at the end of the academic year could have contributed to student difficulties with 
connecting the “force” idea with “momentum current.”  This treatment was done after units on 
energy and electricity but next year I will move the treatment so it follows energy.  This will 
bring together the two major conservations laws in mechanics. 

 
There was no reading on how to make interaction diagrams as part of this treatment.  All 

development of the diagrams was done through teacher-guided instruction.  I thought that 
continued use of the representation in homeworks would be enough to make the students 
comfortable, but the video evidence suggests otherwise.  The videos show students using the 
interaction diagrams with occasional misunderstanding of what object represents the interaction 
and what object represents the momentum current.  Next year the curriculum will include a 
dedicated reading along with the whiteboard practice in using the representational tool. 
 

Regardless of the similar gains on the FCI, the treatment did not result in mean FCI 
scores that could be equated with complete success in teaching Newtonian thought.  The 
curriculum needs refinement with the goal being to get class means to the 60% level on the FCI 
post-test.   
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Implications for Future Research 

The rise in popularity in freshmen-level physics classes requires a modeling curriculum 
geared toward more diagrammatical representations and fewer, less involved, mathematical 
models.  The momentum current model is a candidate for just that role.  Furthermore, I believe 
that it has potential to be an effective model for teaching basic physics concepts to the middle 
school grades.  These students are young in their formal operational stage of cognition and 
science is an excellent venue for engaging the theoretical.  The early fostering scientific thought 
above and beyond the “scientific method” could have an effect on student abilities with abstract 
thought across the high school curriculum. 
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