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Newton’s third law is one of the most important concepts learned early in introductory mechanics
courses; however, ample studies have documented a wide range of students’ misconceptions and
fragmented understandings of this concept that are difficult to change through traditional instruction.
This research develops a conceptual framework model to investigate students’ understanding of Newton’s
third law through the knowledge integration perspective. The conceptual framework is established with a
central idea emphasizing forces as quantitative measures of physical interactions instead of using the
common action-reaction language. Guided by the conceptual framework, assessment and interview results
reveal that students’ concepts of Newton’s third law are fragmented without deep understanding.
Specifically, three main issues within students’ understanding have been identified: (i) students have a
disconnect between time order of events and causal reasoning, (ii) students rely on a memorized equal-and-
opposite rule to identify interaction forces, and (iii) students directly link action-reaction language to the
belief in a causal relation between the interaction forces. The framework is then applied to develop a new
instruction intervention that explicitly targets the central idea of Newton’s third law. Results from pre- and
post-testing show that the intervention is effective in helping students develop more integrated under-
standings of Newton’s third law. Overall, this study shows the potential benefits of applying the conceptual
framework method to model student knowledge structures and guide assessment and instruction for
promoting knowledge integration and deep learning.
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I. INTRODUCTION

A primary goal in introductory science education is for
students to develop deep understandings of essential
scientific concepts, yet many students fail to achieve this
after traditional instruction [1–5]. As shown by research,
students may perform well on typical textbook problems
with familiar contexts; however, when faced with unfa-
miliar contexts or problems requiring deeper understand-
ing, they are likely to rely on pattern matching and
memorized equations [2,3,6,7]. These tendencies exhibit
the known characteristics of novice knowledge structures
where knowledge is often locally clustered with links
connecting familiar contexts [8–13]. This form of knowl-
edge organization leads to novices employing problem-
solving strategies that focus on memorized processes and
solutions cued by surface features [10,14,15], which con-
strains novices’ applications of a concept to contexts similar

to those encountered through normal coursework, leaving
them unable to transfer in novel situations. Meanwhile,
experts’ knowledge structures appear as integrated, hier-
archically arranged networks built around a few core
principles [12,16,17]. Their coherent knowledge organiza-
tion enlists robust, far-reaching links connecting all elements,
including surface features and elements deep in the abstract
domain [8,10–13], and enables meaningful thinking which
allows experts the ability to apply concepts across different
domains and unfamiliar contexts [11,14,18].
Therefore, instruction with a goal of transitioning novices

to experts should focus on developing coherent knowledge
structures by fostering student abilities to build connections
among new and existing ideas, which is a key process
emphasized in the knowledge integration perspective of
learning and instruction [17,19–22]. Practically, instruction
aimed for knowledge integration focuses on the process of
establishing organization within a student’s knowledge
structure through anchoring the structure around a central
idea that serves as a core conceptual node for establishing a
fully connected hierarchical network of knowledge. In the
knowledge integration perspective, expert-level learners are
able to use the central idea to solve problems with a wide
range of contexts by connecting surface features and prin-
ciples to the central idea and by determining the optimal
strategies for applying the concept [17,19,20].
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As an operational tool to explicitly model students’
knowledge structures and measure the levels of knowledge
integration achieved, the conceptual framework model was
developed in previous studies [21–24], which can provide a
modeling framework to illustrate the differences in knowl-
edge structures between novices and experts by eliciting the
existing connections that give rise to the range of students’
alternative conceptions. Within a conceptual framework, a
learner’s ideas and connections are activated by contextual
features. Experts link the activated ideas and related
conceptual components to form specific reasoning path-
ways through the central idea, which extend to a fully
integrated knowledge structure. The expert approach links a
wide range of situations to the central idea, which can
meaningfully and efficiently address complex problems in
different contexts. Novices, however, often bypass the
central idea and form locally memorized links between
equations or algorithms and problems’ surface-level fea-
tures. The novice approach may produce quick and correct
results in some limited cases, but it often fails to transfer to
problem solving in novel situations.
Once the conceptual framework for a concept is estab-

lished, it can be used as the basis for developing assessment
tools, which make emphasis on probing students’ knowl-
edge structures and explicitly mapping their conceptual
pathways to reveal their levels of knowledge integration.
The assessment results can then inform instruction to
emphasize specific conceptual pathways and connections
during teaching to promote knowledge integration.
Recent studies developed conceptual frameworks for a

number of physics topics, which have guided the creation
of assessment questions that probe students’ reasoning
pathways and levels of knowledge integration [21,23,24].
These assessments contain a mixture of typical questions,
which can be solved with memorization strategies, and
atypical questions, which require integrated thinking
involving the central idea. Usually, typical questions are
designed with familiar contexts students encounter in
coursework, while atypical questions are often designed
with deep level conceptual understandings and using
unfamiliar contexts not commonly seen during coursework.
By comparing students’ performances on typical and
atypical questions, students’ levels of knowledge integra-
tion can be empirically modeled and determined [21,24].
The assessments, combined with the underlying conceptual
framework and results of student interviews, were shown to
reveal students’ reasoning pathways within their knowl-
edge structures [21,23,24].
Furthermore, conceptual frameworks can aid in design-

ing teaching interventions to improve knowledge integra-
tion by developing the essential missing links in students’
knowledge structures. Ample research has demonstrated
the importance of using knowledge-integration approaches
in instruction to help form integrated knowledge structures
and achieve deep conceptual understanding [17,25]. In the

recent study on the conceptual framework of force and
motion [23], an intervention, which explicitly introduced
the central idea while connecting it directly to applications
in problem solving, was shown to be effective in promoting
knowledge integration.
Following the lead of prior studies of conceptual

framework in force and motion, momentum, and light
interference [21,23,24], this research examines student
understanding on Newton’s third law, which is a funda-
mental concept in physics. In the literature, there exist a
large number of studies focusing on identification of the
misconceptions and difficulties related to Newton’s third
law [26–38]. However, studies have shown that many
misconceptions are still prevalent after instruction and
may even be exacerbated, in part, due to possible mislead-
ing representations in textbooks and lectures [30,31].
Building upon the previous studies, this research devel-

ops a conceptual framework model for Newton’s third law
and applies it to design an assessment as well as a teaching
intervention. This leads to three studies to be conducted in
this research:

• Develop a conceptual framework model for Newton’s
third law to analyze student difficulties through the
knowledge integration perspective.

• Develop a multiple-choice assessment based on the
conceptual framework model, which uses typical and
atypical questions to evaluate students’ levels of
knowledge integration and deep understanding.

• Conduct a controlled study to investigate the extent to
which a conceptual-framework-based teaching inter-
vention may improve student knowledge integration
in learning Newton’s third law when compared to the
traditional instruction.

II. STUDY 1: DEVELOPMENT OF CONCEPTUAL
FRAMEWORK FOR NEWTON’S THIRD LAW

The most critical component of a conceptual framework
is the central idea of a concept, which is identified based on
experts’ views and provides the core explanatory mecha-
nisms and premises for establishing the fundamental and
causal relations underpinning the concept. Additionally,
related contextual variables, interactive relations, and
reasoning processes are identified to form the nodes and
connections of the conceptual framework. Through these
processes, student difficulties in understanding the concept
are carefully reviewed so that the related elements and
reasoning pathways existing within students’ knowledge
structures can be well represented with the conceptual
framework.

A. Difficulties with Newton’s third law

Research in physics education over the last several
decades has documented extensive student difficulties
and naive beliefs or misconceptions with Newtonian
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mechanics, which are persistent even after instruction
[26,28–30,39–42]. In particular, studies on Newton’s third
law (N3L) reveal a range of naive beliefs, even among
trained educators [28,29,31,34,35]. Many of these beliefs
exist prior to entering a physics classroom as students tend
to form generalizations about how the world works from an
early age. Over time, these conceptions are reinforced
continually and become core components of the students’
knowledge structures, which can strongly resist changes to
the scientific conceptions [40,42].
Most studies on student understanding of N3L focus on

identifying students’ misconceptions and assessing how
students respond to new instruction [26–36,43]. Common
examples of misconceptions include the application of a
dominance principle where the faster, more massive, or
acting object applies a greater force than the other object,
difficulty identifying forces of a N3L pair, thinking action
and reaction forces must balance each other, thinking forces
are properties of objects rather than observed measures of
an interaction, and assigning causal relationships to objects
and forces. Each of these points towards a fundamental
misunderstanding of the nature of forces, which seems to
persist even after instruction [31].
Additionally, these misconceptions exist in comparable

situations absent of formal physics descriptions. Studies on
psychology students revealed, most notably, a launching
effect or causal asymmetry similar to the dominance
principle students apply in physics [37,38,44–48], in which
the observers universally attributed cause to the “acting” or
“dominant” object. Further research has shown that causal
asymmetry is prevalent in large portions of the general
population, even in early childhood development and has
been measured with children less than a year old [49–52].
Thus, by the time students encounter Newton’s laws, they
have years of observations reinforcing their intuitive
physics misconceptions. Absent of formal physics descrip-
tions, this demonstrates an existing bias that students may
possess prior to, or concurrent with, physics learning.
Ideally, the bias should be minimized through the learning
of N3L. However, after instruction, students still demon-
strated sensitivity to irrelevant information, such as whether
kinetic energy is conserved, and systematic biases, such as
believing objects with higher initial speed or mass will
apply stronger forces [47,53–57].
From the literature, it is clear that student understanding

of the concept of causal reasoning plays a strong role in
student understanding and learning N3L. However, the
expert view of causality is commonly debated by philos-
ophers and physicists [46,58]; therefore, it is important to
define causality as used here. This study follows the
parallel research of Chen et al. [59] in defining causality
based on three relations necessary to form complete causal
reasoning: time, covariation, and mechanism. A complete
understanding of causal reasoning requires a cohesive
understanding of all three elements.

Remedying these misconceptions is further hindered by
the methods of teaching and language used. Common
textbook and verbal explanations of N3L include state-
ments such as “for every action there is an equal and
opposite reaction,” which have been noted as flawed for at
least the past eight decades [30,31]. The language itself
may imply the existence of a cause (the action) and effect
(the reaction) and does not emphasize the role of inter-
action. Textbooks have generally improved their discus-
sions of N3L with statements such as “We can now
recognize force as an interaction between objects rather
than as some ‘thing’ with an independent existence of its
own” [60], but this and similar explanations are often
glossed over during lecture and are not a focal point of
instruction. Furthermore, most textbooks still rely on the
action-reaction language which may directly lead to a belief
in causality and further difficulties associated with the
dominance principle.
Recognizing that causal reasoning is essential to knowl-

edge formation in physics [61], a small set of studies
propose using causal reasoning as a basis for physics
teaching [62–64]. Hung and Jonassen [65] studied cova-
riation and mechanism-based instruction in physics edu-
cation and found that the mechanism-based approach was
more effective in improving students’ conceptual under-
standing. Chen et al. [59] more deeply probe the role of
causality in understanding N3L.
From the literature and review of current instruction on

N3L, it appears that the N3L concept is intuitively difficult
for students who may hold many naturally developed
misconceptions. Meanwhile, the presentation in the tradi-
tional curriculum also lacks the necessary emphasis on the
core mechanism of the concept, and the use of action-
reaction language can be inherently misleading. Therefore,
it is important to establish a conceptual framework model
for N3L to aid assessment and instruction by emphasizing
the correct central idea of the N3L concept.

B. Building the conceptual framework

From the commonly quoted action-reaction description
of N3L, it is apparent that this definition lacks a clear
description of the mechanistic nature of N3L or its basic
properties, and can often lead to student difficulties
[28,30,31]. The action-reaction language itself implies a
time separation between action and reaction and can often
be interpreted as a causal relation. However, this aspect is
rarely, if ever, explicitly discussed in teaching, which leaves
students to potentially draw their own conclusions on
causality in N3L interactions based on colloquial inter-
pretations of the words used rather than a concrete under-
standing of causality in a physics sense. Despite the issues,
textbooks still commonly use a similar, yet more complete
version: e.g., “Every force occurs as one member of an
action-reaction pair of forces” [60]. Although explanations
in the text have emphasized that these forces only occur in
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an interaction, the concept of interaction is not further
repeated and enhanced in the text. Instead, the text proceeds
to focus on the action-reaction and equal and opposite
aspects of the interaction forces. For example, Knight [60]
explicitly mentions the need for an interaction pair of forces
yet still calls them an action-reaction pair. In addition, there
is no explanation on the reason for using the term
interaction, and the text makes very little additional
emphasis on applying this idea in problem solving. The
typical focus of most examples and homework is solely on
the equal and opposite aspect.
Additionally, students, who are unable to recognize that

N3L must involve interactions between two objects, are
then often unable to identify which forces constitute a pair
of interaction (or action-reaction) forces. For example,
many students focus on a memorized equal-and-opposite
rule where students choose any pair of forces which happen
to be equal in magnitude and opposite in direction and call
them the interaction pair. In situations such as a box on a
horizontal surface, this rule is often applied by students to
the weight and the normal force exerted on the box. This
type of understanding reveals a fragmented knowledge
structure relying on memorized rules. In summary, the
traditional definition of N3L emphasizes features of the
interaction forces but lacks the mechanistic explanation of
the origin of the forces, leading to the focus on the “action
and reaction” and “equal and opposite” language. This
understanding lacks the deeper conceptual foundation
which is the key issue to be addressed by the conceptual
framework model with the central idea of N3L.
Following reviews of expert views, student difficulties,

and concerns in current N3L teaching, the central idea for
N3L is identified, which states: “An interaction between
two entities can be observed in terms of a pair of symmetric
(i.e., equal and opposite) forces.” In addition, it is empha-
sized in instruction that all forces are interaction forces, and
the two terms are used interchangeably to represent the
same concept of interaction forces. Here, it is important to
note the unidirectional order of this definition: the observed
measures of the interaction are the symmetric forces and
not the other way around. The reverse pathway is the
commonly memorized rule that uses the “equal and
opposite” feature to determine interaction pairs.
Reasoning with the central idea then leads to the following
elaborated properties which can be readily derived:

• Forces are observed measures of an interaction be-
tween two objects. As a result, the forces always occur
in pairs acting on two interacting objects, respectively,
and can be called a pair of interaction forces.

• Interaction forces must occur at the same time.
• Neither of the two forces causes the other force; the
origin of a pair of interaction forces is the interaction.

• Interaction forces must both be the same type of forces
(i.e., a pair of gravitational forces, frictional forces,
normal forces, etc.)

• Interaction forces are symmetric such that they have
an equal magnitude but act in opposite directions on
the two interacting objects (never on the same object).

Building off the central idea to include different opera-
tional rules and reasoning processes from experts and
novices, the conceptual framework of N3L is developed
and shown in Fig. 1. The top layer contains the central idea
with links to the basic properties. The bottom layer contains
contextual features and variables, which are commonly
used as part of an N3L problem. These include surface
details about the objects involved such as mass, size,
velocity, or acceleration. Additionally, the context of
interaction typically includes collision, push, force at a
distance, or an object at rest on top of another object. The
middle layers contain the intermediate reasoning processes
and operational rules and procedures, which connect to the
central idea in experts’ knowledge structures or are locally
linked through incorrect reasoning between contexts and
responses by novice students. The common applications of
student reasoning, such as defining the action and reaction
forces based on the dominance principle or focusing on the
equal and opposite properties of N3L, are often carried out
by students with local links between contexts and responses
through some of the naïve type intermediate processes. The
conceptual framework forms the backbone for analyzing
how learners reason using N3L by combining these layers
and the task goals, with arrows connecting different
contextual, conceptual, and outcome components repre-
senting the possible reasoning pathways of learners. Solid
arrows represent experts’ conceptual pathways, while the
dashed-line arrows represent pathways of novices.
To achieve a deep understanding of N3L, students must

be able to identify which forces are interaction forces; on
which objects each of these forces act; the magnitude, type,
direction, and timing of interaction forces; and what causes
these forces. For experts, the central idea serves as a central
node that connects to all the different properties and
reasoning processes, forming an integrated knowledge
structure. Therefore, when solving N3L questions, experts
recognize and activate the central idea as the guiding
principle in their analysis to identify relevant variables
and problem-solving approaches. On the other hand,
novices make weak, local connections between the differ-
ent layers, forming fragmented knowledge structures. They
tend to rely on memorized solutions or matching context
variables with equations based the surface features of
problems without deep understanding.
In N3L problems, students often encounter scenarios

where one of the two interacting forces has a dominant
surface feature (such as a larger mass or a higher velocity),
which is irrelevant to the properties of the interaction forces
based on the N3L central idea. However, novices lack the
understanding of the central idea and often place focus on
the dominant surface features, which leads to difficulties in
answering these questions, especially when comparing
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magnitudes of forces [28,37]. The incorrect reasoning on
magnitude can be mapped in the conceptual framework
with a pathway from the related surface features through
the intermediate dominance-based reasoning to the task
outcome, which in this case is the thinking that the
dominant object applies a larger force than the secondary
object. Often a similar difficulty occurs when students must
determine causality, in which case the dominant features
are often used to determine the causal relation between the
interaction forces. If the students have encountered the
scenario previously, they may have a memorized rule
within their intermediate reasoning and processes, which
can be activated and lead to the memorized solution without
further processing.
Additional student difficulties in N3L occur when

students encounter two forces that are equal and opposite
but not necessarily an interaction pair [31,66]. This often
manifests itself with students applying an equal-and-
opposite rule: because two forces are equal and opposite,
then they must be the action and reaction forces in N3L.
Students tend to connect any given forces to this rule. For
example, in the case of a stationary box in a horizontal
surface, the gravitational force and the normal force applied
on the box are indeed equal and opposite. As a result,

students are likely to consider these two forces as an
interaction pair. This type of student reasoning reveals the
typical pathway of connecting surface features to a memo-
rized rule without distinction, which then leads to incorrect
outcomes. This equal-and-opposite rule is also related to
the equilibrium rule that many students hold [31], where
students believe that N3L requires an object to be in
equilibrium. If students perceive that an object will move
in a scenario, then they may assume that N3L does not
apply. The conceptual framework can map this type of
pathway from surface features of the question to an
intermediate reasoning focusing on what motion occurs
after the forces.
The novice students’ pathways generally focus on the

levels of contexts and specific rules in the conceptual
framework, with minimal connections to the central idea.
Commonly, the interaction idea is completely absent from
these students’ reasoning. As students advance to intermedi-
ate and expert levels, they develop more integrated knowl-
edge structures, expanding connections to elements of the
central idea. The conceptual framework can then aid in
showing these differences between novice, intermediate, and
expert students by comparing their knowledge structures,
conceptual pathways, and problem-solving behaviors.

Identify and 
Compare 

Interaction 
Forces  

Central Idea 

Intermediate 
Reasoning 
Processes & 
Procedures 

Contextual 
Features 

Task 
Outcome 

 

Settings 
Push 
Collision 
Force at a distance 
At Rest 
etc. 

Variables 
Size 
Mass 
Velocity 
Acceleration  
etc. 

Equal-opposite, Equilibrium, Action-reaction,  
Dominance Principle, Effects (motion) of a force, etc. 

Properties 
Same Time 
Neither Causes 
Same Type 
Same Magnitude 
Opposite Directions 

Novice 
Reasoning 

Concept 
Properties 

Force as 
Interaction  

Symmetric 
Pair 

FIG. 1. Conceptual framework for Newton’s third law. Solid arrows represent experts’ conceptual pathways while dashed-line arrows
represent novices’ reasoning.

KNOWLEDGE INTEGRATION IN STUDENT … PHYS. REV. PHYS. EDUC. RES. 17, 020116 (2021)

020116-5



C. Levels of knowledge integration within student
knowledge structures

Using the conceptual framework, student misconcep-
tions and difficulties documented in the literature can be
represented and interpreted with thinking pathways of
specific learning dynamics and states for analysis of
students’ levels of knowledge integration. In previous
research, a number of developmental levels that encompass
the range of student knowledge states were identified
through large scale testing and interview studies on light
interference and momentum [21,24]. Differences between
the levels were found to be directly related to performance
and reasoning on typical and atypical questions used in the
assessments. The levels defined in this study are based on
conceptual framework theory and years of teaching expe-
riences. Summaries of the three levels of students and their
problem-solving behaviors in N3L are discussed below:
Novice level.—The knowledge structures of novice

students are typically fragmented with only local connec-
tions among surface features as the means to solve
problems, leading to poor performance on both typical
and atypical questions. These students base their answers
on intuitive understanding of the real world and memori-
zation of learned examples and often use contextual
variables to cue their memory of likely answers without
meaningful reasoning connecting to other related concep-
tual components or ideas. These novices can then only
correctly answer a limited set of familiar questions, which
they previously encountered. Some of these students
struggle on even simple typical questions because they
have not established either the central idea or memorized
links between typical questions and results. These students
often directly link surface features to their responses
without meaningful reasoning or are relegated to guessing
the answer when no memorized examples are applicable.
When working with typical contexts, such as questions

asking students to compare the magnitude of forces in an
interaction, novice students generally rely on previously
memorized results or their intuitively developed naïve
understandings such as those based on the dominance
principle [43,67,68]. These students often focus on dom-
inant surfaces features, such as greater mass or velocity,
which students directly link to the outcome that the
dominant object applies the greater force and/or causes
the forces. However, when students apply a dominance
principle, they likely do not link the scenario to the basic
concept of N3L and fail to make connections to the N3L
central idea.
On the other hand, when working with atypical ques-

tions, such as asking students to identify pairs of interaction
forces, the novice students often demonstrate further
weaknesses and fragmentation within their knowledge
structures. These students typically place an overreliance
on the equal-and-opposite rule where any two forces that
are equal in magnitude and opposite in direction are likely

identified as an interaction pair [31]. This rule is easily
memorized and can be directly related to common state-
ments of N3L. Many of the difficulties that novice students
encounter with N3L can be traced back to this memorized
rule. Students at this level simply do not have a connected
knowledge structure built to reason these types of
questions.
Additionally, these students do not connect other impor-

tant properties of N3L to their knowledge structures.
Frequently the conceptual components of time, type, and
cause may be missing because they are never explicitly
discussed in traditional instruction. Students who do relate
the cause component to N3L may directly connect it to the
action or dominant features and attribute such features as
the cause of the interaction forces. These naïve views are
often strongly embedded within students’ experiences,
which can lead to substantial difficulties in learning N3L.
Intermediate level.—Students at this level can engage in

a deeper and moderately more extended level of reasoning
to develop more connected understanding with the con-
textual variables than the novice students; however, these
students still tend to rely on memorized examples and
procedures to aid their problem solving but to a lesser
extent than the novice students. The increased integration
within their knowledge structures allows students to think
about the central idea in limited common textbooklike
problems. However, with only weak understanding of the
central idea, students often fail on the atypical questions.
Students at this level usually exhibit diverse, rich behaviors
that can lead to multiple sublevels.
In the N3L conceptual framework, students generally at

this level would have greater success when asked to
compare magnitudes of forces in an interaction. In a range
of question scenarios, they would be able to directly link
the problem to the central idea without heavy reliance on
memorization or focus on surface features. Weaker students
at this level link the surface features directly to the
“symmetric forces” property, while more advanced stu-
dents link first to the central idea (i.e., first to “interaction
pair” and then to symmetric forces) before reaching their
final responses.
While reasoning in typical questions is improved, the

lack of a solid understanding of the central idea often leads
to wide-ranging difficulties on the atypical questions. Some
of these students would attempt to use elements of the
central idea but often apply them inconsistently. Many of
these students still rely on the memorized equal-and-
opposite rule. However, the more advanced students at
this level reveal less reliance on the equal-and-opposite rule
and begin to follow thought processes similar to those of
the experts, especially on typical questions. This can result
in a smaller gap between performances on typical and
atypical questions.
As will be shown in a later section of this paper,

intermediate students still do not necessarily integrate time,
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type, and cause into their N3L knowledge structures, but
they generally perform well on time and type questions.
However, most of these students do not completely under-
stand causality in interactions, and causal reasoning is still
often linked directly to dominant surface features within
their knowledge structures. Overall, the intermediate stu-
dents have more developed and integrated knowledge
structures than novices. This allows a more consistent
application of the central idea in typical questions and
begins to allow the use of the central idea in limited atypical
questions. Further improvement in reasoning on atypical
questions would allow students to approach expertlike
understanding, as described next.
Expert-like: Students with expert-like understanding can

apply the central idea when answering both typical and
atypical questions, signifying a robust, well-networked
knowledge structure. This allows them to relate contextual
variables to the central idea, along with many intermediate
processes and related concepts, to form a comprehensive
web of connections that can address a wide range of
familiar and novel contexts.
For N3L, this means that these students can recognize

that forces occur as the measures of interactions between
two objects and that these forces are observed to be
symmetric and occur simultaneously. Furthermore, they
recognize that the interaction forces are always the same
type and occur on two distinct but interacting objects with
the same magnitude and opposite directions, and neither
force can be the cause of the other force. This allows the
student to use the central idea in virtually any scenario.
Being able to apply the central idea of a concept uniformly
across multiple typical and atypical contexts is the hallmark
of an integrated knowledge structure and diverges from the
novices’ fragmented structures where reasoning pathways
are only locally connected within limited contexts and with
little transferability.
In summary, these three levels show a general progres-

sion of knowledge integration and reveal how common
misconceptions manifest themselves using the N3L con-
ceptual framework. Assigning students to these levels
would usually require careful interviews to determine
reasoning patterns and then matching elements of these
patterns to the conceptual framework. To facilitate practical
assessment, the next study examines the development of a
multiple-choice assessment which will be able to quanti-
tatively measure students’ levels of knowledge integration.

III. STUDY 2: DEVELOPMENT OF CONCEPTUAL
FRAMEWORK ASSESSMENT FOR NEWTON’S

THIRD LAW

Recent studies have demonstrated the effectiveness of
conceptual-framework-based assessments on measuring
knowledge integration and deep understanding [21,23,24].
These assessments take advantage of the differences in
problem-solving strategies students employ when solving

typical and atypical problems that can be directly linked to
levels of knowledge integration. In this study, an assessment
containing 14 multiple choice questions was developed to
probe knowledge integration in N3L. Using this assessment,
quantitative data were collected to analyze the general
categories of students’ knowledge structures. In addition,
interviews were conducted to explore students’ thought
processes and reasoning pathways for determining the
fine-grained levels of knowledge integration.

A. Designing the conceptual framework-based
assessment

Designing an assessment based on a conceptual frame-
work starts with identifying multiple contexts suitable to
probe connections among different conceptual elements and
the central idea of the concept. These contexts are in the form
of a mixture of both typical and atypical questions for the
level of instruction targeted. Typical questions are those that
are commonly used in instruction as examples, demonstra-
tions, or homework problems. On the other hand, atypical
questions are designed to engage the central idea, which
often make use of unfamiliar contexts that students rarely
encounter within the traditional curriculum. For example, a
N3L question involving an electric force between two
stationary charged particles would be atypical in the normal
first semester introductory mechanics courses, which rarely
mention electric forces. However, this question would be
typical for second semester (or later) courses after students
have been exposed to these forces. Furthermore, towards the
properties of the concept to be probed, most typical N3L
questions ask students to compare the magnitudes of two
forces in a specific interaction. Meanwhile, atypical ques-
tions may ask for the cause of forces or ask to identify
interaction pairs under more complex conditions. Finally, it
must be kept in mind that the identification of a context as
typical or atypical is not universal; the background of the
population determines the typicality, which may change
depending on the material taught to the students at a specific
institution. In this study, the typicality is defined based on the
question contexts considered typical for U.S. students
enrolled in a first semester calculus-based physics course.
Using the conceptual framework for N3L, a test con-

taining 14 multiple-choice questions was developed to
assess students’ understanding of the N3L concept and
determine their levels of knowledge integration (see the
Supplemental Material [69] for the test). The set of typical
questions were adapted from a Newton’s third law survey
by Bao, Hogg, and Zollman [43] and questions commonly
encountered in introductory physics courses. The atypical
questions were created to further probe student under-
standing of the additional N3L properties that are not
commonly addressed in current instruction. The contexts of
the questions were designed around six properties of N3L:

1. Magnitude questions ask students to compare the
magnitudes of two interaction forces. These are the
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most common questions students encounter involv-
ing N3L and are therefore generally considered
typical.

2. Interaction pair questions ask students to identify the
two forces constituting an interaction pair (or action-
reaction pair). These questions can be considered
typical in simple cases but are considered atypical
with the questions in this study, because the question
design elicits interference with the equal-and-
opposite rule and is then innately more difficult
without careful application of the central idea.

3. Cause questions ask students to assess if either of the
indicated forces cause the other. These are atypical
in that only rarely do lectures or textbooks mention
causality in relation to N3L.

4. Time questions ask students if either of the indicated
forces occurs before the other force. This property
was never directly featured in coursework and was
initially considered atypical from the instructor’s
perspective. However, as indicated through inter-
views, real-life experience with forces often leads to
many students realizing that forces in these scenarios
occur at the same time. Therefore, these questions
were included in the typical category based on
students’ pre-conception, since most students had
intuitively developed a correct understanding of this
property.

5. Direction questions ask students the relative direc-
tions of the two interaction forces. These are
considered typical as the statement of “opposite
directions” is directly given in all textbook versions
of the N3L definition.

6. Type questions ask students if the forces are of the
same type. While students generally have minimal
explicit instruction on types of forces in current
curriculum, these appear typical because students
often only encounter a single kind of force in most
N3L questions.

These six conceptual properties were blended within
four N3L scenarios to form the 14 questions. The four
scenarios are discussed below and summarized in Table I:

1. Collision between two soccer players running with
equal speeds but unequal masses: Typical questions
ask students to compare magnitude and timing of the
forces exerted by each player on the other, while an
atypical question asks students to compare the cause
of each force.

2. Book at rest on a horizontal table asking to compare
the weight of the book with the supporting force
applied by the table on the book:Typical questions ask
students to compare the magnitude of each force,
while an atypical question compares the causeof each.
Additionally, a second atypical question asks students
if the two forces are an interaction (or action-reaction)
pair, which usually has poor performance even after

instruction. This specific interaction pair questionwas
chosen because it cues the equal-and-opposite rule
and is generally much more difficult than in other
question scenarios. In addition, for all classes involved
in this study, weight was explicitly defined as the
gravitational force. However, students may still in-
terpret weight as the force pushing down on the floor,
which is considered as a misconception held by
students. The pushing-down forcewas clearly defined
during instruction as the normal force exerted by the
object on the floor. It is also noted that in certain
textbooks weight may be defined as the result of
weighing an object (see examples in Morrison [70]).
In such cases, the assessment questions need to be
adjusted to explicitly compare the gravitational force
and the supporting force.

3. Skater at rest pushing a second skater at rest: Typical
questions ask students to compare the magnitude
and timing of the force applied by each skater, while
an atypical question asks students about the causal
relation between the two forces.

4. Two bar magnets repelling each other while sitting
on a table: Typical questions ask students to compare
the magnitude, direction, and type of force exerted
by each magnet, while the atypical question asks
students to compare the cause of each force.

The assessment was created carefully avoiding the
action-reaction language (except in the book question)
which might cue students’ memorization of this language,
which may interfere their reasoning in comparing magni-
tudes or attributing causality of the interaction forces. As
such, no question explicitly asked students to identify
forces as the action or reaction forces. However, the
connections between the action-reaction language and
other properties, such as magnitude and cause, were
examined qualitatively during interviews.
Looking at the complete assessment, the typical magni-

tude property and atypical cause property were probed for
each scenario, while the other properties were only probed
in a subset of the scenarios. This mix of typical and atypical
questions allows for the measurement of the levels of
knowledge integration discussed in study 1, a process
demonstrated in previous research [21,24].

TABLE I. Question contexts defined by scenario and N3L
properties probed.

Question scenarios Properties

Collision with soccer players Magnitude, time, cause
Book sitting on a table Magnitude, cause, type, pair
Skater pushing the
other skater

Magnitude, time, cause

Bar magnet force at
a distance

Magnitude, direction,
type, cause
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B. Student testing and interviews

Pretests and post-tests using the developed assessment
were given to students enrolled in three sections of a first
semester calculus-based physics course at a large public
Midwestern state university. Traditional instruction was
used in two sections taught by one professor (control
group) and a conceptual-framework-based intervention was
used in the third section taught by a second professor
(intervention group). Intervention methods and results are
detailed in study 3.
A total of 476 students took the pretest during the first

week of the course, with 164 students in the intervention
group and 312 students in the control group. These students
were predominantly first-year engineering majors. The
N3L content was taught during the third week of the
course, and a post-test was conducted three weeks after
the instruction on N3L. A total of 153 students from the
intervention group and 307 students from the control group
took the post-test.
Four versions of tests were used in this study. Version A

consisted of all questions and was used in the intervention
group due to its smaller sample size. Versions B, C, and D
were shorter versions, each containing questions on three
out of the four scenarios, which were designed to accom-
modate for time constraints on testing. These short versions
were randomly given to students in the control group.
Because of the larger sample size of the control group, the
randomized use of multiple short versions was able to
produce statistically equivalent assessment on the different
properties of the concept, which is a method shown to be
practical in previous studies [71,72]. Pairwise t tests show
no significant differences in scores to questions across the
three versions used in the control group (p > 0.2). Among
the short versions, version B omitted the collision scenario,
version C omitted the skater scenario, and version D
omitted the magnet scenario. Most properties were covered
in multiple scenarios such that all students encountered
questions related to the magnitude, cause, time, and type of
force. Additionally, the book scenario was contained in all
versions so that every student would encounter the inter-
action pair question. However, the direction question was
only used in the magnet scenario leading to a smaller, but
sufficiently large, number of the control group students
encountering this property.
Interviews of undergraduate students were conducted

after the post-test with 20 volunteers from both the
intervention (Nint ¼ 14) and control groups (Ncon ¼ 6).
The student volunteers represented the whole ability dis-
tribution (5 expert level, 11 intermediate level, and 4 novice
level). The purpose of the interviews was to identify the
reasoning patterns students used to answer questions and to
determine which links in the conceptual framework were
being used. During the interviews, students were asked to
review the assessment and explain their answers in think-
aloud mode. In addition to the assessment questions,

students were asked to describe their understanding of
N3L, identify the interaction forces, and to declare which
forces were the “action” and “reaction” forces in each
scenario. Thoughts on connections between the action-
reaction language and other properties of N3L were
explicitly probed through these interviews.
Additionally, 22 physics graduate students at the same

university volunteered to be interviewed about their under-
standing of N3L. They were asked to first describe and
explain N3L before being presented with each of the four
scenarios sequentially. Each student was asked to describe
forces acting between the objects in each scenario.
Specifically, they were asked to identify the interaction
forces; the action and reaction forces; the magnitude,
direction, timing, and type of forces; and the cause of
each force. At the conclusion of each interview, students
were asked to summarize their understanding of N3L,
especially regarding action or reaction forces and the cause
of each force. For all interviews, each session lasted
approximately 20 min, and students were each given a
gift card as a reward for their participation.
Statistical analysis was performed using t tests to

compare students’mean scores on each dimension between
the levels of knowledge integration. This helps determine
the differences and similarities in conceptual understanding
between different levels of knowledge integration.

C. Study 2 results

As shown in previous research, students’ levels of
knowledge integration can be revealed from the gap
between scores on typical and atypical questions [21,24].
In this study, the typical questions probe students’ under-
standing on magnitude, time, type, and direction, while the
atypical questions measure interaction pair and causes of
interaction forces. Figure 2 shows the score distribution for
the property dimensions, with the time, type, and direction
combined due to similar performances. Histogram of
frequency of total score is displayed in the background
to show the distribution of students across the different
performance levels. These results are calculated with pre-
and post-test data from all students to increase the sample
size so that a more stable distribution can be obtained.
As shown in Fig. 2, scores on typical and atypical

questions are similarly low for all students with low total
scores (score < 0.35), indicating a novice level under-
standing that leads to poor performances on both types
of questions. As the total score increases to low-to-medium
range (score ¼ 0.35 ∼ 0.60), a gap is more pronounced,
suggesting that students at this range have begun to perform
well on typical questions using memorization but without
establishing a deep understanding. For mid-to-high total
score (score ¼ 0.60 ∼ 0.85), the typical question perfor-
mance is near mastery and students’ performance on
atypical questions starts to show significant advancement.
This indicates that students have developed partially
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integrated knowledge structures that allow them to apply
their knowledge in some unfamiliar situations. Finally, the
highest scoring students demonstrate no difference between
their scores on typical and atypical questions, which
implies that they have achieved a deep understanding with
a well-integrated knowledge structure. These patterns of
scores on different questions reveal a general proregression
of student knowledge integration. To gain insight into the
actual reasoning pathways of students at different perfor-
mance levels, interview results are analyzed and discussed
next along with the assessment outcomes.
From Fig. 2, it is clear that the time-type-direction

properties resulted in the highest scores, while the cause
property resulted in the lowest scores. These two dimen-
sions, except for direction of forces, were not taught as part
of normal physics courses and instead reflected intuitive
understanding of the students. Specifically, the time and
cause properties revealed a disconnect between their under-
standing of causality and the fundamental aspect of time
order of causal events. Hence, students attributed cause to
one of the forces even though they answered that the two
forces occurred at the same time. When interviewed, most
undergraduate students either did not directly link, or only
weakly linked, time and cause, responding with comments
such as, “I don’t think one could happen before the other,”
or “each happens at the same time…but I think the cause
must be the action force.” When asked if cause and effect
could occur at the same time, most students responded that
they can. A few students with higher total scores recog-
nized the condition between cause and time in their
responses: “Collisions happen at the same time so one
[force] can’t cause the other” and “they’ve got to happen
at the same time…but I thought cause and effect had to be

different times…but one of these has to cause the other,
right?” Overall, it is clear that students generally did not
correctly link cause and time within their understanding of
causality in the context of N3L.
All undergraduate students interviewed described N3L

in a form similar to “for every action force there is an equal
and opposite reaction force,” and explained it as “if I push
on something, it will push back.” Only three students
explicitly mentioned the concept of interaction between the
two objects. When further asked if generally one of the
forces caused the other, most students linked action directly
to cause and reaction directly to effect. This demonstrates
the connection that students have between the action-
reaction language and cause and effect. Half of these
students then suggested that the action force would be
stronger than the reaction force, indicating the possible
thinking of the dominance principle. The belief in an action
force being the cause and having a larger magnitude
appears to be most pronounced with students at lower
levels of knowledge integration. Furthermore, the use of the
equal-and-opposite rule has been found to be applied by
most students with novice and intermediate levels of
knowledge integration. These will be discussed with
regards to each of the knowledge integration levels below.
Moving forward, comparison of the changes in score

gaps on typical and atypical questions to students’ total
scores allowed a detailed exploration into levels of knowl-
edge integration. Study 1 suggested the existence of three
general levels, but here the intermediate level can be split
into an upper and a lower category based on behaviors
noted in the interviews and differences between the typical
and atypical question performances. A total of four knowl-
edge integration levels can be categorized, which are shown
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in Table II. The frequency of rule usage and performance of
students within each property in the different levels are
summarized in Table III.
Novice level (total score <0.35).—Students performed

poorly on both typical and atypical questions. Magnitude,
interaction pair, and cause properties all resulted in much
lower mean scores for these students. However, students
performed moderately better on time, type, and direction.
When answering questions, these students relied heavily on
memorized rules or related real-world intuition.
Additionally, these students exhibited little to no use of
the central idea, and instead directly related elements of the
surface features to their responses. Students who exhibited
this behavior had similar thoughts to interview excerpts
shown below:

Student A: (response to soccer collision questions) “The
heavier player, I think, applies the bigger force because
F ¼ ma so bigger mass must mean a bigger force.
Maybe if he pushes hard enough, he doesn’t get pushed
back. Uhh…I’m not sure what the cause is but I guess
the bigger person must cause the collision so that causes
the forces. I’d guess they’d happen at the same time.”
(response to book on table questions) “The force on the
book by the table and the force of gravity of the weight of
the book have to be equal and opposite or else…I
think…the book would fall through the table maybe.
Since they’re equal and opposite, they must be the action
and reaction forces, probably.”
Student B: (response to the skater questions) “I think
we’re supposed to use Newton’s third law but I feel like
Amy will push harder than the other person. No wait,
they must be the same because we talked about this in

class. They are equal and opposite. … Amy causes the
other force because she pushes first. The forces still
happen at the same time…well, maybe…there might be
a super tiny time between the forces but I don’t know. I
know Amy does the action force for sure…the reaction
force just kinda happens then and might be Jane falling
down…so uhm, the pair of forces would be Amy pushing
and gravity?”

As also shown from the interviews, when thinking about
the magnitudes of interaction forces, students at this level
often relied on the dominance principle, considering the
force by a larger body or the “action” party being stronger
than the other force. Student A related the mass of the
heavier player directly to the larger force through the
known F ¼ ma equation but without understanding con-
ceptually how it would apply in this situation. Meanwhile,
student B demonstrated that while the student’s own
reasoning might lead to an incorrect magnitude response,
vaguely remembering what was taught in class was able to
produce the correct response in this typical context. Both
students were inconsistent in their reasoning on the
magnitude questions and focused on dominant features
or attempting to use memorized solutions.
On questions to identify the interaction pairs, both

student A and B exhibited minimal ability in the book
question and encountered similar difficulties in other
scenarios. They frequently thought interaction forces would
act on the same object (e.g., gravity and normal force in the
book question). One of the most common incorrect links
these students held is the memorized equal-and-opposite
rule, which was applied universally by these students in all
contexts. However, not all novice students held this belief;

TABLE II. Mean property scores per knowledge integration level. Standard errors are given in brackets. The results are based on pre-
and post-test data from all students.

Knowledge integration level Total score N Time-type-direction Magnitude Pair Cause

Novice 0.00–0.35 80 0.42 (0.03) 0.26 (0.02) 0.16 (0.04) 0.05 (0.01)
Intermediate-lower 0.35–0.60 467 0.77 (0.01) 0.56 (0.01) 0.19 (0.02) 0.11 (0.01)
Intermediate-upper 0.60–0.85 271 0.93 (0.01) 0.85 (0.01) 0.45 (0.03) 0.26 (0.02)
Expertlike 0.85–1.00 20 0.96 (0.02) 0.88 (0.04) 0.75 (0.10) 0.89 (0.04)

TABLE III. Summary of students’ use of rules and performance on N3L properties separated by the four levels of knowledge
integration. For rule use frequency, students at each level are categorized as using the rule always, often, sometimes, or rarely.
Performance on N3L properties is then categorized as low, medium, or high. Rules summarized here include use of the equal-and-
opposite rule, directly relating action-reaction to cause, and reliance on a dominant feature to determine magnitude.

Rule use frequency Performance

Knowledge integration level Equal-opposite Action-reaction Dominance principle Causal Pair Magnitude Time-type-dir

Novice Always Always Always Low Low Low Medium
Intermediate-lower Often Always Sometimes Low Low Medium High
Intermediate-upper Sometimes Often Rarely Medium Medium High High
Expertlike Rarely Rarely Rarely High High High High
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for example, student B did not demonstrate even a
rudimentary understanding of the interaction pair in the
pushing question. Instead, the student chose two forces
acting on the same person including the gravity, which was
not even mentioned in the question. Another student
thought the interaction forces in the collision question
were the sum of the force of collision acting on each person
and each person’s weight.
Multiple additional students at this level also directly

stated that “the action force causes the reaction force.”
Each of these students explained that the action force is
stronger and that “the stronger force produces (causes) a
weaker force back at it.” Two students explained that
Newton’s third law only applies when the forces are “equal
and opposite” but not “when one of the forces is clearly
stronger…like when a big truck crashes and crushes a car
or when Amy pushes that other skater.”
Although the novice students showed reasonable per-

formance on time and type questions, there is no evidence
showing that these students considered them related to
N3L. In follow-up discussions, most students demonstrated
confusion, asking “why are you asking about timing and
force type? The other questions seem like you’re asking
about Newton’s third law.” Additionally, they would often
seem uncertain on their answers to these questions with
responses such as, “I guess they’d push at the same time or
one might move before the other could push and then how
would…they wouldn’t touch and then…they couldn’t
push?” or “What does ‘type’ of force mean…they’re both
running into each other so that seems like the same type or
whatever.” The novice students offered a variety of
reasonings, but each seemed to rely on real world expe-
rience and not any element of N3L.
Based on the results from assessment and interviews, it is

clear that novice students’ knowledge is fragmented with
local connections among surface features leading to the
reliance on memorized rules and solutions as the means to
solve problems. This leads to poor performances on both
typical and atypical questions, especially when memorized
rules, such as the equal-and-opposite rule, are applied
universally leading to incorrect responses.
Overall, the novice students demonstrated weak perfor-

mances on most typical and atypical questions, except for
the time-type-direction questions, which showed moderate
performances. The poor performance can be linked to
students’ fragmented knowledge structures and minimal
understanding on the central idea. Answers they chose
generally fell into categories of memorization of rules and
problem solutions, or guesswork.
Intermediate level (total score between 0.35 and 0.85).—

These students exhibited a range of behaviors, but all show
significantly enhanced performances when compared to
novices. The diverse student behaviors in this level allowed
a finer grouping into a lower intermediate level (total score

between 0.35 and 0.60) and an upper intermediate level
(total score between 0.60 and 0.85).
As shown in Table II, students in the lower intermediate

level demonstrated superior performance on the typical
magnitude (Smag ¼ 0.56) and time-type-direction questions
(Sttd ¼ 0.77) when compared to novices (0.26 and 0.42,
respectively) [tmagð545Þ ¼ 10.32, p < 0.001, d ¼ 1.25;
tttdð545Þ ¼ 13.29, p < 0.001, d ¼ 1.61]. Little or no
differences were noted on the atypical interaction pair
(Sint ¼ 0.19) or cause questions (Scause ¼ 0.11). Generally,
students in this level exhibited a mixture of memorization
of rules and solutions and evidence of some limited
reasoning using the central idea.
Often these students demonstrated inconsistent reasoning

depending on the contexts of the questions. For example,
studentCwas able to easily respond that themagnitudeswere
equal in the soccer questions, but believed that the person
actively pushing would apply a greater force in the skater
questions:

Student C: (response to soccer questions) “The forces
have to be equal and opposite…they always have to be
because that’s what Newton’s third law said…”
(response to skater questions) “Amy definitely applies
the greater force I think. She has to since she’s…uhh,
maybe…the only one acting. She feels a little force back
but Jane feels more.”

The question scenario then directly affected reasoning,
with student C demonstrating at least partial reasoning using
the central idea on the collision question but a reliance on
surface features on the skater question. Overall, the lower
intermediate students’ reasoning on magnitude questions
was significantly improved when compared to novices, with
some students being able to answer all magnitude questions.
Reasoning on the atypical interaction pair questions

demonstrated a range of varied abilities, with some of
these students attempting to use elements of the central
idea. However, applications of the central idea to atypical
contexts were generally more haphazard and students were
prone to instead relying on intuition based on contextual
features:

Student D: (response to soccer questions) “The action
and reaction forces must be the forces between the
people running into each other…I don’t know which one
would be the action or reaction…they happen at the
same time so maybe it doesn’t matter which one is the
action. Either way, they’re equal and opposite so that’s
all we need for them to be that.”
(response to book questions) “The weight and normal
force of the table are the action and reaction. The weight
has to be the action and causes the reaction…without
the book, I think there wouldn’t be a normal force. Again
they’re equal and opposite and that’s all Newton’s third
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law says we need for the…uhhh…action-reaction
pair….or I think my professor called them interaction
forces or something but…”

Student D and other similar students demonstrated
reliance on the equal-and-opposite rule for identifying
the interaction pair in the book question without recogniz-
ing that the two interaction forces cannot both act on the
same object, similar to novices. During the interview,
student D was further presented with a similar question
set up to the book question where all forces were explicitly
stated, including the normal force applied by the book on
the table, and still responded that the weight and normal
force would have to be the interaction pair. Further
discussion led to the student realizing that if the table
was slanted, the forces would no longer be equal and
opposite, but the student was unable to identify a pair of
interaction forces, stating that “maybe Newton’s third law
doesn’t happen here then.”
Students at this level also tended to attribute the action

force as the cause of the reaction force. However, these
students appeared less likely than novices to directly link
the action force to a larger magnitude force, with some
stating, “the action force causes the other force, but action
forces don’t have to be bigger…at least not always.” This
indicates changes in connections within student knowledge
structures with weaker links between the action-reaction
language and the dominance principle. However, for these
students, the “action” forces are still determined based on
surface features of action and some level of dominance, and
the “action” force is often believed to cause the corre-
sponding “reaction” force.
Overall, students at the lower intermediate level dem-

onstrated a moderate performance on the typical magnitude
questions and a strong performance on the time-type-
direction questions. The equal-and opposite rule appears
to be heavily used by students, which helps to determine
the correct directions of the interaction forces. Meanwhile,
students’ reasoning for determining the magnitudes of
interaction forces is still influenced by the dominance
principle, leading to weaker performances on magnitude
questions than on the direction questions. It is worth noting
that while the performances on magnitude and direction
questions could be directly linked to the central idea, it
appears that reasoning on time and type questions was
intuitive and exists as fragments separate from their under-
standing of N3L. Nevertheless, the ability shown on the
typical questions distinguishes these students from novices.
Specifically, students’ linking typical question reasoning to
some elements of the central idea clearly separates their
reasoning abilities from those of novices. However, stu-
dents’ performances on the atypical cause and interaction
pair questions were at the same low level as novices,
indicating that students at this level were unable to use the
central idea when reasoning on atypical questions. This

weakness is the key factor separating lower and upper
intermediate students, as will be discussed next.
Upper intermediate students (total score between 0.60 and

0.85) then saw continued improvement, when compared
to lower intermediate students, in the typical magnitude
questions (Smag ¼ 0.85) and time-type-direction questions
(Sttd ¼ 0.93) until they reached a level of mastery
[tmagð736Þ¼16.63, p<0.001, d¼1.27;tttdð736Þ ¼ 11.95,
p < 0.001, d ¼ 0.91]. Additional improvements were mea-
sured in the atypical interaction pair (Spair ¼ 0.45) and cause
(Scause ¼ 0.26) questions [tpairð736Þ ¼ 8.09, p < 0.001,
d ¼ 0.62; tcauseð736Þ ¼ 8.85, p < 0.001, d ¼ 0.68]. From
interviews, these students demonstrated further improved
reasoning in the typical questions compared to the lower
intermediate students. Their reasoning on the atypical
properties of the action-reaction language and cause
appeared similar to lower intermediate students, but the
connections between these and magnitude were mostly
nonexistent. The primary difference separating the upper
and lower intermediate students was that the upper inter-
mediate students begin to show more reasoning using the
central idea in the atypical questions. In contrast, the lower
intermediate and novice level students lacked the needed
understanding of the central idea when thinking about
atypical questions.
However, as shown by interviews, the upper intermediate

students still had difficulty with the interaction pair ques-
tion in the book on the table scenario where students
considered the weight of the book and normal force from
the table as an interaction pair. What is encouraging is that
these students started to reason that “the forces are equal and
opposite because they are the action and reaction forces”
instead of the other way around as novices and lower
intermediate students reasoned. This marked a noticeable
change in students’ thinking pathways in that they focused on
the central idea first before its properties, indicating
improved reasoning beyond thememorized equal-and-oppo-
site rule. Still, most students at this level were unable to
correctly apply the central idea in this question.
Overall, the intermediate students’ performance and

reasoning clearly separated them from behaviors of novice
level students. Specifically, intermediate students started to
apply the central idea in typical questions. Their use of the
central idea in atypical questions was still inconsistent with
strong context dependence on the question scenarios. The
key factor discriminating intermediate students from
expert-like understanding was the use of the central idea
on atypical questions, as described next.
Expertlike (total score >0.85).—These students demon-

strated near mastery in all typical and atypical questions
with the most notable improvement over intermediate
students appearing in the atypical interaction pair (Sint ¼
0.75) and cause (Scause ¼ 0.89) questions, which are
significantly better than the upper intermediate students
[tpairð289Þ ¼ 2.58, p ¼ 0.01, d ¼ 0.60; tcauseð289Þ ¼ 9.88,
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p < 0.001, d ¼ 2.29]. Scores in magnitude (Smag ¼ 0.88)
and time-type-direction (Sttd ¼ 0.96) questions were
already at a high level of performance similar to the upper
intermediate students. The expertlike understanding
required a well-integrated knowledge structure such that
students were able to consistently apply the central idea
when answering typical and atypical questions, which is
evident form the interview excerpts shown below.

Student E: (response after all questions) “All these
questions were the same once I realized I just needed to
use Newton’s third law. Choosing the action-reaction
forces was tough…mainly with the book though…I
wanted to say the book and normal force were them,
but I remembered, like, we needed the forces on different
things but those two both were on the book.”
Student F: (response to magnet questions) “I have no
idea how magnets work…I thought that stuff was next
semester. I guess it’s still force and maybe, uhhh…kinda
like gravity but not…you know…magnets don’t always
pull together though. There’s lots of forces here
though…gravity, friction, normal forces, air resistance
maybe. I think you’re asking about the magnetic forces
which I guess…oh I can use Newton’s third law, right?
So the forces must be equal and opposite…the left
magnet applies a force on the right one and the right on
the left one then….so those would be the action and
reaction forces.”

From the interviews, students at this level were able to
recognize that the magnitudes of interaction forces are
equal and that the interaction forces must occur on two
distinct objects. Both of these students focused their
reasoning on the central idea, even in the atypical inter-
action pair property or the unfamiliar case of the force of
magnets. The students directly related the questions to N3L
and then to their answers. The ability to apply the central
idea of a concept consistently across multiple typical and
atypical contexts is the hallmark of an integrated knowl-
edge structure, which diverges from the novice structure
where reasoning pathways connected surface features to
memorized procedures and responses.
Additionally, the interviews with the 22 physics graduate

students revealed overall strong understanding of N3L but
with a few commonalities to undergraduate students who
had yet to master the material. Most (20=22) grad students
initially used the words action and reaction when stating
N3L. Only 10=22 students initially stated that the pair of
interaction forces must act on two separate objects as part
of their definition. 9=22 explicitly stated that action and
reaction forces were inherently different from the action
idea commonly associated with the dominance principle,
and all students explained that magnitudes of forces were
equal in every question. This suggests that the graduate
students were minimally influenced by the dominance
principle in their reasoning.

However, over half (12=22) grad students still thought
that the weight and normal force in the book question were
a pair of interaction forces. Of these 12 students, 10 noted
that the symmetry of the weight and normal forces meant
that they had to be the action-reaction pair, demonstrating a
reliance on the equal-and-opposite rule exhibited by many
undergraduate students. The results suggest that even
graduate students may still lack a complete understanding
of the central idea. Specifically, deciding which forces
constitute an interaction pair reveals a persistent difficulty
such that even some presumable expert-level students still
fail to recognize that the interaction forces must occur on
two different objects.
Overall, the assessments and interviews revealed wide-

spread and persistent difficulties in students’ understanding
of N3L. Based on the results from concept test and
interviews, a progression of four levels of knowledge
integration can be identified, which is shown in Table III
along with students’ performances and rule usage. The
results in Table III suggest that differences in two main
aspects of thinking can help distinguish different progres-
sion levels: (i) the use of the memorized equal-and-opposite
rule, and (ii) the association of action-reaction language
with cause and effect and magnitude of the forces.
First, novice level students exhibited a high degree of

dependence on the equal-and-opposite rule to determine
interaction pairs. This dependence weakened in lower-
intermediate students andwasminimal in upper-intermediate
and expertlike students. For students at the upper intermedi-
ate level, this equal-and-opposite rule was often replaced by
the correct thinking pathway: because two forces are an
interaction pair, then they must be equal and opposite.
However, these students were not able to consistently apply
this reasoning correctly in problem solving.
Second, novice students directly linked what they deem

the action force to the dominant, causal, or stronger force.
These connections between the action-reaction language,
causality, magnitude, and other surface features represented
intuitive understandings that significantly diverge from the
central idea. Both the upper and lower intermediate level
students still exhibited strong connections between the
action-reaction language and causality but did not connect
magnitude to the dominant features as strongly as novices.
Expertlike students were able to connect all properties
through the central idea regardless of the scenario or
surface features presented.
In addition, most students, including some expertlike

students, demonstrated a disconnect between their under-
standing of time and causality. They were able to respond
that interaction forces occur simultaneously but did not
realize that causality and time were in fact related.
With the knowledge integration levels defined in terms

of the N3L conceptual framework, the focus of research can
shift to how best to promote advancement of students from
lower to higher levels of knowledge integration. This is

LEI BAO and JOSEPH C. FRITCHMAN PHYS. REV. PHYS. EDUC. RES. 17, 020116 (2021)

020116-14



explored using a conceptual framework-based intervention
in the third study.

IV. STUDY 3: DEVELOPMENT OF CONCEPTUAL
FRAMEWORK INTERVENTION FOR NEWTON’S

THIRD LAW

The assessment studies have shown that students diffi-
culties are likely related to their lack of understanding of
the central idea of N3L. The results can be used to enhance
instruction by explicitly introducing the central idea and
emphasizing its connections to other elements of the
knowledge structure using specifically designed demon-
strations and examples. This intervention focuses on
changes to content emphasis under the existing teaching
environment, which is easier to manage in large lecture
classes than changes to instructional style.

A. The conceptual framework-based intervention

The design of the teaching intervention makes emphasis
on explicitly introducing the central idea in instruction. For
the intervention group, the modified instruction was only
implemented in teaching N3L, and the rest of the instruc-
tion was not conceptual framework based. Both the
intervention and control classes used traditional lectures
with multiple-choice clicker questions. The conceptual
framework based intervention on N3L used clicker ques-
tions and guided discussions that emphasize the central
idea. Specifically, the intervention first emphasizes that
forces are caused by an interaction between two objects.
Additional emphasis is placed on the interaction itself being
the origin of the forces, not one force or object causing the
force(s). This relation is particularly important in address-
ing the implied causality from the language of action-
reaction forces. After emphasizing the interaction nature of
forces, the second element of the central idea is introduced
that these forces, which are measures of an interaction, are
observed to be symmetric. The concept of symmetric
interaction is then expanded to derive the set of properties
that the interaction forces occur in pairs, act on two distinct
interacting objects, are the same type of force, occur at the
same time, are noncausal to each other, and are equal and
opposite. These properties are then re-enforced using
demonstrations and examples which require the application
of the N3L central idea. This strategy aims to help students
build their knowledge structures around the central idea and
is summarized in Fig. 3.
Key examples used in the intervention include identify-

ing interaction forces in N3L scenarios such as collisions or
objects pushing one another. Figure 4 shows two questions
with a ball being dropped and moving through the ground.
Both questions ask students to compare the force on the ball
by the ground to the force on the ground by the ball. The
contextual features are varied. In one question, the ball is
stopped after traveling a distance into the ground, while in

the other question, the ball is still traveling into the ground.
In these, and other N3L scenarios, it is important that
students learn to focus their attention on the interaction
itself instead of the surface features of the problems such as
moving or with different masses. Further questions involve
asking students to identify what interaction pairs exist in
the questions.
After introducing the central idea and connecting it to the

different properties, it is important to relate the conceptual
framework to the traditional statement of N3L using the
action-reaction language. Students are likely to have
previous and/or future exposures to this language; there-
fore, drawing explicit connections between different
existing and new knowledge components will further
integrate students’ understanding and aid in building their
comfort and confidence in applying the central idea. These
connections explicitly emphasize that labeling forces as
action or reaction is a traditional language for interaction
and does not imply one force causes the other as the two
forces occur simultaneously and do not cause each other.
Participants in this study were the same in study 2, who

were students enrolled in three sections of a first semester
calculus-based physics course, and the assessment
described in study 2 was used for pre-post testing following
the procedure described in study 2. The intervention group
consisted of one section of the course taught by a professor
using the intervention content described here, while the
control group consisted of two sections taught by a
different professor using traditional content. Both profes-
sors had similar experience and style in teaching this same
course. Statistical analysis was performed using t tests to
compare students’ changes in scores on each dimension

Newton’s Third Law Conceptual Framework Intervention 

The term “a pair of interaction forces” is explicitly 
emphasized instead of “action and reaction” forces. 

Define the central idea of Newton’s third law: An 
interaction between two objects is observed as a pair of 
symmetric interaction forces.  

Teach and practice the derived properties:   

Interaction forces occur in pairs, act on two distinct 
interacting objects, are the same type of force, occur at 
the same time, are non-causal to each other, and are 
equal and opposite. 

Reinforce the central idea using example problems, 
clicker questions, and discussions in class.  

FIG. 3. Steps of the intervention employed in modified N3L
lectures.
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between control and intervention groups. This helps deter-
mine the differences and similarities in changes to con-
ceptual understanding between the two groups.

B. Pretest results

First, a comparison between pre-test groups was per-
formed to determine the homogeneity of the control and
intervention groups prior to instruction. Pre-test results
revealed minimal differences between the groups (see
Table IV). Theminor differences were not significant overall
or for each of the conceptual properties. Additionally,
students’ mean scores were high on questions probing time
(≥0.81), type of force (≥0.76), or direction (≥0.70).
However, students’ mean scores were low on questions
probing cause of force (≤0.19) and identifying an interaction
pair of forces (≤0.34). This indicates that students have a
good level of prior knowledge or intuitive understandingwith
the time, type, and direction properties.

C. Comparison between pre- and post-test

While the two groups performed similarly on the pretest,
their performances diverged after instruction on the post-
test as shown in Fig. 5. For both groups, their overall scores
improved, but the intervention group’s improvement was
significantly greater than the control group’s with a large
Cohen’s d effect size [tð458Þ ¼ 7.47, p < 0.001,
d ¼ 0.74]. Furthermore, distributions of students at the
four knowledge integration levels reveal that intervention

group students generally transitioned to higher levels, while
there were fewer favorable transitions in the control group
(see Table V). Only the intervention group saw a noticeable
increase in students classified at the expertlike level,
suggesting that it is difficult for students to achieve
expertlike understanding without modified instruction.
To get a richer picture on how student understanding

changes after instruction, student score changes in indi-
vidual properties were also analyzed (see Fig. 5 and
Table VI). t tests were conducted comparing the pre-post
score changes between the intervention and control groups
with results shown in Table VI. Differences in score
changes were significant for the magnitude, pair, cause,
and direction properties but not for the time or type
properties which had high pretest scores. The effect sizes
were moderate to large for the magnitude, pair, and cause
properties but small for the direction property. Discussion
of differences within each property will follow.
Figure 5(a) shows that overall, the intervention group

had a significantly larger increase of their scores from
pretest to post-test than the control group did
[tð458Þ ¼ 7.47, p < 0.001, d ¼ 0.74]. Looking at specific
properties, Figure 5(b) shows that a large improvement in
the magnitude property was achieved by the intervention
group when compared to the control group [tð458Þ ¼ 4.16,
p < 0.001, d ¼ 0.41]. The improvements in the magnitude
questions point towards improved reasoning and more
integrated knowledge structures. The larger increase in
performance in the intervention group suggests that these

FIG. 4. A sample sequence of clicker questions for N3L used during the N3L intervention.

TABLE IV. Comparison of pretest scores between the two groups. Differences were not significant for any conceptual property.

Conceptual Intervention Control

Properties N Score SE N Score SE t df p d

Magnitude 164 0.60 (0.02) 312 0.58 (0.02) −0.92 474 0.36 −0.09
Pair 164 0.34 (0.04) 312 0.28 (0.03) −1.42 474 0.16 −0.14
Cause 164 0.19 (0.02) 312 0.16 (0.01) −1.28 474 0.20 −0.12
Time 164 0.84 (0.02) 312 0.81 (0.02) −1.21 474 0.23 −0.12
Type 164 0.76 (0.03) 312 0.76 (0.02) 0.19 474 0.85 0.02
Direction 164 0.70 (0.04) 133 0.78 (0.04) 1.57 295 0.12 0.18
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students were less influenced by the dominance principle in
the typical magnitude questions, which gave students a
better position to approach atypical questions.
Figure 5(c) shows that only the intervention group saw

an increase on scores for the atypical N3L interaction pair
question. The control group saw scores decreased on the
post-test while the intervention group improved, resulting
in a significant difference between the intervention and
control groups [tð458Þ ¼ 5.68, p < 0.001, d ¼ 0.56]. The

book question on interaction pair was designed with two
forces which are equal and opposite but do not form an
interaction pair. This design is to probe if students would
use the equal-and-opposite rule without meaningful rea-
soning, which was the primary thinking pathway used by
novice students during interviews. Improvement on this
atypical question then demonstrates the increased connec-
tions to the central idea within students’ knowledge
structures, rather than the local connections focusing on
the memorized rule.
Figure 5(d) shows that only the intervention group saw

an increase in score on the cause property while the control
group saw a decrease in score from pre- to post-test with t
tests showing a large difference between the changes of
the two groups [tð458Þ ¼ 7.19, p < 0.001, d ¼ 0.71].
For the control group students, most incorrect answers
followed the expected dominance principle, attributing the
dominant features as the causes. In contrast, the interven-
tion group’s incorrect answers were mostly “each force
causes the other force”, which is an incorrect understanding
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FIG. 5. Pre-post mean scores for the total score and each property: (a) Total, (b) magnitude, (c) cause, (d) time, (e) type, (f) interaction
pair, and (g) direction. The error bars represent the standard errors of the means.

TABLE V. Percentage of students in each group at each
knowledge integration level on the pre- and post-test.

Intervention Control

Knowledge integration level Pre Post Pre Post

Novice 7.4% 1.4% 18.1% 6.7%
Intermediate-lower 60.1% 31.0% 60.0% 61.9%
Intermediate-upper 31.9% 57.0% 21.1% 30.6%
Expertlike 0.6% 10.6% 0.8% 0.7%
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of causality but demonstrates a stronger recognition of the
symmetry in the interaction forces. This answer also shows
the necessity for implementing explicit formal instruction
on causality in teaching physics, because, without such
instruction, students will nevertheless develop their own
versions of causal relations, which are often incorrect and
can lead to more persistent difficulties in their understand-
ing. Score changes on the atypical cause questions further
demonstrate that the intervention appears to have improved
students’ understanding of the central idea regarding the
causality aspect more than the traditional instruction.
As shown in Fig. 5(e), students’ scores on the time

property were high on the pretest and improved to a similar
degree for each group, with no significant difference
measured in the gains [tð458Þ ¼ −0.90, p ¼ 0.37,
d ¼ −0.09]. However, although students generally were
doing well answering the time questions, their understand-
ing of the connection between time and causality was
problematic. As revealed from interviews, most students
lacked a rudimentary understanding of time order as a
necessary condition for establishing causality. For example,
students would claim one force being the cause of the other
force while recognizing the two forces were occurring
simultaneously. Only three interviewed students directly
stated that cause and time were related to each other. The
results suggest that most students did not recognize the
relation between time and causality and its relevance to the
concept of N3L.
For the type and direction properties shown in Figs. 5(f)

and 5(g), students were doing well on the pretest and the
differences between the two groups were on the borderline
of being significant, with small effect sizes. The results
show that students were able to recognize the directions and
types of interaction forces based on previous learning or
intuitive understanding. However, many students in inter-
views did not recognize the relevance of the type of force to
N3L, which indicates a lack of understanding of the nature
of interaction forces. Therefore, future research is needed to
further explore this property and its impact on students’

learning of N3L, such as in the book on table question
where many students considered the gravitational force and
the normal force applied on the book as a pair of interaction
forces. As discussed earlier, this line of study will also need
to consider the specific of definition of weight used in the
instruction.
From Fig. 5, it is clear that students in the intervention

group showed significant improvements over their counter-
parts in the control group on their overall understanding as
well as in most individual properties of N3L. This result
aids in confirming the efficacy of using conceptual-frame-
work-based instruction to improve student deep under-
standing and knowledge integration. Greater improvements
were noted in the typical magnitude questions, and the
atypical interaction pair and cause questions, suggesting a
more uniform impact on both typical and atypical ques-
tions. This also led to more students in the intervention
group being identified with higher levels of knowledge
integration than students in the control group, as shown in
Table IV. Furthermore, the greater improvement by the
intervention group in the magnitude property, which is
typically the focus of traditional N3L assessment and
teaching, indicates that the intervention is also successful
by traditional standards. Overall, this study demonstrates
the benefits of expanding current N3L instruction to
include elements of the N3L conceptual framework.
Without these changes to instruction, it appears that
students may lack the understanding of multiple key
components of N3L.

V. CONCLUSIONS

In this study, a conceptual framework for Newton’s third
law was developed and applied to guide assessment and
instruction of student learning. Based on assessment and
interview results, students were found to fall into four levels
of knowledge integration: novice, lower intermediate,
upper intermediate, and expertlike. The levels of knowl-
edge integration found here are similar to those found in

TABLE VI. Comparison of changes in scores (ΔS) between pre- and post-tests for each group. Differences between the groups were
significant for the overall score changes and the magnitude, interaction pair, and cause at the p < 0.001 level. Moderate to large effect
sizes were measured for the magnitude, pair, and cause properties while a small effect size was noted for the direction property. N’s are
the counts of students answering questions with these properties on the post-test and SE is the pooled standard error between the pre- and
post-tests for each group.

Intervention Control

Property N ΔS SE N ΔS SE t df p d

Magnitude 153 0.21 (0.02) 307 0.10 (0.02) 4.16 458 <0.001 0.41
Pair 153 0.14 (0.04) 307 −0.11 (0.02) 5.68 458 <0.001 0.56
Cause 153 0.14 (0.03) 307 −0.04 (0.01) 7.19 458 <0.001 0.71
Time 153 0.08 (0.02) 307 0.11 (0.02) −0.90 458 0.37 −0.09
Type 153 0.13 (0.02) 307 0.07 (0.02) 1.86 458 0.06 0.18
Direction 153 0.08 (0.03) 200 −0.02 (0.03) 2.04 351 0.04 0.22
Total 153 0.14 (0.01) 307 0.03 (0.01) 7.47 458 <0.001 0.74
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previous research [21,24,73,74]. The reasoning behaviors
of students at different levels reveal a progression of
reasoning from a rudimentary surface level to deep under-
standing, summarized in Table III by their performance on
a N3L conceptual question performance and frequency of
rule use.
The novice students performed poorly on most ques-

tions, with reasoning closely linked to surface features and
minimal connections to the central idea that interaction
forces are observed measures of an interaction. In problem
solving, these students often use memorized fragments of
the concept which were directly linked to specific con-
textual features. Use of the memorized fragments left
students unable to answer questions they were less familiar
with. In particular, the use of the equal-and-opposite rule
led students to think that any two equal and opposite forces
would be a pair of interaction forces. These students also
directly connected the action-reaction language to their
thinking of a dominance principle, where the dominant
action force would cause the other, weaker reaction force.
Additionally, a strong disconnect was noted in novice
students such that they had no knowledge of a relation
between time and causality.
Lower intermediate students demonstrated greater per-

formance than novices on typical questions but similarly
poor performance on atypical questions. They were able to
move beyond simple memorization of solutions to some
typical questions and apply some components of the central
idea, but these students still failed to apply the central idea to
the atypical questions and instead relied on surface features
andmemorized rules. Specifically, these students applied the
equal-and-opposite rule frequently and still connected the
action-reaction language to their understanding of causality
and magnitude. However, their performance increased in
most typical questions suggesting that connections to some
components of the central idea had been formed. Still, many
of these students were unable to recognize the relation
between time and causality, similar to novices.
Upper intermediate students, on the other hand, were able

to apply the central idea in most typical and some atypical
questions. Compared to novices and lower intermediate
students, upper intermediate students demonstrated less
reliance on the memorized equal-and-opposite rule when
finding the interaction pair. Instead, they often were able to
directly apply the central idea; however, they did not exhibit
consistent reasoning in identifying interaction forces.
Furthermore, these students sometimes still used surface
features to name the action and reaction forces and link this
directly to causality. As an improvement compared to
novices and lower intermediate students, the upper inter-
mediate students did not connect the action force to the
magnitude of interaction forces. Additionally, some of these
students begin to recognize the connection between timing
and causality, but often still considered that the action force
would cause the reaction force.

Expertlike students were able to successfully answer
most questions with explicit usage of the N3L central idea
and rarely demonstrated the use of memorized rules. They
would correctly identify the interaction forces and knew
these forces were symmetric. Furthermore, all elements of
the central idea were understood and strongly connected so
that even unfamiliar atypical questions would be properly
handled. While some of the students did identify an action
and reaction force based on surface features, these were
activated as part of prior knowledge, which were then
properly addressed and not used in reasoning to answer
questions. Additionally, these students recognized the
relation between timing and causality.
Graduate students, who would generally be assumed to

be experts, demonstrated mostly expert-like knowledge
structures, but with some missing the essential interaction
portion of the central idea. This led to a subset of the
graduate students exhibiting an upper intermediate level
behavior with some use of the equal-and-opposite rule.
This progression of student understanding agrees well

with the knowledge integration principles where novice
students start with weakly connected knowledge structures
focused on surface features and begin to construct a
stronger network of connections until they reach an
expert-like integrated knowledge structure, which is essen-
tial for obtaining deep conceptual understanding [17].
The conceptual-framework-based intervention explicitly

introduced the central idea to students, that forces are the
result of an interaction and that these forces are observed to
be symmetric. Implementation of the intervention was
found to yield significant improvements over traditional
instruction in understanding the typical magnitude and
direction questions and the atypical cause and interaction
pair questions. Specifically, focus on the interaction nature
of forces led to a decrease in students’ application of the
memorized equal-and-opposite rule and less reliance on
surface features for determining causality and magnitude of
forces. The development of a deeper conceptual under-
standing and higher levels of knowledge integration helped
the students to improve on both typical and atypical
questions. This research demonstrates the potential benefits
when instruction is designed to enhance knowledge inte-
gration around the central idea of a concept. Consistent
with previous studies on knowledge integration interven-
tions [23,25], this study provides further evidence for the
value of the conceptual framework model in guiding
instruction.
Furthermore, students were shown to have a disconnect

in their understanding of causality and time in that many
students considered the forces being causal while occurring
at the same time. In interviews, students directly attributed
causality to what they believed was the action force, hinting
at an implication of causality from the action-reaction
language used to teach N3L. However, measurement of
this link in large scale has not been conducted in this study
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due to limitations on assessment design, and is explored
further in the study by Chen et al. [59].
Additional limitations of this study exist in that different

professors taught the control and intervention groups, and
multiple test versions were used. However, the large effects
measured in the intervention study are not explained alone
by these limitations and do not provide a serious threat to
the internal validity of the study. Nevertheless, in future
studies on finer aspects of N3L learning, improved controls
in research design need to be carefully considered.
Moving forward, existing research has developed a

wealth of curricular materials that address N3L through
interactive engagement approaches. In this study, the
conceptual framework method was implemented in the
traditional lectures with clickers. It will be interesting and
important to conduct controlled studies to compare the
effectiveness of the conceptual framework method with the
existing interactive engagement approaches, which should
warrant a series of future studies for different controlled
conditions and implementation styles.
In summary, this research expands the previous work on

the use of conceptual frameworks to include Newton’s third
law. Assessments and interviews reveal the utility of the

conceptual framework model to categorize students’ levels
of knowledge integration based on performance on typical
and atypical questions. Specifically, levels of knowledge
integration demonstrate distinct students’ thinking path-
ways through their reasoning with the memorized equal-
and-opposite rule, the action-reaction language, and the
relation between time and causality. Meanwhile, interven-
tion methods which focus on explicit introduction and use
of the interaction nature of forces lead to increased assess-
ment performance and higher levels of knowledge integra-
tion. Overall, the results demonstrate that the conceptual
framework approach is promising in guiding assessment of
knowledge integration in physics education and can facili-
tate the development of effective instruction for promoting
deep conceptual learning.
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