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Abstract: Research has demonstrated that when learning mechanics, students’ conceptions (SCs)
improve gradually (1) and are often activated depending on problem features (2). The aim of this
study is to combine these two research lines to investigate how different task characteristics affect
the activation of SCs at different levels of sophistication. Data were collected from N = 356 students
using a paper—pencil test in which conceptual and contextual task characteristics (CCTCs) are varied
systematically across ordered multiple-choice items. Answer options were constructed according
to the four levels of a force and motion learning progression. Results, obtained using quantitative
methods (e.g., Rasch analysis and regression), demonstrate that the effects of CCTCs may differ at
different levels of SCs. For the direction of problem, for example, activating the correct conception,
assuming force proportional to acceleration, seems to be easier in tasks asking for the resulting
motion. However, activating more appropriate conceptions regarding lower levels, e.g., assuming
force proportional to velocity, compared to a rather undifferentiated understanding of force and
motion, seems to be easier in tasks asking for the forces. Results of our study can be used for choosing
tasks with specific CCTCs to support conceptual change along specific steps of a learning path.

Keywords: conceptual change; context; learning progression; Newtonian mechanics; ordered
multiple-choice; students” conceptions; task characteristics

1. Introduction

When students enter a science classroom, there is consensus in research that they
have often established particular conceptions about the learning content from their prior
experiences and education (e.g., [1-4]). These conceptions, often not matching the physics
point of view, are tendencies or dispositions to solve a physics problem or to explain
a specific phenomenon [3] and can be assumed as important starting points for further
learning (e.g., [3,5]). With that in mind, learning should not be assumed to be a sudden
shift from initial conceptions to scientific concepts. Rather, learning can be understood as a
developmental process that occurs in interaction with the environment and as a process in
which students’ conceptions (SCs) and their relationships improve gradually (e.g., [6-9]).

Therefore, it is important to determine a learner’s current level of conceptual development
and to provide instruction that matches this level to support individual progress (see the
concept of the “zone of proximal development”; [10] (p. 86)). Research in science educa-
tion stresses the importance of SCs and therefore the need to design adaptive instruction
(e.g., [3,5,11,12]). As a consequence, SCs have been investigated extensively (see [13] for a
Attribution (CC BY) license (https://  collection of research on SCs). One area of focus is SCs regarding Newtonian mechanics
creativecommons.org,/ licenses/by/ (see overview in [14]), as this is a very challenging topic for students (e.g., as summarized
40/). in [7,14,15]). Research in this area has investigated and documented many SCs, particularly
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for the relationship between force and motion (e.g., as summarized in [16]), because this
seems hard for students to understand correctly. Although many of these SCs are well
documented, the development of adaptive instruction remains challenging. On the one
hand, it is important to know how inappropriate conceptions can be graduated from a
low level of understanding towards a higher level (e.g., as modeled in a “learning pro-
gression”, [17,18]). On the other hand, constructing adaptive instruction is challenged by
the fact that SCs are variable and may be activated differently depending on the situation
described in a task (e.g., [2,3,15,16,19-21] or as summarized in [1]; and many more). Re-
search reported in this paper addresses the combination of both challenges by employing a
learning progression perspective on conceptual change (see Section 1.1) to investigate how
particular task characteristics relate to conceptions activated (see Section 1.2). The results
can help to generate information on how tasks with specific characteristics should be used
for adaptive instruction.

1.1. Theoretical Background and State of Research
1.1.1. Conceptual Change and Learning Progressions

Learners develop new conceptions based on their current conceptions, which is why
this process is discussed in research as a “conceptual change” (CC; e.g., in [7,15,22]). CC
research focuses on the question of “[ ... ] how naive, nonscientific or “wrong” conceptions
develop to become improved, scientific or “correct” concepts” [22] (p. 209). Such a change
is needed, because non-scientific or commonsense knowledge is often associated with
specific contexts, describing “what makes sense” [23] (p. 11) and students often “think[ing]
as they do” [23] (p. 11). Scientific knowledge, on the other hand, is rather independent of
context, relies on theoretical models that have been investigated and elaborated and results
from an agreement between scientists [23]. Commonsense knowledge often does not match
the scientific knowledge, which is why a change in SCs is important. Typically, SCs do not
shift from being “wrong” to “right” all of a sudden, but rather develop in steps towards
an adequate concept. CC is therefore often considered as a process in which conceptions
develop rather than change suddenly (e.g., [6-8]). The idea of describing the develop-
ment of SCs towards more appropriate science concepts is not new (see for example [24]
summarizing research on the development of a scientific concept over “intermediate con-
ceptions” (p. 131)) but has, more recently, gained more attention in research regarding
the field of Learning Progressions (LPs). LPs are just like the conceptual change approach
built on “the assumption that learning occurs in steps” [6] (p. 470), and arrange students’
conceptions at levels ranging from low (rather far from an adequate understanding) to high
(adequate understanding) (e.g., [17]). The levels represent a hypothetical way in which
students’ conceptions could evolve while students learn (e.g., [18,25]). It is important to
note that two different meanings may be captured under the label of LPs. In addition to
understanding LPs in the context of CC research, LPs can also be thought of as a content
or teaching progression in instructional research (e.g., as summarized in [16]). Content or
teaching progressions describe a sequence of appropriate conceptions in the order in which
they should be taught in class or contain instructional aspects (e.g., [26,27]). In the study
described in this paper, we understand LPs only as a model of development describing
how SCs become more sophisticated while they learn (e.g., as in [6,16,28]).

For mechanics, a one-dimensional LP on force and motion is often mentioned
(EMLP; [6,16]; an additional LP for Newton’s 3rd law is described in [28]). The FMLP
distinguishes four levels of understanding (higher level = higher understanding) that can
be summarized as follows (for more details see [6,16]):

1.  no clear distinction between force and motion (force = motion),
2. force is proportional to motion (force~motion),

3. force is proportional to velocity (force~velocity),

4.  force is proportional to acceleration (force~acceleration).
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A distinctive feature of the FMLP is that it describes progress not only in students’
understanding of the relationship between force and motion but also in their understanding
of each of these two components (see also Figure 5) individually [6].

LPs can be used for assessing SCs, for example, by using the LP levels as tiers for
answer options in closed tasks (so-called ordered multiple-choice (OMC) items; [29]) or as
categories for evaluating students’ responses in open-ended tasks (e.g., [16,29,30]). In terms
of adaptive instruction, LPs can provide information on which concepts may be addressed
early in the learning process (corresponding to SCs at lower levels) and which are more
likely to be understood later (higher levels) (e.g., [17]). If, for instance, students cannot
distinguish between force and motion, instruction may focus on this distinction rather than
attempting to establish that force can point in a different direction than velocity (required
for moving from level 3 to 4). For the FMLP in particular, the information offered in the
LP can also help to decide whether more progress in one component (e.g., motion) may
be needed before the relationship between the two components can be addressed to foster
progress to the next level [6].

When using LPs, it is important to keep in mind that they only describe idealized
ways (e.g., [25]) of how progress may occur. They can serve as a frame of reference to make
sense of what students say and do and should not be used to assign a learner to a particular
level. The same person may sometimes give an answer to a task that indicates one level
of understanding and shortly afterwards an answer that may indicate a different level [6].
This variability indicates that it is also important to consider under which circumstances
particular SCs are activated and whether students seem to demonstrate a more stable or a
rather variable understanding. The former may allow designing instruction that challenges
students to progress to the next level, the latter may indicate that students need more
practice to stabilize at the levels they can reach under particular circumstances.

1.1.2. Variability of Students” Conceptions

There is consensus in the literature that small changes of a situation or the description
of a problem may lead to students activating different SCs even when identical physics
concepts would be appropriate (e.g., [20,31,32] or as summarized in [1,8,9,15] and many
more). This variability is explained differently regarding the debate of researchers describ-
ing students’ understanding either as “coherent” (e.g., [33,34]) or as rather “fragmented”
(e.g., [20,31]) [35] (p. xv). Seeing SCs as a rather coherent construct, the variability of
SCs may be due to the fact that students adapt to specific situations and activate specific
elements of their coherent knowledge construct [8]. Other frameworks considering more
fragmented mental entities (e.g., p-prims [31] or facets [20]), explain the variability by
stating that these entities are activated depending on the specific situation. Regardless
of the explanation, the fact that students activate different ideas in physically similar but
superficially different situations is an important starting point for adapting to students’
needs [8].

1.2. Effects of Conceptual and Contextual Task Characteristics: Focus of the Study

In this study, the focus is on the characteristics of tasks in mechanics to explore
the relationship between these characteristics and the activation of SCs. Within the
range of potentially relevant task characteristics that can be derived from research (e.g.,
from [2,6,19,21,32,36-42] and more), we identify at least two different types of characteris-
tics: conceptual and contextual task characteristics (CCTCs). With the notion of conceptual
TCs, two different variations were subsumed. The first kind of variation refers to situations
that are different in terms of their underlying concepts but have a high potential to be
confused by learners because they cannot identify the conceptual difference. In particular,
this may happen when a task asks to argue with forces acting on different bodies (focusing
on Newton’s 3rd law) in contrast to situations in which forces acting on the same body have
to be considered (Newton’s 1st/2nd law). Learners sometimes seem to treat the former
like the latter (e.g., [4]). The second kind of variation refers to how a particular concept is
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approached. For instance, tasks may differ in the direction of problem, asking students to
describe what happens with the velocity of a body if there is no net force acting on the body
compared to having to decide whether or not a net force is present when a body moves at a
constant velocity. Both tasks refer to the same concept (1st law), but differ in its approach
(asking to conclude from force to motion vs. from motion to force). Contextual TCs are
characterized by variations in surface characteristics of a situation. For instance, tasks in
which students are asked to describe the forces acting on a body may vary with regard to
the plane of motion, meaning whether the body is moving horizontally or vertically. Both
tasks appear different on the surface but require the same concepts to be solved correctly.

Although existing research found some evidence for the effects of CCTCs, there is
still a need for further studies. For example, research mostly investigates conceptual or
contextual task characteristics (e.g., for conceptual characteristics the direction of the problem;
e.g., [41]; or for contextual characteristics the plane of motion, e.g., [19,21,32,40]). Therefore,
only little is known about the interaction of conceptual and contextual characteristics. Addi-
tionally, studies sometimes only focus on a particular conception (e.g., [39] for the impetus
idea or [2] for the conception that heavy objects fall faster), which results in important
information on the activation of SCs but there is still a need for systematic research on
the combination of CCTCs concerning a wider range of conceptions. Results of previous
studies regarding the influence of CCTCs sometimes also appeared only as secondary
implicit findings of studies whose main objective was different, which is why tasks were
not necessarily systematically designed to investigate the effect of task characteristics (e.g.,
Fazio and Battaglia [38] using cluster-analysis in the Force Concept Inventory (FCI) [43] to
find patterns of students understanding in Newtonian mechanics). Additionally, task char-
acteristics could be derived from theoretical considerations (e.g., suggesting the direction of
problem as a possible trigger for students to answer tasks differently [6,16]). Therefore, a
previous study [44] investigated systematically which CCTCs are likely to result in correct
or incorrect solutions for tasks addressing all three of Newtons laws, but it remained
unclear if the CCTCs may also affect inappropriate SCs of different levels of sophistication.
In consequence, the study presented here uses the FMLP to investigate the effects of the
combination of conceptual and contextual task characteristics on the activation of SCs at
different levels of sophistication. However, LPs are not the only way to measure students’
understanding of varying adequacy. For example, Zhai and Li [45] used another approach
to measure students understanding at different levels of sophistication. The increasing level
of SCs is described by the number of correct fundamental ideas used to solve a task. This
approach seemed very fruitful, but information about the type of ideas is missing, when
solely looking at the number of fundamental ideas in an answer. Using the FMLP instead
allows to directly attain information on the type of conceptions used, because each level
represents specific SCs of an equal level of sophistication. The FMLP offers the opportunity
to investigate SCs when TCs vary, even if SCs remain incorrect, but may demonstrate
variations at lower levels. Therefore, the main research question guiding research reported
in this paper is:

How does the variation of CCTCs affect the activation of SCs at different levels of
understanding in mechanics?

2. Materials and Methods
2.1. Instrument

In order to explore the relationship between conceptual and contextual task charac-
teristics (CCTCs) and the activation of SCs in Newtonian mechanics, an instrument was
needed in which potentially relevant CCTCs are systematically varied across items. While
existing instruments (e.g., the Force Concept Inventory (FCI), [43]; the Force and Motion
Conceptual Evaluation (FMCE), [46]; tests regarding the EPSE-Project (Evidence-informed
Practice in Science Education), [47,48] and a test based on the FMLP, [16]) typically include
a few variations on some of these characteristics, none of the instruments known to the
authors include a comprehensive and controlled variation of CCTCs while simultaneously
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A cyclist is riding on a flat street with constant velocity.

Which of the following statements best describes
the cyclist during this period? Tick that statement.

Please ignore:
« forces that are exerted by the air

allowing to assign a specific level of a LP to all answer options. Existing instruments often
only use items with a dichotomous response structure (i.e., the answer to an item is either
considered right or wrong), which limits the possibility to distinguish between different
levels of students’ conceptual understanding and possible information gets lost [29]. To
address these issues, a new instrument was needed. The goals for the development of this
instrument were to vary potentially relevant CCTCs systematically and to implement OMC
items representing a polytomous response structure. In the following section, the CCTCs
varied in the instrument, the design of the items, the polytomous response structure, and
how the items were distributed across test booklets are briefly described. Please note that
the descriptions of the instrument and the data collected (Sections 2.1 and 2.2) are partly
similar to descriptions of the research reported in [44], as the database (instrument and sam-
ple) is the same. However, the descriptions in this study are enriched with more detailed
descriptions of specific CCTCs and contain more examples of items and the implementation
of the FMLP, which are essential for the current study.

2.1.1. Selection of Conceptual and Contextual Task Characteristics

The first step to identifying potentially relevant CCTCs was an analysis of a physics
curriculum [49], multiple school- (e.g., [50,51]), and textbooks (e.g., [52-54]), as well as
documented SCs (e.g., [6,14,16]). All these resources were used to reconstruct conceptual
characteristics related to Newtonian mechanics. The focus is on Newton’s laws and, in
particular, on concepts that address the relationship between force and motion in linear
motion qualitatively (e.g., “a/no resulting net force means a/no change in motion” rather
than “F = m x a”). Thereafter, existing test instruments (e.g., FCI, FMCE, EPSE-Tests,
and FMLP-Test) related to these concepts were analyzed to identify and select contextual
characteristics that potentially impact the activation of SCs when solving items related to
these conceptions. Existing research (e.g., [2,6,19,21,32,40-42]) was also analyzed to provide
support for the chosen CCTCs. For research reported in this paper, four major groups of
task characteristics are distinguished (two conceptual and two contextual) that allow for
extended comparisons (smaller subgroups of CCTCs varied in the instrument are detailed
in [44]).

Based on the analytical procedures described above, two main potentially relevant
conceptual task characteristics are:

1.  The Newtonian law, that is, whether an item addresses the 1st or 2nd law (see Figure 1
for a pair of items differing in the addressed law).

A cyclist is riding on a flat street so that his velocity is uniformly in-
creasing.

Which of the ing best ibes the forces acting on
the cyclist during this period? Tick that statement.

the forces acting on

Please ignore:
* forces that are exerted by the air
The cyclist and his bike should be treated as one object.

AD
7>

The cyclist and his bike should be treated as one object.

o The downward gravitational force and a constant driving force from pedaling are acting
on the cyclist.

o The downward gravitational force, an equal force that is exerted by the ground, and a
constant driving force from pedaling are acting on the cyclist.

The downward gravitational force, an equal force that is exerted by the ground, a con-

O stantdriving force from pedaling, and a smaller constant friction force opposing the mo-

tion are acting on the cyclist.

The downward gravitational force, an equal force that is exerted by the ground, a con-
O stant driving force from pedaling, and an equal and constant friction force opposing the
motion are acting on the cyclist.

(a)

Figure 1. Comparison of items differing in the law addressed; (a) 1st law (item code: 1mf08, see

o The downward gravitational force and a constantly increasing driving force from pedaling
are acting on the cyelist.

o The downward gravitational force, an equal force that is exerted by the ground, and a
constantly increasing driving force from pedaling are acting on the cyclist.

The downward gravitational force, an equal force that is exerted by the ground, a con-
O stant driving force from pedaling, and a smaller constant friction force opposing the mo-
tion are acting on the cyclist.

The downward gravitational force, an equal force that is exerted by the ground, a con-
O stantly increasing driving force from pedaling, and a smaller constant friction force oppos-
ing the motion are acting on the cyclist.

(b)

Figure 6 for an explanation of item codes; context similar to [48]), (b) 2nd law (2mf08).
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2. The direction of problem, that is, whether students have to reason from given forces
to resulting motion (force — motion) or from given motion to acting forces (motion
— force; see Figure 2 for a pair of items differing in the direction of problem).

An elevator is pulled upwards an elevator shaft by a steel rope with
constant velocity.

Which of the following statements best describes the forces acting on the
elevator during this period? Tick that statement.

Please ignore:
e friction between the pulley and the rope
* friction between the elevator and the walls of the elevator shaft
* forces that are exerted by the air

Only the downward gravitational force is acting on the elevator. Nevertheless, it is moving
o o 5 > e
upwards because the steel rope is mechanically reeled in at the ceiling.

o Only an upward force that is exerted by the rope is acting on the elevator, which is pulling the
elevator upwards.

o The downward gravitational force and a greater upward force that is exerted by the rope is
acting on the elevator.

o The downward gravitational force and an equal upward force that is exerted by the rope are
acting on the elevator.
(a)

Jonathan is pulling a bucket that is completely filled with water on a rope
from a well. While the bucket is moving upwards the upward force that is
exerted by the rope and acting on the bucket is constant and equal to the
downward gravitational force.

Which of the following statements best describes the motion of the bucket?
Tick that statement.

Please ignore:
e friction between the pulley and the rope
* forces that are exerted by the air

The velocity is decreasing because the full bucket is very heavy and its mass is working against
the motion.

The velocity is constant because the force that is exerted by the rope and the gravitational
force compensate each other.

The velocity is decreasing because the force that is exerted by the rope and the gravitational
force compensate each other.

The velocity is constant because the constant force that the rope is exerting on the bucket de-
termines it.

O O O O

(b)

Figure 2. Comparison of items differing in the direction of problem; (a) motion — force (1mf09; based
on [43,44]), (b) force — motion (1fm0Q9; [44]).

In addition to the two main conceptual task characteristics, two main contextual task
characteristics were identified:

3. The plane of motion, describing if an item addresses either horizontal or vertical
motion (see Figure 3 for a pair of items differing in the plane of motion).

Camila pushes a heavy cabinet straight across a flat floor with constant
velocity.

Which of the following statements best describes the forces acting on the
cabinet during this period? Tick that statement.

Please ignore:
« forces that are exerted by the air

o The downward gravitational force and a constant force in the direction of movement, that
Camila exerts on the cabinet as she pushes it, are acting on the cabinet.

o The downward gravitational force, an equal force that is exerted by the ground, and a
constant force that Camila exerts are acting on the cabinet.

The downward gravitational force, an equal force that is exerted by the ground, a
O constant force that Camila exerts, and a smaller constant friction force opposing the
motion are acting on the cabinet.

The downward gravitational force, an equal force that is exerted by the ground, a
O constant force that Camila exerts, and an equal and constant friction force opposing the
motion are acting on the cabinet.

An elevator is pulled upwards an elevator shaft by a steel rope with
constant velocity.

Which of the following statements best describes the forces acting on the
elevator during this period? Tick that statement.

Please ignore.
e friction between the pulley and the rope
* friction between the elevator and the walls of the elevator shaft
* forces that are exerted by the air

o Only the downward gravitational force is acting on the elevator. Nevertheless, it is moving
upwards because the steel rope is mechanically reeled in at the ceiling.

© Onlyan upward force that s exerted by the rope is acting on the elevator, which is pulling the
elevator upwards.

o The downward gravitational force and a greater upward force that is exerted by the rope is
acting on the elevator.

o The downward gravitational force and an equal upward force that is exerted by the rope are
acting on the elevator.

(@) (b)

Figure 3. Comparison of items differing in the plane of motion; (a) horizontal (1mf06; context similar
to [43,47]), (b) vertical (1mf09; based on [43,44]).

4.  The type of object considered, describing if an item addresses either a non-living object
or a person (see Figure 4 for a pair of items differing in the type of object considered).

2.1.2. Development and Compilation of Items and Test Booklets

Wherever possible, items from existing instruments were employed that assessed
students’ understanding of Newtonian mechanics. These items were modified according
to the construction principles outlined below for our purposes. In addition, new items
were developed to complement the existing item pool. To investigate the effect of the
CCTCs in a controlled and systematic way, all items were constructed in a standardized
way. The items were designed in accordance with guidelines for multiple-choice items
(e.g., [55,56]). Each item begins with a presentation of the situation (everyday situation, one-
dimensional) which is accompanied by an image and, if applicable, a statement regarding
the boundary conditions (e.g., the instruction to ignore effects of air resistance or friction;
see Figures 1-4 for examples). The items consist of four answer options from which one
must be ticked by the students. Items asked students to tick the “best” answer to engage
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students to think about the different answer options and to only tick one (e.g., [21,56]).
It was ensured that responses to an item are similar in language and length to avoid
other factors affecting the choice of a response. For the development of a polytomous
response structure in which each response represents a different level of understanding, an
ordered multiple-choice (OMC; [29]) format was used. OMC items provide more detailed
information about SCs than normal multiple-choice items and at the same time maintain
their advantages regarding efficiency [29] (p. 33). LPs can be used for the construction of
OMC items by linking every response to a specific level of sophistication (e.g., [16]; see
Figure 5 for an example). For the construction of the answer options, the four levels of
understanding were employed that were described in the FMLP established by Alonzo and
Steedle [16] and further unpacked by Alonzo and von Aufschnaiter [6]. Usually, each item
provides answer options corresponding to all four levels of the FMLP. There are, however,
some exceptions, as some items did not allow for a plausible answer option on the lowest
level of understanding, while others could be entirely solved correctly with only a partial
understanding of the underlying concept. For instance, for the item presented in Figure 5,
no plausible answer on level 1 could be constructed. Therefore, some items offer only
answer options on three or, very rarely, on two different levels. Consequently, two or three
of the offered responses represent the same level of understanding. This is common for
OMC items (e.g., [29,30]). Either way, all items have in common, that the correct option
always corresponds to the highest level possible in the item. Figure 5 depicts an example
demonstrating how levels correspond to answer options. In general, the order of answer
options did not follow any particular order in levels, rather, the options were randomly
ordered so that the highest level occurs at different positions.

Luca throws a package attached to a parachute from a skyscraper A skydiver is jumping out of a helicopter. After falling for a while, he moves
roof. After it has fallen for a while, it moves downward at an almost downwards at a constant speed.

constant speed.

Which of the following statements best describes the forces acting on the
Which of the following statements best describes the forces acting on skydiver during this period? Tick that statement.

the package during this period? Tick that statement.

Please ignore:

o density differences of the air

Please ignore:

The package and the parachute should be considered as one object. ' e density differences of the air f

The parachute is already open.

o There are no forces acting on the package. It only falls because of the natural tendency of
objects to rest on the surface of the earth.

Only the downward gravitational force is acting on the package, which causes the package to
o]
fall towards the surface of the earth.

o The downward gravitational force and an equal upward force that is exerted by the air are
acting on the package.

The downward gravitational force and a smaller upward force that is exerted by the air are
acting on the package.

The skydiver and the parachute should be considered as one object. The
parachute is already open.

There are no forces acting on the skydiver. He only falls because of the natural tendency of
objects to rest on the surface of the earth.

[e]

Only the downward gravitational force is acting on the skydiver, which causes the skydiver to
fall downwards.

o

The downward gravitational force and a smaller upward force that is exerted by the air are
acting on the skydiver.

The downward gravitational force and an equal upward force that is exerted by the air are
acting on the skydiver.

(a) (b)

Figure 4. Comparison of items differing in the type of object considered; (a) non-living object (1mf11;
answer options partly similar to [43]), (b) person (1mf12; answer options partly similar to [43]).

Camila pushes a heavy cabinet straight across a flat floor with constant

velocity.

Which of the following statements best describes the forces acting on the
cabinet during this period? Tick that statement.

Please ignore:

* forces that are exerted by the air

1) The downward gravitational force and a constant force in the direction of movement, that

Camila exerts on the cabinet as she pushes it, are acting on the cabinet. 2 force ~ motion, only one force acting (horizonta]/verﬁcal)

o The downward gravitational force, an equal force that is exerted by the ground, and a
constant force that Camila exerts are acting on the cabinet. 3 force ~ velocity, more than one force acting (horizontal / vertical)
The downward gravitational force, an equal force that is exerted by the ground, a

O constant force that Camila exerts, and a smaller constant friction force opposing the 3 force ~ Velocity, more than one force acting (horizontal / vertical)

motion are acting on the cabinet.

The downward gravitational force, an equal force that is exerted by the ground, a

O  constant force that Camila exerts, and an equal and constant friction force opposing the 4 force ~ acceleration, constant velocity =no resulting net force
motion are acting on the cabinet.

Figure 5. Example of an OMC item (1mf06; context similar to [43,47]) with three different levels of
understanding according to the FMLP [6,16]. Level 1 is missing, as an answer on that level would not
have been plausible for students, instead, level 3 appears twice.
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Wherever possible, items were modified for which levels were already assigned
to answer options from existing research [16]. Furthermore, items and responses were
constructed that align with those for which assigned levels already exist (e.g., items from
the FCI for which Neumann, Fulmer and Liang [57] have already assigned levels taken
from the FMLP). Some items included in our test are completely new, so sometimes it was
not possible to transfer assignments of levels from existing instruments. For these new
items, 7 representative examples were chosen and discussed with Dr. Alicia C. Alonzo
who is an expert in that field, to ensure that the corresponding answer options represent
the intended FMLP levels. Consensus was reached on the levels of the responses which
were then transferred to all other new items for which a “master” from existing research
did not exist. Finally, the items were checked by Ph.D. students to, again, verify levels, to
identify possible difficulties to understanding the items, and for the assignment of items
to particular CCTCs. Items were revised according to the feedback given. It should be
noted that a specific level may be assigned to specific answer options for different reasons
because each level of the FMLP is described by more than one conception. For example,
level 3 may be assigned because more than one force is acting on a body or because of an
assumed proportionality between force and velocity. This should be taken into account
when interpreting the results.

The construction process resulted in a pool of 72 OMC items. This allowed for a
systematic and controlled variation of the CCTCs addressed, but the items one can answer
in a survey is restrained by cognitive fatigue and/or test motivation. Therefore, we used a
booklet design (e.g., [58]) so that all items of the item pool were distributed among four test
booklets. Each booklet contains 31 OMC items. Nine of these items were identical in all
the booklets (so-called “anchors’ or ‘anchor items’; e.g., [58—60]) to enable the linking of the
booklets. The remaining 22 items were presented only in one or two of the four booklets. It
was taken care that the CCTCs are distributed as similarly as possible across all booklets.
In addition, 5 items on more general mechanics understanding (e.g., about concepts of
velocity, acceleration, and circular motion; included in all booklets) and 28 open-ended
items matching specific OMC items (4 items in all booklets (anchors), 6 additional items
in each booklet) were employed. These items are not described in more detail as they are
used to investigate research questions beyond the scope of this paper (e.g., regarding the
relationship between answers to open-ended and closed formats). However, they need
to be taken into account when considering the total test duration. The open-ended items
are located in front of the OMC items and students were not allowed to go back to avoid
an influence of previous items on the one hand and revision of previous answers on the
other hand (e.g., [30]). Additionally, items where students have to infer the forces from the
motion given are located before items where the resulting motion should be described.

In a pilot study, one booklet was used with N = 17 physics pre-service teachers at
the end of their university education to detect potential problems with the instrument
(e.g., understanding of the items and time constraints). As a result, minor changes were
made regarding the items or their order in the booklet. The other three booklets were then
revised accordingly.

2.2. Data Collection

For data collection (also described in [44]), the booklets were handed out to three
different student groups. The first group consists of N = 85 undergraduate students with
physics as a major subject (pmaj; mainly B.Sc. in physics and technology for space travel
applications, B.Sc. in physics, pre-service high school physics teachers, B.Sc. in advanced
materials and B.Sc. in maths). The second group consists of N = 114 undergraduate
students with physics as a minor subject (pmin; mainly B.Sc. in nutritional sciences, B.Sc.
in environmental management, B.Sc. in agricultural sciences and B.Sc. in biology). The
third group consists of N = 157 high school students (hss) of three German high schools
(~16 years in grade levels E2/Q1). Data were collected separately for each cohort (pmaj,
pmin, and hss) in 2019. The booklets were assigned to the students randomly and testing
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took about 60 min with no strict time limit for completing the test. To gather information
about students’ conceptions after instruction, the test was handed out to the groups after
mechanics has been covered, either in high school (for hss) or after mechanics lectures in
university (for pmaj and pmin).

2.3. Data Analysis
2.3.1. Step 1: Data Entry and Rasch Modeling of Raw Scores

For every response chosen, the corresponding level of the FMLP was assigned. If
students did not give an answer or ticked more than one response, although only one was
required, the corresponding item was coded as missing, since no particular level could be
assigned. In addition to some items not having responses on all levels of understanding
by design (“structural zeroes”; [60]), it was also observed that in some items a specific
response (resp. level of either the highest or lowest category in the item) was never selected.
Because such “sampling zeroes” [60] impart the analysis and the comparability of the items,
a single dummy person was added to the sample who selected the missing responses [60].

After data entry, the raw scores were used to estimate a Partial Credit Rasch model.
A Rasch model was used because it allows for variable item difficulties and describes a
psychologically plausible relationship between students’ ability and the probability to solve
an item of a specific difficulty (e.g., [59-61]). Furthermore, Rasch measurement techniques
allowed us to link the four test booklets while retaining the same metric for all students and
items, respectively, and to conduct a detailed investigation of instrument functioning [59].
The Partial Credit Model was chosen as it also allows each item to have its own response
structure [60,62]. This is necessary to address the fact that not all items provide responses
on all levels of understanding and to investigate the impact of CCTCs, as it cannot be
assumed that the increase in ability, necessary to move from one level to another, is the
same for all items. For instance, an item with CCTC combination A and an item with CCTC
combination B may both offer responses on all four levels of understanding (1-4). However,
achieving level 3 may just be slightly more difficult than achieving level 2 for item A, but
considerably more difficult for item B.

Since the items in our test covered all three Newtonian laws, the first step of the Rasch
analysis was to investigate whether the items define a single trait or multiple latent traits.
To that end, five different Rasch models were estimated using the R packages TAM [63]
and CDM [64]:

Model 1: All items are assumed to define one single trait.
Model 2a: Items on Newton’s 1st and 2nd law define one trait, items on Newton’s 3rd
law another.

e  Model 2b: Items on Newton’s 1st and 3rd law define one trait, items on Newton’s 2nd
law another.

e  Model 2c: Items on Newton’s 1st law define one trait, items on Newton’s 2nd and 3rd
law another.

e  Model 3: Items on Newton’s 1st, 2nd, and 3rd law define three separate traits.

Based on common recommendations for model fit comparisons, the final deviance
and the Bayesian Information Criterion (BIC) were used as indicators for model fit. The
lower the deviance and respectively the BIC, the better the model fits the data (e.g., [28,61]).

The model fit parameters presented in Table 1 show that Model 3 and Model 2a fit the
data considerably better than all other models. Furthermore, while Model 3 fits slightly
better with regard to the final deviance than Model 2a (ADeviance = 13.07, df = 3, x%=13.07,
p = 0.004), Model 2a fits slightly better with regard to BIC (ABIC = 4.54). Based on these
results, the analysis was continued with Model 2a, since this model is not only simpler but
also plausible, since Newton'’s 1st law represents a special case of Newton’s 2nd law, and
thus is conceptually more closely related to the 2nd law than the 1st and the 2nd law are to
the 3rd. Additionally, studies have shown that sometimes students treat these two laws
as rather undifferentiated (e.g., as described in [38]). Therefore, for the research reported
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here, the following steps focused exclusively on the 54 items that address Newton’s 1st and
2nd law.

Table 1. Comparison of different models regarding Newton’s laws (Npars: Number of estimated
parameters; BIC: Bayesian Information Criterion).

Model Npars Deviance BIC
Model 1 291 16,699.57 18,408.36
Model 2a 293 16,475.63 18,196.16
Model 2b 293 16,636.45 18,356.98
Model 2¢ 293 16,657.74 18,378.27
Model 3 296 16,462.56 18,200.70

2.3.2. Step 2: Investigation of Instrument Functioning

Following the initial model estimation of a Partial Credit Rasch Model with the
54 items regarding Newton’s 1st and 2nd law, a Rasch analysis was conducted to ana-
lyze the functioning of the instrument and the quality of measurement using Winsteps
Version 4.4.4. [60]. The analysis showed that the items are internally consistent and can
be precisely located on the latent variable (model item reliability = 0.97, model person
reliability = 0.90, comparable to Cronbachs Alpha; [59,60]). Furthermore, applying com-
mon ranges for item fit (0.5 < Infit/Outfit MNSQ < 2.0; —1.9 < Outfit ZSTD < 1.9; ZSTD was
only considered when MNSQ-values were outside the range; [59]) revealed that the data
fits the Partial Credit Rasch Model. A total of 53 items were found to be well within these
ranges (0.63 < Infit MNSQ < 1.31; 0.62 < Outfit MNSQ < 1.98), while one item exhibited
considerable outfit (Outfit MNSQ = 5.10; Outfit ZSTD = 8.04). After a close examination
of the misfitting item, it was decided to keep the item in the analyses regardless of its fit
values because no plausible issues regarding the content of the item could be identified
and because the misfit was most likely caused by only a few persons who answered this
item very unexpectedly. Lastly, the Principal Component Analysis suggested that the items
define a single latent variable (Eigenvalue < 3; [60]). Overall, the Rasch analysis suggests
good instrument functioning and demonstrates that item and person measures can be
computed using a Partial Credit Model.

2.3.3. Step 3: Estimation of Item Difficulty

In a Rasch model, the probability of responding to an item on a specific level is
modeled as a function of the difference between a person’s ability and the difficulty of the
item [59]. A Partial Credit Rasch Model provides an overall measure for item difficulty
as well as measures for the difficulty of the individual levels (represented by so-called
thresholds; [60]). For our analysis of the relationship between CCTCs and item difficulty, the
overall item difficulty as well as the Thurstonian thresholds as estimates for the difficulty of
individual levels were used. The item difficulties mark the point at which answer options
on the lowest and highest level have the same probability [60]. The thresholds mark the
point at which the probability of choosing an answer option at a specific level or higher is
equal to the probability of choosing an answer option at any lower level ([60]; see Figure 6
for examples).

The three Thurstonian thresholds 2, 3, and 4 can be described as:

e  2: the probability of choosing an answer on level 2 or higher is equal to the probability
of choosing an answer on level 1.

e  3: the probability of choosing an answer on level 3 or higher is equal to the probability
of choosing an answer on a lower level (i.e., 2 or 1).

e  4: the probability of choosing an answer on level 4 is equal to the probability of
choosing an answer on a lower level (i.e, 3, 2, or 1).

For instance, threshold 3 for item 1mf06 has a difficulty measure of —0.80 (see Figure 6),
which means that a person with an ability measure of —0.80 solves this item with a
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probability of 50% at level 3 or higher. Threshold 4 has a difficulty measure of 2.66, so a
person with this ability measure will solve this item with a probability of 50% on level 4,
and therefore with the correct answer. For comparison, threshold 3 for item 1fm09 has a
difficulty measure of 0.19, indicating that the person with an ability measure of —0.80 has a
smaller chance than 50% to solve this item on level 3. The higher the difficulty measure of a
threshold, the more difficult it is for a person with a given ability to solve the item on the
respective level or above. Therefore, an analysis of the difficulty measures of the thresholds
(see Step 4) provides insights into the extent to which the individual CCTCs affect the
choice of a particular level of understanding. Please note, that not every threshold exists for
every item and sometimes not only the highest or lowest but also a middle level was not
included in the answer options. For instance, an item could consist only of answer options
on levels 1, 2, and 4, missing level 3, or on 1, 3, and 4, missing level 2. In the first case,
values for threshold 2 and 4 and in the latter, values for threshold 3 and 4 were calculated.

Logits

5
o Imf06... Imf08 1mf09 1mfll 1mfl2 ..1fm06... 1fm08 1fmo09 ...1fm11 1fml2..2mf08 2mf09 .., 2mfll 2mfl2 ...2fm06 ... 2fm08 2fm09 ... 2fm12 ...

Items

Threshold 2 A Threshold 3 @ Threshold 4

Figure 6. Graphical illustration of the Thurstonian thresholds for exemplary items. Note: Item codes
(e.g., Imf06) were build according the following scheme: Newton’s law—direction of problem—item
label. (... ): Items blended out for better readability.

2.3.4. Step 4: Investigating Effects of CCTCs Using Multiple Regression

To investigate the impact of different CCTCs on item difficulty, four regression anal-
yses [65] were conducted using SPSS Version 28. The first analysis used the overall item
difficulty as the dependent variable, while the following three analyses used the Thursto-
nian thresholds of the three individual levels (2, 3, and 4) as dependent variables. In
all regression models, the CCTCs were used as independent variables (predictors). Fur-
thermore, all models included one or two control variables that represent the number of
different levels that occur in an item as additional predictors, because as a result of the
definition of the overall item difficulty [60] the type of available levels may have an impact
on the difficulty estimates (e.g., higher difficulty when a task contains more higher levels),
and, thus needs to be controlled in the regression. A hierarchical regression was used [65],
implementing the control variables in the first step. In the second step, the conceptual
characteristics were added, as it is assumed that these have a greater influence than the
contextual characteristics [44]. In the third step, the contextual task characteristics were
included in the model. Before each regression analyses, the relevant prerequisites [65] were
checked. Nearly all of the assumptions were met. Only the assumption of homoscedasticity
seemed to be violated for the analysis regarding thresholds 2 and 3. A violation “[ ... ]
invalidates [the] confidence intervals and significance tests [ ... ]” [66] (p. 387), but model
parameters stay valid [66]. For the regression regarding threshold 2, this does not seem
to be a great problem, because only one predictor seemed to have a significant influence
on the difficulty measure. This influence is very important (great B-value, highly signifi-
cant), so there seems to be no problem due to heteroscedasticity here. For the regression
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regarding threshold 3, heteroscedasticity was detected for the analysis in general, but a
specific predictor causing it could not be detected when analyzing the partial plots for each
predictor, as suggested in [66].

3. Results

The first regression analysis focused on the effect of CCTCs on the overall item diffi-
culty (Table 2). The number of available response levels already explains 52.0% (49.9% for
the adjusted R?) of the variance in item difficulties (Table 2, Model 1), since mostly lower
levels are missing in tasks consisting of fewer available response levels. This is in line
with the theoretical considerations regarding the definition of the overall item difficulty in
a Partial Credit Rasch Model. Including the conceptual task characteristics in the model
(Model 2) further increases the amount of variance explained significantly. In particular,
the item difficulty is higher for Newton’s 1st rather than for the 2nd law. Note that all
tables use descriptions, such as A_B for the CCTCs. If the values in the tables according
to a TC are negative, this means that items with the characteristic B are easier than items
with the characteristic A (in terms of the item difficulty). For the threshold regressions,
this means that for items with the characteristic B the difficulty measures are lower than
for items with the characteristic A. If the values in the tables are positive, it is the other
way around. Further, adding the contextual task characteristics into the model (Model 3)
increases the variance explained by approximately 4% (2% for the adjusted R?). This change
in R? is non-significant and none of the contextual characteristics has a significant effect on
item difficulty.

Table 2. Hierarchical multiple regression results regarding the impact of CCTCs on item difficulty.

95% CI for B

Variable B IL UL SEB 8]
Model 1 (F(2, 45) = 24.391, p < 0.001, R? = 0.520, R?,g; = 0.499, AR? = 0.520 ***
(Intercept) —0.421 —0.691 —0.151 0.134
c | Variabl L4_L3 1.003 0.506 1.500 0.247 0.427 **
ontrol Variables L4_12 2511 1.712 3.310 0.397 0.665 ***
Model 2 (F(4, 43) = 15.744, p < 0.001, R?= 0.594, R?,g; = 0.557, AR? = 0.074 )
(Intercept) —0.182 —0.580 0.216 0.197
c | Variabl L4_L3 0.868 0.374 1.361 0.245 0.369 ***
ontrol Variables L4_12 2.544 1.722 3.366 0.408 0.674 ***
N1_N2 —0.552 —0.988 —0.116 0.216 —0.256 *
Conceptual Task Charac. mf_fm 0.280 ~0.171 0.732 0.224 0.134
Model 3 (F(6, 41) = 11.718; p < 0.001, R? = 0.632, R?,4; = 0.578, AR? = 0.037)
(Intercept) 0.027 —0.413 0.468 0.218
c | Variabl L4 13 0.852 0.363 1.340 0.242 0.363 **
ontrol Variables L4.12 2.718 1.893 3.543 0.409 0.720 ***
N1_N2 —0.484 —0.915 —0.052 0.213 —0.224*
Conceptual Task Charac. mf_fm 0.272 ~0.170 0.713 0.218 0.130
h_v —0.344 —0.775 0.088 0.214 —0.165
Contextual Task Charac. op ~0.199 —0.619 0.220 0.208 —0.093

Note. CI = confidence interval; LL = lower limit; UL = upper limit; L4_L3 = four vs. three possible levels;
L4_12 = four vs. two possible levels; N1_N2 = 1st law vs. 2nd law; mf_fm = motion — force vs. force — motion;
h_v = horizontal vs. vertical; o_p = object vs. person; n = 48 (number of items); *** p < 0.001, ** p < 0.01, * p < 0.05.

Three additional regression analyses were conducted to assess the impact of the CCTCs
on the difficulty of reaching each individual level of the FMLP in an item (Tables 3-5).
These analyses followed the same procedure as the initial analysis but used the Thurstonian
thresholds between the FMLP levels as the dependent variable instead of the overall
item difficulty.
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Table 3. Hierarchical multiple regression results regarding the impact of CCTCs on the level 2
threshold of the FMLP.

95% CI for B

Variable B IL UL SEB B
Model 1 (F(1, 30) = 1.358, p = 0.253, R* = 0.043, R?, 4 = 0.011, AR? = 0.043)
(Intercept) —2.385 —2.993 -1.776 0.298
Control Variable 14 13 1.965 —1.478 5.407 1.686 0.208
Model 2 (F(3, 28) = 8.215; p < 0.001, R?= 0.468, R?,gj = 0.411, AR? = 0.425 ***)
(Intercept) —3.005 —3.868 —2.143 0.421
Control Variable L4 L3 0.358 —2.432 3.149 1.362 0.038
Conceptual Task Charac N1_N2 —0.276 —1.249 0.696 0.475 —0.083
P : mf_fm 2227 1.237 3217 0.483 0.656 ***
Model 3 (F(5, 26) = 5.333; p = 0.002, R? = 0.506, R?,g; = 0.411, AR? = 0.038)
(Intercept) —3.156 —4.182 —2.130 0.499
Control Variable L4 L3 0.370 —2.459 3.199 1.376 0.039
Conceptual Task Charac N1_N2 —0.342 —1.327 0.643 0.479 —0.102
P : mf_fm 2.366 1.348 3.384 0.495 0.697 ***
h_v 0.590 —0.408 1.587 0.485 0.180
Contextual Task Charac. op —0.460 —1.465 0.546 0.489 ~0.133

Note. CI = confidence interval; LL = lower limit; UL = upper limit; L4_L3 = four possible levels vs. three possible
levels; N1_N2 = 1st law vs. 2nd law; mf_fm = motion — force vs. force — motion; h_v = horizontal vs. vertical;
o_p = object vs. person; n = 32 (number of items); *** p < 0.001.

Table 4. Hierarchical multiple regression results regarding the impact of CCTCs on the level 3
threshold of the FMLP.

95% CI for B

Variable B IL UL SEB B
Model 1 (F(1, 41) = 0.028; p = 0.869, R* = 0.001, R?,g; = -0.024, AR* = 0.001)
(Intercept) —0.649 —0.960 —0.338 0.154
Control Variable L4 L3 0.049 —0.540 0.637 0.291 0.026
Model 2 (F(3, 39) = 4.339; p = 0.010, R*= 0.250, R?,4; = 0.193, AR? = 0.250 **)
(Intercept) —0.502 —0.936 —0.069 0.214
Control Variable L4 L3 —0.172 —0.718 0.374 0.270 —0.092
Conceptual Task Charac N1_N2 —0.615 —1.097 —0.134 0.238 —0.359 *
P : mf_fm 0.649 0.155 1.142 0.244 0.385*
Model 3 (F(5, 37) = 6.194; p < 0.001, R? = 0.456, R?,g; = 0.382, AR? = 0.205 **)
(Intercept) —0.177 —0.611 0.258 0.214
Control Variable L4 L3 —0.252 —0.738 0.233 0.239 —0.135
Conceptual Task Charac N1_N2 —0.523 —0.948 —0.097 0.210 —0.305 *
P : mf_fm 0.642 0.209 1.074 0.214 0.381 **
h_v —0.775 —1.198 —0.353 0.209 —0.463 ***
Contextual Task Charac. op 0.057 —0.375 0.489 0.213 0.033

Note. CI = confidence interval; LL = lower limit; UL = upper limit; L4_L3 = four possible levels vs. three possible
levels; N1_N2 = 1st law vs. 2nd law; mf_fm = motion — force vs. force — motion; h_v = horizontal vs. vertical;
o_p = object vs. person; 1 = 43 (number of items); *** p < 0.001, ** p < 0.01, * p < 0.05.

For threshold 2, the regression analysis focused on the effect of CCTCs on the difficulty
of answering an item on level 2 or higher (Table 3). Only 4% (1% for the adjusted R?)
of the variance in the threshold difficulty measures is explained by the control variable
(L4_L3 in Table 3, if an item contained answers on 3 or 4 different levels of sophistication).
Including the conceptual task characteristics in the model (Model 2) significantly increases
the amount of variance explained to 46.8% (41.1% for the adjusted R?). The probability of
answering an item on a level 2 or higher is higher if the items ask for the resulting forces
than for the resulting motion, so choosing an answer on level 2 or above is easier for items
asking for the resulting forces. Adding the contextual task characteristics in the model
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(Model 3) increases the variance explained by approximately 4% (0% for the adjusted R?).
This increase is non-significant and none of the contextual characteristics has a significant
effect on the difficulty measures of threshold 2.

Table 5. Hierarchical multiple regression results regarding the impact of CCTCs on the level 4
threshold of the FMLP.

Model 1 (F(2, 45) = 0.129; p = 0.879, R? = 0.006, R?,4; = —0.038, AR? = 0.006)

Control Variables

Model 2 (F(4, 43) = 4.509; p = 0.004, R?= 0.296, R?,4; = 0.230, AR? = 0.290 ***)

Control Variables

Conceptual Task Charac.

Model 3 (F(6, 41) = 3.449; p = 0.008, R? = 0.335, R?,4; = 0.238, AR? = 0.040)

Control Variables

Conceptual Task Charac.

Contextual Task Charac.

Variable B . 95% Clfor B uL SEB B
(Intercept) 1.766 1.317 2.215 0.223
1413 —0.015 —0.840 0.811 0.410 —0.005
L4 12 0.324 —1.003 1.651 0.659 0.074
(Intercept) 2.557 1.952 3.162 0.300
L4_13 0.381 —0.369 1.132 0.372 0.141
L4 12 1.368 0.118 2.618 0.620 0.314*
N1_N2 —0.542 —1.204 0.121 0.329 —0.218
mf_fm —1.293 —1.979 —0.607 0.340 —0.537 ***
(Intercept) 2.795 2.112 3.478 0.338
L4 13 0.388 —0.369 1.145 0.375 0.143
L4_12 1.543 0.264 2.822 0.633 0.354 *
N1_N2 —0.464 —1.132 0.204 0.331 —0.186
mf_fm —1.303 —1.987 —0.619 0.339 —0.541 ***
h_v —0.306 —0.975 0.363 0.331 —0.127
o_p —0.351 —1.001 0.299 0.322 —0.143

Note. CI = confidence interval; LL = lower limit; UL = upper limit; L4_L3 = four possible levels vs. three possible
levels; L4_L2 = four possible levels vs. 2 possible levels; N1_N2 = 1st law vs. 2nd law; mf_fm = motion — force
vs. force — motion; h_v = horizontal vs vertical; o_p = object vs. person; n = 48 (number of items); *** p < 0.001,
*p < 0.05.

For threshold 3 (Table 4), nearly zero variance in the difficulty measures is explained
by the control variable. Including the conceptual task characteristics in the model (Model 2)
significantly increases the amount of variance explained to 25.0% (19.3% for the adjusted
R?). The probability of answering an item on a level 3 or higher is significantly higher if
the items address Newton’s 2nd law and ask for the resulting forces acting on an object.
Adding the contextual task characteristics in the model (Model 3) increases the variance
explained by additional 20.5% (18.9% for the adjusted R?). This increase is significant and
the contextual TC plane of motion has a significant effect on the difficulty measures for
threshold 3. The probability of answering an item on level 3 or higher is significantly higher
for items addressing vertical motion. The type of object considered has no significant effect.

The last regression analysis focused on the effect of CCTCs on the difficulty of an-
swering an item on level 4 (threshold 4; Table 5). Only 0.60% (3.8% for the adjusted R?) of
the variance in the difficulty measures is explained by the control variables. Including the
conceptual task characteristics in the model (Model 2) significantly increases the amount of
variance explained to 29.6% (23.0% for the adjusted R?). The probability of answering an
item on level 4, which is correct, is significantly higher if the items ask for the resulting mo-
tion of an object when the forces are described. Adding the contextual task characteristics
in the model (Model 3) increases the variance explained by 4.0% (0.8% for the adjusted R?).
This change in R? is non-significant and the contextual TCs have no significant effect on the
difficulty measures for threshold 4.

4. Discussion

In this section, the results of the hierarchical regression analyses are summarized and
discussed along the CCTCs. Afterwards, all results are elaborated from an overarching



Educ. Sci. 2023, 13, 444

15 of 21

perspective to discuss the combination of CCTCs and the value added through a differenti-
ated analysis looking at SCs at different levels of sophistication rather than solely focusing
on item difficulties. Before interpreting and discussing the results, it is important to note
that the study has focused on four main characteristics with items typically offering more
than these four (for example the cause of motion, i.e., whether an object is initially pushed
and then released or pushed with a constant force). These variations were controlled too
(see [44]), but it was not possible that all items consist of all characteristics, so not every
characteristic is represented by the same number of items. This should not significantly
affect the results but should be considered if the results are to be generalized. Since our
sample sizes were rather small [66], expanding sample sizes therefore not only add to a
more reliable regression model but also may result in more nuanced results when assessing
other variations in addition to or as mediators for the four groups reported in this paper.

4.1. Effects of Newton’s Laws (Conceptual)

Looking at the impact of the law addressed by the items, the results consistently show
that solving items addressing Newton’s 2nd law is easier than for Newton’s 1st law. This
result is particularly evident for threshold 3: answering an item on level 3 or higher is
easier and thus more likely in items addressing the 2nd law. Comparing these results with
existing research reveals a rather unclear picture at first. While a study [44], which used
the same instrument and data but scored the items dichotomously, could not detect any
differences between Newton’s laws, others found exactly the opposite correlation (e.g., [67]).
We assume that particular variations play an important additional role in Newton’s 1st law,
e.g., is the body at rest or does it move with a constant velocity that is not zero (e.g., as
compared in [44])? Furthermore, it has to be taken into account that for any situation
with a body at rest, a level 3 answer would already be correct (no velocity, no force), even
though the idea of net force might be missing. Heuer and Wilhelm [67], for example,
found the effect that tasks of the FMCE where an object is moving with constant velocity
(1st law) were solved better than tasks where the object is slowing down (2nd law), while
we compared tasks concerning objects with constant velocity with tasks where objects were
slowing down or speeding up. If the set of items used in different tests show different
numbers of particular combinations resulting in different effects, differences in results
would be reasonable. Here, it would be important to further explore which CCTCs may be
the reasons for students’ difficulties regarding Newton’s 1st or 2nd law.

4.2. Effects of the Direction of Problem (Conceptual)

The direction of the problem has the greatest effect on the prediction of the dependent
variables. However, this only holds true for the prediction of the thresholds (2: mf < fm,
B =0.697 ***; 3: mf < fm, 3 = 0.381 **; and 4: mf > fm, 3 = —0.541 ***). There is no significant
contribution to the prediction of the overall item difficulties. This seems plausible because
of the very interesting result, that the difficulty measures for thresholds 2 and 3 are higher
when items are asking for the resulting motion, while the difficulty measures for threshold
4 are higher when items are asking for the forces acting. Although regarding the relative
directions of force and velocity, Rosenblatt and Heckler [41] found an effect of the direction
of problem on answers representing a partially correct understanding of the relationship
between force and velocity. The results in our study regarding thresholds 2 and 3 in
comparison to 4, which may cancel each other out, are likely the reason for the missing
effect of the direction of the problem on the overall item difficulty. The lower probability
for choosing answers on level 2 or 3 regarding items asking for the resulting motion in
contrast to choosing answers on these levels when items ask for the forces acting, implies
that in these items (fm) it seems to be harder for students to pick an answer representing a
conception which assumes that force is at least proportional to motion or velocity. A higher
difficulty measure for threshold 4 regarding items asking for the forces when the motion is
described (mf) implies that for these kinds of items, it may be harder for students to pick
an answer representing the correct conception that force is proportional to acceleration.
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Similar results, describing items to be easier when the motion should be inferred from
the acting forces, are documented in earlier studies (e.g., for Newtons 1st law in [44]). In
2022, Weber [68] was also able to show that students preferred to reason about the resulting
motion from the forces acting. Additionally, this direction of argumentation also tended to
lead to more correct discussions. A possible reason might be that, on the one hand, looking
at items regarding the 1st law, it seems to be easier for students to activate the conception
that when no forces are acting on a moving object, its motion will not be changed (e.g., [6]).
On the other hand, if a motion with constant velocity is described, students often use
the conception that a resulting net force in the direction of motion is acting on the object
(e.g., [16]). This matches research describing these kinds of conceptions as a result of
everyday experiences, for example, while riding a bike and having to constantly exert a
force to move forward (e.g., [69]). Furthermore, forces are not visible to students which
may make it easier for them to pick the right answer when reasoning about a motion and
not about the forces acting. In a broader sense, our results described above also fit with
studies describing that students” answers vary when predicting the motion of an object
(e.g., predicting its velocity, and drawing or choosing the path of an object) in contrast to
explaining the motion (e.g., describing the factors influencing the motion (e.g., the forces
acting); e.g., [36,39]). A possible reason might also be that students can use their experience
for predicting a motion but not necessarily for an explanation (e.g., [36]).

4.3. Effects of the Plane of Motion (Contextual)

In the literature, several studies indicate an effect of the plane of motion
(e.g., [19,21,32,40,42,44]). Therefore, it is no big surprise that looking at the study re-
ported here, the plane of motion does seem to have an effect on the activation of students’
conceptions in contributing to the prediction of the difficulty measure for threshold 3
(h>v, B = —0.463 ***). However, there is no significant contribution to the prediction of
the item difficulty or the difficulty measures for threshold 2 or 4. Conceptions assumed
with an understanding on level 3 describe that force is proportional to velocity and/or
that more than one force can act on an object. Especially, these two conceptions may be a
reason why choosing answers on this level seem to be harder for horizontal than for vertical
motion. This also matches findings from previous research, describing students sometimes
only reasoning about gravity or a motion force and not about reaction forces (e.g., [38]).
Additionally, in our study for items regarding horizontal motion, not only the horizontal
but also the vertical forces should be taken into consideration, at least when reasoning
about the forces acting on an object (see for example Figure 3). For vertical motion, only
vertical forces played a role. It might be harder for students to think about forces in two
dimensions, since for horizontal motion, the vertical forces acting lie transversely to the
direction of motion.

4.4. Effects of the Type of Object (Contextual)

In contrast to the other TCs, the type of object does not contribute to any of the
dependent variables, therefore, at least at first sight, it does not seem to affect the activation
of SCs, no matter the level of sophistication. Comparing this to other studies, there are
mixed results. An earlier study, for example, also did not find any differences regarding the
nature of an object, when comparing the solution probabilities of dichotomous coded items
using the same data set [44]. Other studies found students reasoning about the nature of
the object in specific items, for example, using incorrect reasoning for a ball rather than
for a person [32] or assuming personal experience as a possible reason for the influence
of the type of object considered [21]. In conclusion, there are maybe some other TCs, such
as personal experience or the type of motion (e.g., if an object was initially pushed), that
influence the activation of SCs in combination with the type of object.
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4.5. General Results

Comparing the effects of conceptual and contextual task characteristics, the results of
the hierarchical regression analyses indicate that conceptual TCs contribute much more to
the prediction of the overall item difficulty and threshold difficulty measures. All in all,
there are more significant effects for Newton’s law and the direction of the problem than for the
plane of motion and the type of object. When looking at the parameters of the regression, the
conceptual TCs explain more variance than the contextual TCs. This result adds to existing
studies (e.g., [44]) which assume that conceptual characteristics have a greater effect on the
activation of SCs.

Another interesting finding is the value added through a differentiated analysis look-
ing at SCs at different levels of sophistication rather than solely on the overall item difficul-
ties or a dichotomous analysis of items. One result is that most effects are visible regarding
threshold 3. This is the only dependent variable where conceptual and contextual TCs con-
tribute to the prediction of the threshold. SCs associated with a level 3 understanding are
therefore of great interest, since they seem to be susceptible to specific TCs. Looking only
at the overall item difficulty, CCTCs in general do not explain much of the total variance
(only adding 11.1% adding the AR?s of Model 2 and 3; and 7.9% for the adjusted R?) to the
total variance explained). In contrast, CCTCs that were included in the regression model
additionally explained 46.3% (40.0% for the adjusted R?) of the total variance regarding
threshold 2 and 45.5% (38.5% for the adjusted R?) for threshold 3. For threshold 4, 33.0%
(27.6% for the adjusted R?) of the total variance could be explained. This is an indicator
to focus more on a differentiated analysis. These insights would probably not have been
visible when only looking at items scored dichotomously because therein inappropriate
SCs would have been bundled together as “incorrect” and effects within these conceptions
would have gone unseen.

5. Conclusions

The overall goal of this study was to enrich already existing research with more
detailed information on how specific CCTCs have an effect on the activation of SCs to foster
conceptual change. In the described approach to design a test instrument with reference to
a learning progression, it was acknowledged that SCs can vary in their degree of adequacy
and that conceptual development is a rather gradual process and not a sudden shift from
an incorrect to a correct concept (e.g., [6-8]). Though this has been debated over years
within conceptual change research, assessing SCs has only more recently started to employ
the idea of learning progressions for the design of test instruments (e.g., [6,16,28,30]). The
results gained with such a test in Newtonian mechanics demonstrate that these kinds of
tests can offer more information on students” understanding compared to solely focusing
on the overarching item difficulties or a dichotomous scoring of items (e.g., as in [44]) taking
into account that some effects of CCTCs were only visible because SCs were investigated
here at different levels of sophistication (e.g., for the plane of motion or the contradictory
effects for the direction of problem regarding different levels of sophistication).

Knowing about the effects of CCTCs on SCs at different levels is not only important
in terms of better understanding the activation of SCs depending on task characteristics,
but also to develop instruction that is tailored to students” learning process. Comparing
conceptual and contextual TCs, the regression analyses showed that especially the con-
ceptual characteristics, first and foremost the direction of problem, have a great impact on
all threshold difficulty measures. For adaptive instruction, this may result in the idea that
tasks asking for the forces acting on an object may be used when learners tend to activate
conceptions on rather low levels of the learning progression and should master the step to
a more appropriate conception. For mastering the step to the correct conception, maybe
tasks asking for the resulting motion should be considered since here it seems easier for
students to activate the correct conception in comparison to tasks asking for the forces
acting. Subsequently, both types of tasks may be contrasted as pairs (e.g., [2,44,70]) to show
and practice the conceptual equivalence of both directions. The fact that conceptual as
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well as contextual TCs have a great impact, especially on the threshold regarding the third
level of the LP (assuming force proportional to velocity or the acceptance that more than
one force can act simultaneously on a body; [6]), may indicate that these conceptions are
especially prone to situational changes. For instruction, this may help to use tasks in a
targeted manner to foster conceptual change.

Given that at this point, only a rather small set of TCs with two conceptual and two
contextual TCs were analyzed regarding their effects on the activation of SCs at different
levels of sophistication, it would be interesting to investigate which TCs may also contribute
to the explanation of variance (e.g., the cause of motion, if an object was initially pushed or
moved with a constant force acting on it). This would require greater, but maybe also more
focused sets of tasks in order to have a big enough sample size for regression analyses. For
instance, more exploration would be helpful to understand better which CCTCs are the
reasons for Newton’s 1st law becoming more difficult than the 2nd law or if the type of
object considered affects SCs for specific groups of tasks (e.g., if students have more or less
personal experience with specific situations).
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