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Abstract: In this work, we study the persistence of some fundamental previous ideas in physics in a
group of freshmen at the Universidad Politécnica de Madrid (Spain). For this purpose, we analyze
the answers to a questionnaire consisted of 24 multiple-choice items, most of them borrowed from
the Force Concept Inventory (FCI). Our study is performed in two different ways by using, on the
one hand, classical test theory and, on the other hand, the Pearson product-moment correlation.
The survivance of some of the previous ideas at the end of the course is assessed by comparing and
critically analyzing the answers of the students to the same test at the beginning and the end of the
term. A possible connection with Honey—Alonso learning styles (LS) is also discussed. The results
yielded by our study demonstrate the persistence of some of the initial and previous ideas, no matter
the students’ previous qualifications or their current LS.

Keywords: physics teaching; higher education; preconceptions; prior ideas; force; Force Concept
Inventory; difficulty index; Honey—Alonso learning styles

1. Introduction

Among the multiple different implications of any learning process [1], a change in the
student’s mind is the most remarkable one. Sometimes, the learning process is successfully
accomplished as students easily acquire the new knowledge or aptitudes within some
particular field. However, in most cases, the adequate incorporation of new ideas usually
involves several factors, such as modifying the already existing mental structures of the
students [2]. These structures have been built up over the years and, as a consequence,
can be extremely robust against any external input. Sometimes, the mental frames lie in
previous ideas, usually known as “preconceptions” for short, which can well compromise
the whole learning process [3].

Previous ideas related to physics phenomena emerge because of the necessity for
human beings to explain the physical phenomena that take place around them. Although
these explanations may fit our daily lives and appear to comply with the laws of Nature at
first glance, most of them dramatically fail when tested using scientific methods [4—6].

Preconceptions are universal in the sense that they are and have been present in all
cultures over history [7-10]. That is the case, for example, in Aristotelian thinking, which
still has an influence on our current societies. As preconceptions are formed over several
years, they have a deep impact on the human mind, a fact that makes them difficult to
remove. Actually, they can survive different educational levels and remain present among
adults, in many cases, even among postgraduates.

Preconceptions are generated due to the person’s own experience [11]. As a conse-
quence, they are usually related to changing situations, which attract more attention than
static scenarios [6]. There is usually a direct connection between causes and effects. Com-
mon previous ideas include the belief that an object in static equilibrium is not subjected to
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any force [12] and the preconception that heavy objects fall down faster than lighter ones,
which is certainly wrong (at least in a vacuum) [13]. Some of the previous ideas persist even
after students graduate because of the absence of any critical analysis using the scientific
method [14].

In this work, we analyze the presence and persistence of preconceptions in a group
of first-year university students enrolled in a physics course for the Agroenvironmental
Engineering Degree at the Universidad Politécnica de Madrid (Spain). For this purpose,
a questionnaire is completed by the students at the beginning and at the end of the term.
This test contains 24 items related to different preconceptions on topics studied during the
course. Most of the items have been borrowed from the seminal FCI [15], but others have
been specifically created in order to focus on the concepts taught during the physics course.
Moreover, the possible connection between previous ideas and the Honey—Alonso LS are
also discussed.

2. Literature Review of Previous Ideas and Learning Styles

The literature on preconceptions and conceptual errors is very extensive [16-18],
but there is no final conclusion on their emergence, on their identification or the way
they can be removed. One probable reason to explain their appearance is the connection
between the learning process and the students’ previous experiences [11]. Likewise, the
cultural environment also has a strong influence on the development of preconceptions.
Common language, technical vocabulary, and the media also contribute to the appearance
of preconceptions [19].

In this sense, heat is a prominent example of a preconception that is not typically
well described in textbooks: it is quite common to find textbooks entitled “Heat transfer”,
but this particular nomination is quite redundant as heat is already transferred (thermal)
energy so that “Heat transfer” actually means “Transfer of transferred thermal energy”.

McDaniel et al. have shown that interactive engagement courses can improve con-
ceptual learning compared to traditional lecture-based courses [20]. However, conceptual-
oriented and more active learning processes do not always imply better performance when
students must solve qualitative problems [16].

Achieving meaningful learning depends on the correct interconnection between the
newly incorporated concepts and those previously assimilated, and consequently, the impor-
tance of previous ideas must always be taken into account. From the point of view of the
constructivist model, students learn significantly if the newly assimilated concepts have a
place on the already established ones, fitting them like the bricks of a wall when successively
placed on top of each other. Therefore, the previous knowledge the student has and his
learning process are of vital importance [21,22]. Following Picquart [23], we can affirm that
the work on didactic research that has been carried out over the last 40 years [24-27] reveals
that traditional education, in which the teacher gives master classes and the students receive
new knowledge as if they were the empty pages of a book that is being written, presents
several limitations. Students, unlike professional scientists, generally understand physics
as a set of independent ideas rather than as a coherent and related discipline. In traditional
teaching, students study and learn, but no attention is usually paid to the influence of their
previous ideas or to their possible modifications during the learning process. The absence of
such studies can be quite disappointing for teachers, as they may notice that some of their
students’ previous ideas are still present at the end of the course [7-10].

The quick and correct identification of previous ideas is essential when applying the
most appropriate teaching methodologies that may facilitate the teaching-learning pro-
cess [28-30]. Several different tools have been developed for this purpose. The individual
interview, in which the student has to answer fairly open questions on certain topics, is one
of the most successful [11]. Its main drawback is the amount of time it requires, especially
in large groups of students. In that case, questionnaires are more appropriate as they greatly
simplify the analysis of the student’s answers [31].
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One of the main advantages of questionnaires is that they drastically reduce the
amount of time needed to identify the existence of preconceptions since they allow the
atomic analysis of students” answers. There are several types of questionnaires: multiple
choice, open, true—false, etc. Some questionnaires have been specifically created for the
identification of their previous ideas. This is the case of the FCI introduced by Hestenes
and collaborators in 1992 [15], which was developed to identify the conceptual errors that
students present in understanding the concept of force and Newton’s laws.

Since its inception, the FCI has been applied in several studies. In fact, it is probably
still the most widespread test nowadays for identifying a student’s comprehension of
Newtonian mechanics. Some studies based on the FCI have been carried out with a
very large number of students, such as the seminal works carried out by Hestenes and
Halloun [32], which involved 10,000 students and 100 teachers, by Hake [33], related to
6500 students, and by Henderson [34], which considered a sample of almost 2200 students.
More recently, we can mention the work focused on evaluating to which extent teachers
were able to identify alternative conceptions related to force and movement in students
of introductory physics [35]. Also noticeable are the works of Scott and Schumayer [27],
who compiled data from 2109 students during the period 2008-2010, and the work of
Artamonova and collaborators [36], which compiles studies carried out by the FCI in Latin
America and in the United States.

Covian and Celemin [18] applied a Spanish version of the FCI to more than 1300 students.
After 10 years of studies, they came to the following main conclusions:

e  The conventional learning process cannot eliminate some prior (erroneous) ideas, as
some of them persist even after students have graduated.

e  Compared to American students, although Spanish university students have a better
understanding of the concept of force, American students present a better performance
in the FCI at the end of their studies.

In addition to preconceptions, another relevant factor in the teaching-learning process
is the LS of the students, as assessed by, e.g., Abdelhadi et al. [37] and Kolb [38], among
others. Kolb [38] posits that LS encompass how individuals perceive and process acquired
knowledge. Alonso, Gallego, and Honey [39] and Estrada Garcia [40] emphasize that LS
represent the process by which abilities are gained and integrated. Smith [41] defines LS
as the characteristic ways that individuals processing information feel and behave within
specific learning environments. They are also considered personal variables, bridging intel-
ligence and personality and influencing how students approach the learning process [42].
Furthermore, LS encompass cognitive, affective, and physiological aspects, serving as sta-
ble indicators of how students perceive, react, and respond to learning environments [43].
Finally, Honey and Mumford [44] describe LS as attitudes and behaviors determining an
individual’s primary learning method. All these definitions converge on the notion that LS
are integral to how students engage with the learning process.

While some studies indicate that there is a direct relationship between academic
performance and LS [40,45], other studies do not seem to support that connection [46].
Following Kolb [38] and Lindsey [47], we consider that LS should not be regarded as fixed
labels but as evolutionary characteristics of the students that may change over time. Within
this reasoning, the different LS give information on the tendency toward certain ways of
learning, something that is always useful to let the students reflect on their own learning.
Likewise, it has been shown the usefulness of the knowledge of the LS of students with
disabilities in order to facilitate their teaching—learning process [48].

Several models of LS have emerged over time, each addressing different dimensions
or aspects of learning [49-51], meticulously discussed by Pantoja Ospina et al. [52]. Some
models, like Charles Owen’s model [53,54], focus on knowledge creation. Others, such as
the model introduced by A. F. Grasha and S. W. Riechman [55], emphasize interpersonal
interaction. Alternatively, LS models like those proposed by N. Ramanaiah et al. [56], V. ].
Marsick and K. E. Watkins [57], and N. J. Entwistle [58] are rooted in learning strategies.
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Brain bilaterality, personality traits, and organizational learning have also been subjects of
study in relation to LS [59-63].

However, the most prevalent LS models focus on perception channels and learning
experiences. Notably, the Dunn and Dunn model [64] places importance on perception
channels, which are particularly influential in the United States. The VARK (visual, aural,
read /write, and kinesthetic) model of N. D. Fleming [65,66] is among the most popular.
Finally, models like those developed by Honey and Mumford [44] and Alonso et al. [36]
also belong to this category.

3. Objectives and Research Questions
The objectives and the research questions of this work are as follows:

Unraveling the existence of previous ideas among a group of freshmen university students.
Analyze the persistence of the previously considered ideas at the end of the physics course.
Check if the presence of previous ideas is larger among students with a lower univer-
sity access qualification than among those with a better performance.

e  Study possible relations between previous ideas and the Honey—Alonso learning styles.

4. Methodology

In this section, the tools used to unravel the presence and persistence of previous ideas
and their connection to the LS are reported. For this purpose, we first describe the charac-
teristics of the test that has been created to identify the presence of preconceptions. We also
report in detail on the relationship between the different questions and the preconceptions
and misconceptions in physics. Then, we present the indicators that have been considered
in the test validation and analysis. Finally, we conclude by briefly summarizing some of
the characteristics of the Honey—Alonso questionnaire that has been used in the LS study:.

4.1. Physics Test to Identify Preconceptions

Based on the aforementioned studies, we have developed a test (see Supplementary
Materials) to study the presence of previous ideas among first-year students. The test
consists of 33 questions. The first nine questions are included in order to find out the
general characteristics of the students, such as their age, gender, or university entrance
qualification. To maintain anonymity and avoid potential biases in the students’ responses,
their names are not requested.

The second part of the test consists of 24 multiple-choice questions covering various
concepts from the introductory physics course (Physics I), including velocity, acceleration,
and inertia. Most of the items have been borrowed from the FCI [15], a well-established
questionnaire for the identification of preconceptions in Mechanics. However, 10 of the
items have been specifically designed according to our previous experience with conceptual
errors among first-year engineering students. In particular, three of the items (items 1 to
3) are related to measurements and uncertainties, two (items 22 and 23) are related to
rotational motion, four (items 4 to 7) to the relation between forces and motion, and one
(item 24) to the center of mass.

Comparing the responses at the beginning (test 1) and the end (test 2) of the course
allowed us to identify the most persistent preconceptions. These ideas were quantitatively
described using classical item theory and the Pearson product-moment correlation coefficient
(P). It is worth mentioning that all students were encouraged to complete the tests, although
it did not entail any additional incentives or extra credit in their final grades. Except for
item 2, the answers of the students to the newly created items seem to improve between
tests 1 and 2. Likewise, they present a Pearson coefficient and a difficulty index above
the average, which indicates that they have been well designed. Furthermore, a principal
component analysis (PCA) [67,68] of the students’ responses does not seem to allow a lower
dimensional representation of the data in this case. PCA usually allows the characterization
of a data set in a lower dimensional representation. For this purpose, PCA searches for
the largest eigenvalues of the covariance matrix and considers the corresponding principal
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components, which are combinations of the original data as prescribed by the eigenvectors.
For the case study, nonetheless, the two largest eigenvalues of the covariance matrix account
for only 22% of the data dispersion. Notice that a lower-dimensional description of the data
is typically significant when it accounts for at least 70% of the data dispersion, something
that, in this case, requires the use of 10 principal components. This result shows that all items
are significant. However, when analyzing in more detail the structure of the eigenvectors
of the covariance matrix, items 6, 21, and 24 seem to be more important than the average.
Conversely, items 11, 17, 18, and 22 are less significant than the average.

4.1.1. Analyzed Preconceptions

In Table 1, we present a classification of the preconceptions analyzed with our ques-
tionnaire, along with their description and the items associated with them. As can be seen,
our questionnaire analyzes 27 preconceptions. Note also that most preconceptions are
analyzed in more than one item.

Table 1. Classification of the preconceptions analyzed, and the corresponding erroneous questionnaire
options that indicate their existence.

Incorrect Answers Associated with

Preconception Description Erroneous Preconceptions
I. Kinematics
1 Misunderstanding of the concepts of velocity and acceleration 4(a), 4(b), 4(d), 5(d), 6(a), 12(a), 12(b), 12(c)
II. Inertia
2 Inertia due to a hit 20(d), 13(b), 13(c)
3 Loss or increment of initial inertia 14(a), 16(a), 16(d)
4 Energy dissipation 17(c), 20(b)
III. Newton’s second law
5 Only active bodies exert forces 9(d), 11(d), 13(a)
6 Motion only takes place under the presence of a force 20(a)
7 The absence of motion implies the absence of forces 5(a), 9(d)
8 Velocity is proportional to the force applied 15(a), 19(a)
9 Nonzero acceleration implies the existence of a variable force 10(b)
10 Force induces acceleration up to a maximum value 10(a), 15(d), 19(c)
11 A force acts until it is consumed 15(c)
IV. Newton’s third law (action/reaction)
12 The larger the mass, the larger the force applied. 8(a), 8(c)
V. Superposition principle
13 The largest force determines the movement 11(a), 5(b)
14 Motion is determined by a combination of forces 14(c)
15 The last force applied determines the motion 14(b), 16(c)
VI. Active forces
16 Obstacles do not exert forces 9(a), 8(b)
VII. Resistive forces
17 The mass of the self bodies makes them stop 20(a), 20(b)
18 Motion occurs when the ff)rce acting is greater than 18(b), 18(d), 19(b)
the resistance
19 Resistance opposes force and inertia 19(b)
VIIL gravitational forces
20 Air pressure enhances the action of gravity 9(c), 10(d), 11(d)
21 Heavier objects fall down faster than lighter ones 21(b), 21(d)
22 Gravity increases as bodies fall 10(b)
23 There’s no gravity in space 7(a), 7(c)
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Table 1. Cont.

Incorrect Answers Associated with

Preconception Description Erroneous Preconceptions
IX. Uncertainty
Lack of knowledge when expressing the result of a
2 measurement accompanied by its uncertainty 1@, 1), 1(d), 2(a), 2(b), 2(d), 3(a), 3(b), 3(d)
X. Center of mass
25 Unclear understanding of the center of mass 24(a), 24(b), 24(d)
XI. Rotational motion
A change in the moment of inertia does not affect the angular
26 velocity of the rotating object 22(2), 22(b), 22(d)
27 Unclear understanding between angular and linear velocity 23(a), 23(b), 23(d)

IL

III.
Iv.

VL
VIL
VIIL
IX.

XL

We have grouped the preconceptions studied into 11 blocks:

Kinematics. Here, we consider concepts related to movement, such as position,
velocity, and acceleration.

Inertia. The study of understanding Newton’s first law when investigating the
effect of forces on the movement of different objects.

The second law of Newton. The effect of forces in different static and dynamic scenarios.
Newton’s third law. The interaction between two objects, that is, the relationship
between action/reaction forces and masses.

Superposition principle. Analysis of the effect of various forces on an object.
Active forces. Effect of an obstacle on a moving object.

Resistant forces. Effect of forces that oppose the movement of an object.
Gravitational forces. Forces exerted by masses due to the law of Universal Gravitation.
Uncertainty. A way to correctly express experimental measurements (significant
graphs, uncertainty, etc.).

The center of mass: The concept of the center of mass and the way to calculate it.
Rotatory motion. Effect of a change in the moment of inertia of a rotating object on
its angular velocity. Relationship between angular and linear velocity.

Table 2 shows the concepts evaluated in the test, along with the correct answers. These

concepts include the most important contents covered in the physics course.

Table 2. Concepts studied along with the respective correct answers to the test.

Concepts Correct Options

I. Kinematics

Uniformly accelerated rectilinear motion 4(c)
Distinction between velocity and acceleration 12(d)
Parabolic motion means constant acceleration 14(d)

Constant acceleration implies change in velocity 15(b), 4(c)

II. Superposition principle

Null resultant force implies rectilinear motion 16(b)

Null resultant force implies constant velocity modulus 17(a), 18(c), 11(b)

III. Newton’s second law

Constant forces imply constant accelerations 14(d), 15(b)

IV. Newton’'s third law

Newton'’s third law for impulsive forces 8(d)
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Table 2. Cont.

Concepts Correct Options

V. Active forces

Forces between solids in contact 11(b), 6(c), 9(b), 19(d)
Frictional force 20(c), 18(c)

VI. Resistive forces

Air resistance 13(d)

VII. Gravitational forces

Force of gravity 9(b), 13(d), 5(c), 6(c), 7(b),

10(c), 11(b)
Weight is independent acceleration 21(a)
VIIL. Uncertainty
Correctly express the result of a measurement. Precision in 1(), 2(c), 3(c)
measurements.
IX. Mass center
Center-of-mass concept 24(c)
X. Rotational movement

Angular and linear velocity 23(c)
Inertia moment 22(c)

4.1.2. Indicators Used in the Study of the Test on Conceptual Errors

In the next two subsections, we summarize the two procedures that have been used in
our analysis. First, we briefly describe the indicators that have been used to characterize
the different items in the tests individually. Second, we review the indices used for the
global analysis of the test as a whole.

Individual Characterization of Items According to the Classical Theory Indices

The different indices that have been used in our work for the characterization of
individual items are the ease index, the discrimination index, and the difficulty index,
which belong to classical item theory and the Pearson product-moment correlation.

The ease index (EI) is a real number that is given by

_ Number of correct answers to the item

EI = (1)

Total number of answers to the item ’

which is then related to the percentage of students that answer a particular item correctly.
Table 3 provides an explanation of the implications of the value of the El in different ranges
according to Baladron et al. [69]. Other alternatives can be found in the literature, such as
those by Crocker and Algina [70] or that of Backhoff et al. [71]. In all cases, those questions
with a very small (large) value should be discarded as they cannot characterize the students
because they are too difficult (easy).

Table 3. The degree of difficulty of an item as a function of the value of the ease index (EI) according
to the ref. [69].

EI Degree of Difficulty
0t0 0.30 Too difficult (discard)
0.31 to 0.50 Difficult
0.51 to 0.70 Moderate
0.71 t0 0.90 Easy

091to1 Too easy (discard)
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The EI takes values between 0 and 1. Very small values in the EI indicate that students
find that item particularly complex or difficult. We will establish as a criterion in this work
that those items whose degree of difficulty is between the values 0.3 < EI < 0.7 can be
considered optimal in the study of the test.

The Discrimination Index (DI) quantifies the ability of a given item to differentiate
between two groups of students: those who achieved the best results in the question under
study and those who obtained the worst mark. For this purpose, the whole group, which is
formed by N students, is divided into two (sub)groups: Group 1, which is formed by the
G1 students who achieve the best results, and Group 2, which is formed by the G2 students
who obtain the worst results. The DI is then computed as

:@:4g_zl )

DI
N/2 N

since G1 + G2 = N. The DI has a value between —1 (if G1 = 0) and 1 (if G2 = 0). The value
DI = —1 corresponds to the worst possible case, when all the members of the group that
perform worse obtain the correct answer in a particular item, while all those belonging to the
group that performs better fail. Contrarily, the DI = 1 corresponds to a perfect discriminating
item, where all students of the first group correctly answer the item, while none of those
of the second group succeed. A value equal to DI = 0 indicates no discrimination for that
particular item. In practice, an item is assumed to correctly discriminate for DI > 0.3 [71].
Accordingly, all items with DI < 0.3 should be removed if the test is repeated in the future,
as they do not allow a correct discrimination of students.

An alternative indicator for item analysis is the difficulty index (I4i¢), which is strongly
related to the percentage of students who do not obtain the correct answer to a given
item [71]. The Ly is given by

Average mark of the item
Maximum mark of the item’

Laige=1 — 3)

Note that the value of I;¢ (3) is also related to that of the EI (1) since when students
consider a question easy, many of them answer it correctly, and then both the average
score and the EI are large, and, consequently, Ly;s is small. Conversely, difficult questions
are characterized by small values in the average score and the EI and large values in ;.
In our case, we will consider that a question has an adequate degree of difficulty when
0.3 < Tgi < 0.7.

The three previous indicators all belong to the classical test theory. A more sophis-
ticated parameter in the analysis of items is the Pearson product-moment correlation
coefficient (P) [72].

For a test with n items that have been answered by N students, the P value for an item
is given by

pogh (=X, =) _ covly) W

noxoy 0x0y

i=1
where x;, and y; are the marks of student i in that particular item x;, and the mark in the
entire test, respectively, X and y are the corresponding average values, ox and oy are the
standard deviations of the item and the test, respectively, and cov(xy) is the covariance
between the score on an individual item, x, and on the whole test, y.

P always has values that are between —1 and 1. If P is positive, the item can correctly
discriminate students. This magnitude quantifies the correlation between the correct
answers of each student in a particular item and their overall result in the whole test.
Therefore, it studies the responses of students who obtain better results than those who
obtain worse results in a particular item and compares them with their overall test results.
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4.1.3. Global Characterization of Tests

Sometimes it is not only interesting to study the items individually but also groups of
items, such as in the test. Let us note, however, that these types of global studies are not
as significant as those associated with individual items since they report average values
corresponding to aggregated information, thus neglecting the details in the test. Still, they
are a good starting point to analyze tests as they can be used to check if they have adequate
difficulty and a reasonable ability to discriminate items and students. Furthermore, some
of them can also be used to study the success of the learning process.

The simplest way to define a group of items is to calculate the mean values of the
considered indices (such as those given by Equations (1)—(3)).

Accordingly, the classical indicators given by Equations (1) and (2) for individual items
can be generalized to a global questionnaire, such as

Mean mark of the test

Eliest =
test Number of items

)

Highest mark — Lowest mark

Dliest =
test Number of items

(6)

Hake developed an alternative index to analyze the success of the learning process
during the course [17]. To do this, the so-called Hake factor (h) compares the average
percentages of correct answers of the students in the initial test 1 and the final test 2 by

M, —-M;

= 2=V 7
100 — M; @)

where M; is the average percentage of correct answers for the questionnaire at time i. This
factor is always between 0 and 1. The persistence of preconceptions after the teaching—
learning process is low for h > 0.7, moderate for 0.3 <h < 0.7, and high for h < 0.3.

4.2. The Honey—Alonso Learning-Styles Questionnaire

In this work, we have used the Honey-Alonso questionnaire (usually known as
CHAEA, the Spanish acronym standing for “Cuestionario Honey—Alonso de Estilos de
Aprendizaje”) to assess the LS of our students. This questionnaire is probably the most
widely used in the Spanish language [73]. Following the spirit of the Honey—-Mumford
learning-styles model [44], the Honey—Alonso questionnaire classifies students in the fol-
lowing four categories: activist, theorist, reflector, and pragmatist. In particular, according
to Alonso et al. [36], the main characteristics of the previous categories are as follows:

e  Activist. Activist students prefer to learn through direct experimentation. These
students like to try new experiences and opportunities, tackle multiple tasks, and
work in groups. Contrarily, they do not like general topics with a lot of theory, care
much about details, or repeat the same activity.

e  Reflector. Reflector students like to perform direct observations and data collection.
These students like to review what they have done, exchange opinions, investigate
carefully, and think before acting. On the contrary, reflector students feel uncomfort-
able when acting as leaders and participating in situations that require action without
previous planning.

e  Theorist. Theorist students are attracted by abstract conceptualization. They like to
work following a previously detailed plan and to methodically explore associations
and relationships between ideas, events, and situations. Contrarily, they do not like to
work on open problems or activities that lack a clear context and/or purpose.

e  Pragmatist. Pragmatist students are hands-on individuals who like to apply (prefer-
ably as soon as possible) what they have learned. These students do not like to study
general theories or concepts that are distant from reality and/or practical purposes.
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The Honey-Alonso questionnaire is formed by 80 statements that the students must
answer with 0 s (if they do not agree) or 1 s (if they agree). There are 20 associated with
each one of the LS. Data collection is simply performed by asking the students to fill out
an Excel sheet with the 80 questions at the beginning of the course. The sum of the points
associated with the questions related to the same LS (which ranges from 0 up to 20) permits
the identification of the tendency toward the corresponding LS, as prescribed by Table 4.

Table 4. Qualitative tendency (very low, low, moderate, high, and very high) toward the different
learning styles as a function of the number of points obtained in the Honey—Alonso questionnaire.
Source: ref. [36].

Learning Style Very Low Low Moderate High Very High
Activist 0-6 7-8 9-12 13-14 15-20
Reflector 0-10 11-13 14-17 18-19 20
Theorist 0-6 79 10-13 14-15 16-20
Pragmatist 0-8 9-10 11-13 14-15 16-20

5. Case Study and Results
5.1. Description of the Case Study

The study group is made up of freshmen students in physics. The students were
enrolled in three different degrees: Agroenvironmental Engineering Degree (Grado en In-
genieria Agroambiental), Food Engineering Degree (Grado en Ingenieria Alimentaria), and
Engineering and Agronomic Sciences Degree (Grado en Ingenieria y Ciencia Agrondmica).
All the students considered are typically taught by the same teacher and in the same class
three days per week (5 h total) for one semester (14 weeks). While enrolled in the physics
course, the students also attend the following courses: Biology, Calculus, Chemistry, and
Technical Drawing. All modules have six ECTS, so they have the same duration and require
the same amount of work from the student.

The contents involved in the physics course correspond to the following topics:

Vector Calculus.

Kinematics of a point particle.

Kinematics of rigid solids.

Relative kinematics.

Point-particle dynamics.

Dynamics of rigid solids.

Static (equilibrium, center of gravity, and inertia moment).

In addition, the students completed three laboratory practice sessions. The purpose of
these laboratories was threefold. First, students can experimentally test some fundamental
concepts of physics, such as Newton’s second law, elastic collisions, measuring moments of
inertia, etc. Second, the laboratory classes show students how to perform an experiment
in physics. Third, special attention was devoted to teaching how to present experimental
measurements, particularly with regard to error and uncertainty calculations.

In order to identify the persistence of preconceptions at the end of the teaching period,
the students were administered the same preconceptions test twice, at the beginning (test
1) and at the end of the course (test 2), and, in addition, a test about learning studies at the
beginning of the course.

At the beginning of the semester, the group was made up of 43 students, with 31 being
women and the remaining 12 being men. Figure 1 shows the number of students based
on their ages and the number of years at university. As it is noticed, the majority of them
(more than 80%) were freshmen between 17 and 20 years old. There are a few that are
older but have not passed the physics subject yet. As most students were enrolled in the
physics course for the first time, the majority (60%) had no previous laboratory experience.
Additionally, 65% of the students had some knowledge of spreadsheets, such as Excel or
Open Office, probably because they had already used them in high school. At the end of the
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term, test 2 was completed by 38 students, consisting of 26 women and 12 men. Notice that
the total number of students shown in Figure 1(top) and Figure 1(bottom) who completed
tests 1, 40, and 41, respectively, is slightly smaller than the total number of students (43 in
orange bars). The reason for this discrepancy is that some of the students did not provide
information about their ages and years enrolled in college. However, this fact does not
affect any of the results provided in this work.
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Figure 1. Histogram with the ages (top) and the number of years at university (bottom) for initial test
1 (blue bars on the left) and final test 2 (orange bars on the right).

5.2. Results

In this section, we analyze the results of our study. First, we discuss the results
obtained by the students on the items individually. Second, we compare the overall results
obtained in test 1 and test 2. Finally, we analyze the possible relationship between the
results obtained with the LS.

5.2.1. Analysis of Individual Items

In Figure 2, we show the students” grades in the university entrance test and the
number of items answered correctly in the initial test 1 (blue circles) and the final test 2
(orange triangles squares). As can be seen, the data represented do not have a clear pattern,
demonstrating the lack of correlation between test performance and college entrance scores.
In other words, preconceptions are present even in those students who have the best
academic records.
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Figure 2. The university entrance mark as a function of the number of correct answers in the initial
test 1 (blue circles) and in the final test 2 (orange triangles).

Concerning the results of the tests, below, we describe the results obtained by individ-
ually analyzing the most representative items.

With item 2, we examine whether students can discern the most precise measurement
among several. Only 5% of the students who took the initial test and 3% of those who took
the final test chose the correct option.

Item 4 deals with the concept of uniformly accelerated rectilinear motion. Notice that
the majority opted for selecting option b (53% on the initial test and 55% on the final test)
instead of ¢ (16% and 18%, respectively), showing a lack of ability to distinguish between
normal and tangential acceleration.

Item 5 had a success rate of 2% and 3% in the initial and the final tests, respectively.
More than half of the students (67% on the initial test and 76% on the final test) chose option
b, indicating that “an object always moves in the same direction as the force acting on it”,
while 16% on both tests chose option a, ”if a body doesn’t accelerate, it’s because no force
acts on it”, and finally, 12% for test 1 and 11% for test 2 chose option d, “if a body moves in
a straight line, its acceleration is zero”.

Item 7 is related to the concept of weightlessness. It is noteworthy that only 14%
in the initial test and 13% in the final test answered correctly. Most students, 67% and
58% respectively, believed that astronauts are not subject to Earth’s gravity, thinking that
“there’s no gravity in space”.

Item 11 was correctly answered by 12% of the initial test respondents and 8% of the
students in the final test. In this question about the ascent of an elevator at a constant speed,
the majority (51% for the initial test and 66% for the final test) chose the option that leans
toward the preconceived idea that “the greater force determines the movement, so if the
elevator moves, it’s because one of the forces is greater”, and 30% and 21% respectively
chose option d, which reveals the preconception that “only active bodies exert forces”.

Item 12 presents an illustration with several blocks moving to the right, asking which
will have greater acceleration. With a 12% correct response rate in the initial test and 21% in
the final test, it appears that students have some confusion about the concepts of velocity
and acceleration. Analyzing the graph reveals that the blocks cover equal distances in equal
times, so their velocities are constant, making option d correct: the acceleration of a is equal
to the acceleration of b, both being zero. However, the majority of students (30% and 37%
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respectively) chose option c—aa < ab—indicating some “confusion between the concepts
of acceleration and velocity”.

Item 13 studies the forces involved during the trajectory of a ball in the air. The
majority of students chose option c (63% and 61%, respectively), believing that throughout
the trajectory, gravity, the force of launch, and air resistance are involved, instead of
choosing the correct option, d (19% and 18%), thus falling into the preconceived idea of
“inertia due to a hit”.

Item 16 was answered correctly by only 9% and 13% in the initial and final tests,
respectively. Most students chose option d (33% and 24%), which implicitly carries the
preconceived idea of “loss or recovery of initial inertia”, while 30% and 21%, respectively,
chose option ¢, “the last force acting is the one that determines the movement”.

Item 18, with a 12% correct response rate, studies the movement of an object under the
action of a force. More than half of the respondents, 65% and 47%, chose option d, which
shows the presence of the following preconception: “movement always occurs when the
acting force is greater than resistance”.

Item 19 was correctly answered by only 2% of the initial test students and 5% in the
final test. The majority fell into the following preconceptions: “velocity is proportional to
the applied force” (option a, 21% and 32%) and “movement occurs because the applied
force is greater than resistance” (option b, 53% and 42%).

Item 20, related to 18, had a 35% correct response rate in the initial test and 26% in
the final test. It is important to note that 35% of initial test students and 32% of those in
the final test considered that the mass of bodies causes them to stop immediately, falling
into the preconception that “motion requires the existence of forces” (option a), while 23%
in the initial test and 32% in the final test chose option b, believing that after a force acts,
the body will continue moving at a constant speed for a while and then gradually stop,
indicating conceptual errors regarding “energy dissipation”.

The following items were considered more difficult in test 1 compared to test 2:

Item 6, which studies the displacement of a mobile placed on a table and connected
to another suspended by a rope, was challenging, with a 26% correct response rate in the
initial test.

Moreover, 28% of students answered item 8 correctly in the initial test. More than half
(67%) chose option a, suggesting the preconception that “the greater the mass, the greater
the force exerted by an object”, a poor result for students who should grasp the principle of
action-reaction.

In Item 14, with a 19% correct response rate in the initial test, the behavior of a
space rocket after being propelled by an engine is studied. Moreover, 37% chose option b,
indicating the preconception that “the last force to act determines the movement”.

Item 15 deals with the trajectory followed by a rocket between two specific positions.
Students showed some deficiencies in understanding the velocity reached by a mobile on
which a constant force acts. Preconceptions evident in their answers were “a force acting
eventually vanishes” (21%, option c) and “a force causes the acceleration of the mobile, but
only up to a maximum velocity” (21%, option d).

In item 21, where two balls of different weights fall from the edge of a table, most
students chose option d as valid (49%), indicating the preconception that “heavier objects
fall faster”.

With Item 22, we study whether students understand the meaning of the concept of
moment of inertia. Only 21% answered correctly in the initial test.

Item 24 studies whether students have correctly assimilated the concept of the center of
mass. Only 14% answered correctly in test 1. The majority of students, 37%, chose options
that involve the following conceptual errors: “the center of gravity always coincides with
the center of mass” (option b) and “in a system of particles, there’s no center of mass, but
there is a center of gravity” (14%, option d).

To contextualize these results, we apply the indices described in the previous section.
Table 5 shows the results of the indicators given by Equations (1)—(4) for the 24 items that make
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up the test, along with the difference in the number of correct answers between test 1 and test 2
expressed as a percentage, Ao,. As can be seen, this percentage is positive in 18 of the 24 items,
showing that the vast majority of the students have a better performance in test 2 than in test
1. This improvement is particularly significant in 6 of the items (1, 6, 9, 14, 23, and 24), as A,
surpasses 20%. In the rest of this section, we only discuss those questions with |A¢,| > 5%, a
threshold that is considered sufficient to provide a complete description of the test as it is a
value that is exceeded by 21 of the questions.

Table 5. Values of the ease index (EI) (1), the discrimination index (DI) (2), the difficulty index
(Lgier) (3), and the Pearson product-moment correlation (P) for each item and its mean value for
the whole (bottom) initial test 1 (left) and test 2 (right) carried out at the end of the quarter. Ao,
indicates the difference between the number of correct answers between test 2 and test 1, expressed
as a percentage. Asterisks (*) highlight the items which are considered the most reliable ones, as they
satisfy 0.3 < EI < 0.7, DI > 0.3, 0.3 < I4;¢s < 0.7, and P > 0.3.

Test 1 Test 2
Item A% EI DI Idiff P EI DI Idiff P
1 31.5 0.40* 0.42* 0.60 * 0.44* 0.71 0.37 0.29 * 0.32*
2 -2.0 0.05 0.09 0.95 0.52 0.03 —0.05 0.97 —0.05
3 15.5 0.58 —0.14 0.42 0.09 0.74 0.11 0.26 0.27
4 2.1 0.16 0.14 0.84 0.09 0.18 0.16 0.82 0.21
5 0.3 0.02 —0.05 0.98 —0.09 0.03 0.05 0.97 0.13
6 21.8 0.26 0.23 0.74 0.08 047 0.11 0.53 0.28
7 -0.8 0.14 0.09 0.86 0.29 0.13 0.26 0.87 0.51
8 6.3 0.28 0.09 0.72 0.33 0.34 0.26 0.66 * 0.39 *
9 21.0 0.40* 0.33 * 0.60 * 0.36 * 0.61 0.16 0.39 * 0.30 *
10 —4.1 0.49 0.23 0.51* 0.30 * 0.45 0.05 0.55 0.29
11 -3.7 0.12 0.05 0.88 —0.07 0.08 0.05 0.92 0.06
12 9.4 0.12 0.14 0.88 0.19 0.21 0.21 0.79 0.06
13 -0.2 0.19 0.09 0.81 0.19 0.18 0.16 0.82 0.06
14 36.7 0.19 0.09 0.81 0.19 0.55 0.16 0.45 0.02
15 8.3 0.23 0.28 0.77 0.28 0.32 0.21 0.68 * 0.38 *
16 39 0.09 0.09 0.91 0.31 0.13 0.16 0.87 0.43
17 3.2 0.44* 0.42* 0.56 * 0.40 * 0.47 * 0.32* 0.53 * 047 *
18 12.1 0.12 0.14 0.88 0.07 0.24 —0.05 0.76 —0.08
19 29 0.02 0.05 0.98 0.09 0.05 0.11 0.95 0.36
20 —8.6 0.35* 0.42* 0.65 * 0.49 * 0.26 0.53 0.74 0.48
21 15.6 0.19 0.00 0.81 0.40 0.34 0.05 0.66 0.15
22 15.9 0.21 0.05 0.79 0.10 0.37 * 0.42* 0.63 * 0.37*
23 25.6 0.35* 0.42* 0.65 * 0.56 * 0.61 0.05 0.39 0.28
24 20.0 0.12 0.14 0.88 0.41 0.32 0.11 0.68 * 0.36 *
Mean value 9.70 0.23 0.16 0.77 0.25 0.33 0.16 0.67 0.25

The most reliable items correspond to those that satisfy 0.3 < EI < 0.7, DI > 0.3,
0.3 <I4iff < 0.7, and P > 0.3, which have been highlighted with asterisks.

As can be deduced from Table 5, item 17 meets the previous criteria in both tests. Let
us also note that items 1, 9, 17, 20, and 23 in test 1, and item 22 in test 2, also achieve a high
degree of reliability. In general, students found both tests difficult, as can be deduced from
the large number of items with IF < 0.3. In particular, the most difficult items in both tests,
with the EI < 0.3, were 2,4,5,7,11,12,13, 16, 18 and 19. In test 1, items 6, 8, 14, 15, 21, 22,
and 24 also turned out to be difficult, while in test 2, item 20 was also considered difficult.
Despite the large number of difficult items, our tests were also able to discriminate between
the group of students who achieved better results and those who were not as successful.
Likewise, the El is, in general, higher in test 2 than in test 1, which shows that the learning
process has been positive, as reflected in Figure 3. As discussed in more detail in the next
section, this result is also in good agreement with the average results for Ay, and the El is
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shown at the bottom of Table 5 but does not seem to have any relation to DI or to P since
both of these quantities have the same value in both tests.
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Figure 3. Comparison of the ease index (EI) given by Equation (1) for the answers to all the items of
test 1 and test 2.

5.2.2. Global Analysis of the Test

In order to carry out a global study of the learning process of our students, we have
also calculated the global indicators of the tests. On the one hand, the Elies; for the entire
test, as defined in Equation (5), had a value of 0.23 for test 1 and 0.33 for test 2. These results
corroborate the improvement made by the students in test 2, as shown in Figure 3. On the
contrary, according to Table 5, the average value of Ly (3) is reduced from 0.77 for test 1 to
0.67 for test 2. These results indicate that students found the tests difficult in both cases, as
expected, due to the large number of individual items that were considered difficult. However,
the students found test 1 more difficult than test 2. This fact is clearly demonstrated in Figure 4,
where a histogram for the EI is shown. As can be seen, while more than 70% of the items were
perceived by the students as difficult and none of them as easy in test 1, in test 2, only 46%
of the items were difficult and 8% easy. Likewise, the average number of correct answers in
test 2 was Aq, = 9.7% higher than in test 1, again in good agreement with the results shown in
Figure 3.
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Figure 4. Values of ease index given by Equation (1) for test 1 (blue bars) and test 2 (orange bars).



Educ. Sci. 2024, 14, 401

16 of 23

On the contrary, the discrimination power of both tests is almost the same. On the
one hand, P = 0.25 both for test 1 and test 2, which implies that the individual items have,
on average, the same discriminatory power in both cases. On the other hand, the average
value of the DI given by Equation (2) is also the same (Dlest1 = Dliesty = 0.16), which shows
that the two tests have the same capacity to discriminate between the group of students
who obtained better results in the test and the group that performed worse, such as DI < 0.3.
However, the discrimination of the tests is much better when calculated using Equation (6)
since the obtained value equals 0.54 for both tests.

Next, to analyze the learning process, we have calculated the Hake factor h given
by Equation (7). This factor was equal to 0.13 since the average percentage of students’
correct answers in the initial and final tests was, respectively, 22.87% and 32.57%. The
low value of the Hake factor (being less than 0.3) demonstrates the need to modify the
teaching methodologies that we are currently using to overcome the persistence of some of
the preconceptions. Let us note here that the teachers did not have access to the students’
results in test 1 during the term. Therefore, they could not apply any specific strategy
in order to modify preconceptions. Instead, they used traditional lecture-based teaching.
A more active educational methodology based on projects, case studies, and directed
projects can probably help in conceptually oriented learning [74-76]. It has been shown,
e.g., that open-inquiry activities can improve the learning process [77-79] and make it more
long-time lasting [80].

Finally, we carry out a more detailed description of the learning process by calculating
the EI and the Hake factor, bringing together the items that are related to the same topic. To
do this, we present in Table 6 the percentage of correct answers and the EI, as well as the
corresponding Hake factor. As can be seen, the improvement in terms of understanding of
concepts has been quite moderate, as expected from the global results already reported.
In this way, the preconceptions in which the greatest improvement was observed were
those dedicated to correctly expressing a measurement, the center of mass, and the rotation
movement. On the contrary, there was almost no difference in the concepts related to
Newton'’s laws and the types of forces.

Table 6. Contents involved in the tests and items where they appear, along with the total and
percentage of correct answers and their ease index, EI, for the initial test 1 and the final test 2, and the
Hake factor, h.

Test 1 Test 2

Contents Related Items No. % EI No. % EI h
Kinematics 4.12,14.15 30 17.4 0.17 48 31.6 0.32 0.17
Newton’s first law 11, 13,14, 15,16,17,18, 20 74 21.5 0.22 85 28.0 0.28 0.08
Second law of Newton 5,9,10,11, 14, 15,19, 20 78 22.7 0.23 89 29.3 0.29 0.09
Newton’s third law 8 12 27.9 0.28 13 34.2 0.34 0.09
Superposition principle 5,11,14, 16,18 23 10.7 0.11 39 20.5 0.21 0.11
Types of forces 5,6,7,9,10,11,13,18,19, 20, 21 98 20.7 0.21 108 25.8 0.26 0.06
Expression of a measure 1,2,3 44 34.1 0.34 56 49.1 0.49 0.23
Mass center 24 5 11.6 0.12 12 31.6 0.32 0.23
Rotatory motion 22,23 24 27.9 0.28 37 48.7 0.49 0.29

5.3. Learning Styles and Persistence of Conceptual Errors

In this subsection, we analyze the possible relationship between the different LS and
preconceptions studied in the previous subsections. To begin with, we present in Figure 5
histograms with the qualitative tendencies (low and very low, moderate, and high and
very high) of the LS of the group of students as prescribed by Table 4. As it is observed,
the moderate tendency dominates among all LS. However, there is a clear high/very
high tendency among theorists (which is almost three times larger than the low /very low
tendency). For the other three LS, the low and high tendencies balance with each other.
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Figure 5. Histograms with the qualitative tendencies of the students’ learning styles as prescribed by
Table 4.

Next, let us discuss the main LS of the students that present some characteristic
preconceptions. First, it has to be mentioned that, in general, we have not observed
remarkable differences between the dominant LS in students who present preconceptions
and those who do not show them.

We present in Figure 6 the histograms for the questions related to the preconception
“misunderstanding between the concepts speed and acceleration”. Among students with
this preconception (bottom) and among those who do not present it (top), moderate
tendencies dominate in all LS. Furthermore, both groups have a noticeable high/very
tendency toward the theorist LS. Likewise, students with the preconception have a slightly
larger preference to be activist with a high/very high tendency, while those who do not
have it prefer a low/very low tendency toward this LS.
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Figure 6. Histograms with the qualitative tendencies of the students’ learning styles as prescribed by
Table 4. (Top): Students that do not present preconception 1 of Table 1 related to a “misunderstanding
between the concepts speed and acceleration”. (Bottom): Students who present this preconception.
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Now, we analyze the LS of the students in relation to the understanding of Newton's
third law. As can be inferred from visual inspection of Figure 7, most of the students
provided wrong answers to the test, as they did not fully understand that two colliding
bodies exert the same force between each other, no matter their individual masses. Here,
a moderate tendency toward all the LS dominates, except for the activist LS among the
students who lack the preconception and have a low/very low tendency toward it. As for
the whole group, a high/very tendency toward the theorist LS is also noticeable.
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Figure 7. Same as Figure 6 for the preconception 12 of Table 1 related to the third law of Newton.

As shown in Figure 8, preconception 6, “For there to be movement, there must be
forces”, is much more present in the students, as only one-third of them answered the
test correctly. Moreover, students who do not present this preconception on the relation
between force and motion show a slightly stronger tendency toward the theorist LS, while
those who fail have a larger low/very low tendency toward the activist LS. Still, all the
tendencies seem to be approximately well balanced among all LS.

Finally, we conclude this discussion by showing in Figure 9 the histograms for the
question related to preconception 26 of Table 1, which implies that “A change in the moment
of inertia does not affect the angular velocity of the rotating object”. As in the previous
cases, there is no remarkable difference in the main LS of the students who present this
preconception and those who do not show it.
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Figure 8. Same as Figure 7 for the preconception 6 of Table 1 related to the necessity of force to have motion.
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Figure 9. Same as Figure 7 for the preconception 26 of Table 1 related to the influence of changes in
the moment of inertia on angular velocity.
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6. Conclusions

In this work, the presence of prior ideas in first-year university students has been
studied, a fact that can have a strong influence on their study plans for future academic
years. To do this, we have analyzed their responses to a test on physical concepts taken at
the beginning and at the end of the semester. We have not observed a correlation between
the university entrance mark and the performance of our students in any of the tests.
This fact shows that conceptual errors are present even in those students who finish high
school with a high grade. More importantly, we have also observed that some of these
preconceptions are still present at the end of the introductory physics course. Using the
Hake factor, we have shown that there is only a moderate improvement in modifying
some of the preconceptions. In general, most students found it difficult to answer the test,
both at the beginning and at the end of the term. Even so, we have observed a moderate
improvement in their responses through the Hake factor. However, this parameter had a
fairly low value, indicating the need for new strategies in the teaching process.

From the analysis of both tests, initial and final, we have observed that the most
frequent preconceptions that the students present are as follows:

o Difficulties when expressing the result of a measurement accompanied by its uncer-
tainty and discerning the most precise measurement;

Confusion between the concepts of speed and acceleration;

The absence of movement implies the absence of forces;

A body always moves in the same direction as the resultant force;

There is no gravity in space;

Only active bodies exert forces;

The greatest force is what determines the movement;

Inertia due to the effect of the blow;

Loss or recovery of initial inertia;

The last force to act is the one that determines the movement;

Movement always occurs when the force acting is greater than the resistance;
Speed is proportional to the force applied;

A force causes acceleration to a maximum speed.

It should be noted that none of the teachers had access to the results of test 1, so they
could not know the preconceptions present in their students at the beginning of the course,
and therefore, they could not apply teaching aimed at modifying these preconceptions. As
a consequence of these results, we propose to emphasize poorly understood concepts in
the next academic year. Furthermore, new teaching methodologies can help improve the
learning process in order to modify preconceptions. Moreover, more active teaching may
improve the learning process [75]. One possible way to do this is by increasing the number
of activities that students must perform in the laboratory, where conceptual errors can be
tested experimentally. Additionally, we also think that teaching using project-based and
case-study methods can dramatically reduce the most persistent preconceptions—those
that remain at the end of the term. The comparison between these new methodologies and
traditional teaching based on master classes will also be the subject of future studies.

Finally, using the Honey—-Alonso questionnaire, we have also examined the dominant
learning styles among our students. On average, most of the students have a moderate
tendency toward all learning styles. However, a high/very high tendency toward the
theorist learning style can be noticed. Though certain differences have been observed
between the learning styles of students with certain preconceptions and those who do not
have them, no significant relationship has been found between the learning styles and
the persistence of preconceptions. Further studies with larger samples of students will be
conducted in the future to try to elucidate this issue.
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