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Newton’s law learning assessment: an experience with high
school students
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Abstract. The Force Concepts Inventory is a test to determine the level of conceptual knowledge
of students about mechanical physics and to evaluate the effectiveness of different teaching
strategies on the conceptual component of learning. The test is applied with the purpose of
knowing the level of conceptualization of the students of a Physics subject course. The results
of the pre-test made it possible to find out the level of conceptualization that the students
possessed and provided information for the development of workshops based on real physical
situations that required the elaboration of force diagrams. The results of the post-test allowed
estimating Hake's learning and showed evidence about the conceptual evolution of the students
and information to develop future teaching activities on Newton’s laws.

1. Introduction

In mechanical physics, the concept of force is fundamental in academic programs in science and
engineering, so students (who come from pre-university education), need to conceptualize it to apply
Newton’s laws in the resolution of different concrete problem situations. One of the curricular
orientations for the teaching of natural sciences in secondary education (by the “Ministerio de Educacion
Nacional, Colombia”), is related to the theoretical and practical foundations of classical mechanics, from
the movement of bodies and their interactions, the concept of force, work, and energy, supported by
mathematical modelling, for the explanation of situations in nature [1,2].

Therefore, the students’ learning, before focusing on algorithmic and algebraic procedures, must be
oriented towards a conceptual domain that allows them to understand the laws and the explanation of
physical phenomena, since, when approaching the solution of a problem, it is decontextualized from the
conceptual arguments of physics. This adds to the inherent difficulty of concepts and their relationships
to be understood; acceleration and force, equivalence between rest state and movement with constant
speed, inertial and non-inertial systems, among others [3].

One of the difficulties that hinder the learning of mechanical physics is related to the erroneous
preconceptions of the students [4], that are born from the daily experience that led to internalize incorrect
relations between different physical magnitudes, for example, to use the term force in a variety of
contexts, using vague and ambiguous associations [5], which are difficult to modify in structural terms.

The personal construct of students’ previous ideas are representational schemes that do not model
adequate scientific conceptions, thus becoming an obstacle that does not favor conceptual change despite
teaching attempts [6]. Therefore, helping a conceptual change requires teaching activities that start from
what the student knows, in a social teaching context [7,8], that favor the clear, stable, and organized
reconstruction of knowledge with which they can face and solve diverse situations and, at the same time,
acquire knowledge that demands a higher level of abstraction within the same field.
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The intervention developed in this study that has as its axis of analysis the consistent representation
of the interactions between systems through the so-called force diagrams (free body diagrams) [9], is
based on the perspective of collaborative learning that is based on the psychological theory the
sociocultural theory [7] and of cognitive development [10].

On the other hand, the force concept inventory (FCI) evaluates the degree of understanding of
concepts in mechanical physics [11,12]. It is usually used as a pre-test/post-test (Hake’s factor [13]) to
determine the effectiveness of some teaching strategies used during students’ conceptual learning. There
are studies on the application of FCI in university students in the United States, Spain, and some Latin
American countries but no studies are recorded in basic education students, which is where students are
beginning to build their ideas of the physical concepts that will be used later in secondary and university
education [3,14].

In accordance with the above, from the framework of the implementation of this strategy in the
Physics subject in an educational institution of basic and secondary education, the hypothesis raised
consists in whether the teaching of Newton’s laws from the perspective of collaborative learning using
force diagrams allowed a conceptual evolution of their learning. For this purpose, the FCI and Hake’s
factor were applied to know the students’ conceptual level in relation to the concepts of mechanical
physics.

2. Methodology

The research was done under the quantitative paradigm, with intentional sampling, because the target
groups are formed through entry mechanisms outside of teachers’ control. The design was quasi-
experimental, in which the FCI was applied as a pre-test, to explore the preconceptions of Newtonian
mechanics that students had, followed by a teaching intervention with the following activities: design,
implementation and application of workshops based on real physical situations and where the
elaboration of force diagrams is the central axis [7,10,11]. At the end of the intervention, the FCI was
applied again as a post-test allowing to estimate the so-called Hake’s learning gain [13].

2.1. Population and sample

The implementation of the proposal was developed in 40 of 10™ grade students divided into two groups
belonging to an educational institution located in Norte de Santander, Colombia. The ages of the students
are between 14 years old and 16 years old. It should be noted that this is the first introductory physics
course in their academic training. All the young people who participated in the implementation of the
experience were informed orally about the nature and purposes of the experience; their response was of
unanimous acceptance of wanting to participate actively in the process. In addition, they were informed
of the commitment made with the institutional directives to deliver a copy of the project and its results,
which will be available for any type of consultation.

2.2. Instruments

The FCl is a test designed by Hestenes, Wells, and Swackhammer that measures the understanding of
the basic concepts of Newtonian mechanics, the didactic efficiency of the teaching-learning process of
the latter and allows to detect the preconceptions that it has he evaluated on this subject [11,12]. The
FCI is composed of 30 questions. The advantage of the FCI is that it allows to determine the level of
knowledge of mechanics, to evaluate the didactic efficiency of the teaching-learning process, the degree
of comprehension, to detect and to classify the conceptual errors incurred by the students and their
preconceptions and their evolution in time [15,16]. The FCI was used in its Spanish version [3] with
questions with 5 answer options, grouped into the following categories [11]: cinematics; Newton’s first
law (inertia); Newton’s second law (force and acceleration); Newton's third law (action and reaction);
principle of overlap; types of force. This instrument was used because it measures (in a certain sense)
the ability of Newtonian thought [17]. A high score on the FCI does not indicate a unified knowledge
of the concept of force, however, a low score indicates a lack of knowledge of basic Newtonian concepts.
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Free-body diagram, also called force diagram [5] of a body or a group of bodies (or a part of a body)
which is called a system and is represented in isolation from its environment, where all the external
forces acting on it are shown, allowing the modelling of a body and its interactions with its surroundings.
The modelling process allows to solve problems by simplifying the situations to be studied, therefore,
it will be incomplete and inaccurate, but it will explain and predict the behavior of an object or system,;
the model will be valid if the analytical results are experimentally verified.

Finally, the Hake’s factor or relative gain of conceptual learning indicates the average real gain of
standardized conceptual learning [13]. It is used to determine the level of conceptual learning
achievements in the implementation of a didactic strategy, that is, with the results of an evaluation
(pre-test and post-test) the impact on the assimilation of type knowledge is determined conceptual. In
the case of this proposal, the g factor allows to establish the changes achieved in the different dimensions
of the FCI when implementing a didactic strategy, since the low, medium, and high levels of
achievement in the g factor are related to the level of conceptual mastery of the phases of the FCI. For
the calculation of the Hake’s factor (g) the Equation (1) is used [13].

Also, the value of g can take values between 0 and 1, where 0 represents no learning, while 1
corresponds to the maximum possible learning. Establishing with the relative learning gain it is possible
to classify three levels of achievement, high (g > 0.7), medium (0.3 < g < 0.7),and low (0 < g < 0.3).

_ FCIpOSt(%)_FCIpI‘e(%) (1)
100-FClpre(%)

2.3. Data collection procedure

The collection procedure is described below, which plays an important role in the validity and quality
of the data. To analyze the initial state (preconceptions and diagnosis) that the students of mechanical
physics had, the modified FCI in their numbering was applied as a pre-test (only 20 items were taken:
1-4,7,13-18, 21-29). The selected questions were directed to reach the conceptual levels of the students
proposed in their area plan related to the concepts of force and proper Newtons laws. To perform the
analysis, it was divided into fundamental aspects defined by groups of topics (see Table 1).

The classes were of a theoretical-experimental type where inclined planes, wooden blocks, laboratory
pulleys, dynamometer, chronometers, pita ropes and power table were used. These activities were
carried out in 20 hours of class attendance. For the didactic interventions related to the subject of
cinematics (5 exercises) it was analyzed if the students have clear concepts of position, speed, and
acceleration; as well as if they recognize these physical magnitudes as vector magnitudes.

The topic of Newton’s Laws (10 exercises), it was identified if the students understand the approach
of the law of inertia (movement does not imply presence of external force. We also analyzed the ideas
they have about the cause of movement and its implications in speed and acceleration. Finally, the
understanding of the interaction between two bodies was investigated, since it is common to consider a
dominance principle in which "the strongest exerts the greatest force"; the strongest is usually the object
with the greatest dimension, the most activity and/or the greatest amount of mass. This conflict leads to
erroneous interpretations of this law.

Table 1. Classification of FCI questions by topic.
Topic Grouping of questions

Cinematics 1-3, 5-15

Newton’s first law 5,7,9,10, 12-16, and 20

Newton’s second law  1-3,5-8, 11-15, 17, and 18

Newton’s third law 4,8-10,and 19

Force classes 1-3,5-7, 11, and 20

The analysis of the subject each exercise consists of construction of force diagrams; decomposition
of forces into rectangular components, if necessary; presentation of the equations of Newton's laws, and
solution of the equations to find the physical variable requested in each statement, considering the data
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from each exercise. For the topic types of force (20 exercises), we explored the conception that they
have of the term concept force; if they recognize the force of contact (friction and normal), the forces
present by the action of the strings and the forces at a distance as the force of gravity. In addition, for
the construction of force diagrams, the student considered the following protocol:

e Description of the physical situation.

o Simplified representation of the physical situation.

e Matrix representation of the interactions between systems.

e Representation with closed dotted line of the physical system(s) of interest.

e Detailed list of the forces acting on the physical system(s) of interest and assign a notation.

e Representation of the forces (force diagram) acting on the system(s) of interest.

e Representation of forces by simplifying the model to a particle (if possible).

e Once the situation of the exercise to be solved has been described and its simplified representation
has been carried out, it should be done:
% Choose reference frame.
¢ Select a coordinate system that is anchored to the reference frame.

e Make the decomposition of forces (rectangular components) and proceed to apply Newton's laws
of motion in each direction.

e Solve the equations.

o Verify the results by performing some usual technique for this purpose.

Finally, the FCI was applied again, and the so-called learning gain was estimated using the Hake’s
factor of each of the five aspects into which the study was divided.

3. Results and discussion

The presentation and analysis of the results was done considering the questions of the FCI (Table 2).
The results are presented indicating the average percentage of success of the FCI questions in their pre-
test and post-test applications and the calculation of the Hake’s factor to numerically visualize the level
of learning achieved (see Table 2). According to Hake’s factor, the learning gain, for each of the subjects,
is at the middle level, an index very similar to others.

Obtained in previous studies in the United States and Spain [18]. From the results of the table, it can
also be highlighted that Newton’s third law had the highest mean level of gain (0.63), which can be
attributed to the analysis of physical situations with the use of force diagrams in association with the
matrix listing of interactions. The above is due to the understanding of physical concepts rather than the
mechanization of mathematical formulas and the proper construction of force diagrams.

In addition, for Newton’s second law, it was the lowest level of profit (0.38). This is because some
students failed to relate the acceleration to the resulting force; additionally, they presented deficiencies
in the handling of the equations that in most of the cases were simultaneous. Here it is necessary to say
that the time spent teaching this law was not enough. Some studies show that the concept with the
greatest difficulty is Newton’s second law [3,14].

Table 2. Average percentage of success in the pre-test and post-test and gain
of the Hake’s factor of the target group.

Topic % Pre-test % Post-test  Hake’s factor Level
Newton’s first law 27.25 58.00 0.42 Medium
Newton’s second law 31.92 57.85 0.38 Medium
Newton’s third law 56.00 83.50 0.63 Medium
Force classes 32.15 58.71 0.39 Medium
Cinematics 39.45 68.21 0.47 Medium
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Finally, between the application of the pre-test and the post-test a progress in the students'
understanding and correct application of Newton’s laws of motion is observed. The previous evidence
shows that didactic intervention on the use of force diagrams (mental representations and their
characterization), favored the significant learning of Newton’s laws in basic education students, in
comparison with previous experiences developed in similar contexts [19].

The realization of the force diagrams of the different physical situations allowed the student to
evidence the understanding of the phenomena studied. In this order of ideas, the following advances in
the learning of the concept of force and Newton’s laws are highlighted.

e Construction of the interaction matrix, which contributed to differentiate the action-reaction pairs
easily.

e Understanding sliding friction force.

e Correct interpretation of the friction coefficient.

e They adequately represent the external forces acting on the physical system.

e [mprovements in mathematical procedures applied to the resolution of physical problems and
interpretation of physical situations related to the environment.

o The feedback made it easier for the students to construct force diagrams.

e Resolution of more complex exercises.

Among the difficulties presented, the following stand out.

o The reference system or coordinates are not identified, and the physical variable requested is not
found.

e Deficiencies in the handling of equations.

e Confusion of the concepts weight and mass, as well as in the nomenclature of forces.

Difficulty in understanding physical situations such as underestimating friction, weightless

pulleys and mass free ropes that can help simplify a problem.

Incorrect decomposition of vectors into rectangular coordinates

It is difficult in physical systems of three blocks to add masses and unite them into one.

Difficulty to apply Newton’s laws according to their cases.

Difficulties in formalizing force diagrams.

Although the reference systems and coordinates, the matrix, and the equations derived from the

force schemes are well posed, they have mathematical difficulties in solving the problem.

Some of these difficulties in students coincide with those found in previous studies on physical
concepts [20,21]; and especially concepts linked to the conception of Newton’s laws [22-26]. Another
of the limitations found was the decrease in the intensity of the weekly hours, due to the development
of various academic activities at the institution.

According to the results obtained from the didactic implementation, and according to the instruments
used, it is evident that the students have obtained gains with respect to conceptual learning, in the
different components of the FCI [27]. Hake’s factor does not seek to evaluate the student himself, but
the teaching-learning process and the teacher’s didactic strategies. In relation to the above, it is possible
to establish that the use of force diagrams as a fundamental part in the teaching-learning of Newton’s
laws, allowed students to advance towards a high conceptual level, by improving their reasoning skills,
developing an understanding of concepts, and solving more complex problems [28]. This, together with
a better attitude of the students towards the study of physics.
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4. Conclusion

After the analysis of the pre-test/post-test of the force concept inventory, it is shown that the didactic
intervention that used the force diagrams as a fundamental element in the teaching-learning of Newton’s
laws allowed the systematic use of the interaction matrices of the forces of the physical systems, the
experimentation of Newton’s laws and their application to problematic situations achieving a significant
learning in the students who were the objects of study. However, there is still much work to be done in
this area since, although there are numerous proposals for didactic experiences of this type, their
effectiveness must be evaluated with larger samples of students and those of different educational levels.
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