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1. Introduction

The importance of accurately and deliberately teaching the Nature of Science
(NOS) when teaching science to students is widely recognized (Clough & Olson,
2008), see also Duschl (2000), Supovitz & Turner (2000) and Parkinson (2004).

We can also say a main goal of science education is to create scientific literacy
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and a scientific literate person needs a deep understanding about the NOS (Ak-
cay & Ackay, 2015). Akcay also states that understanding the NOS is a critical
objective and to achieve this understanding, students need to learn about the
processes through which science develops. Further support to report the effec-
tiveness of interventions related to the NOS is shown in these two studies.

One study that investigated teaching experiences applying History and Phi-
losophy of Science (HPS) in a physics classroom, with the aim of obtaining
critical and reliable information on this subject was done by de Carvalho and
Vannucchi (2000) in Germany. This study involves qualitative research with a
group of secondary school students on the historical development of optics, es-
pecially events involving Galileo using a telescope. Group activities took place in
a classroom with questions proposed and mediated by the teacher. After reading
and analyzing historical texts, there were activities in which students discussed
the subject with a view to better understanding essential aspects of science, as
well as learning how to develop arguments and appreciate attitudes as to the di-
rection of science. The authors presuppose History and Philosophy of science
(HPS) to be an “integral part of scientific knowledge, and therefore, they must be
studied in science courses” (de Carvalho & Vannucchi, 2000: p. 427).

Secondly, research was also done by Galili and Hazan (2000) in Israel. The in-
fluence of a historically oriented course on students’ understanding investigated
the effects of a one-year optics course that incorporated historical materials
about light and vision models on students’ perceptions about the NOS and
technology and the extent of subject knowledge. HPS was introduced through
historical texts in terms of drawing parallels between the students’ conceptions
and historical conceptions of the concepts of light and vision, although no spe-
cific teaching strategy was suggested to the teachers who ran the course.

Understanding that these studies presented favorable results about the impor-
tance of teaching of the NOS, we looked for essential teaching strategies to de-
liver effective lessons since teaching of the NOS is not always effective: simplistic
or erroneous conceptions of science sometimes persist and unfortunately, we
have students coming to the PhD level not understanding the nature of science
and studies have shown that, among children, adults, science teachers, and even
scientists, an understanding of the NOS is meagre at best. For example, 70% of
the American adult respondents to the 2001 National Science Board Survey of
Public Attitudes Toward and Understanding of Science and Technology did not
hold an adequate “understanding of the scientific process” (National Science
Board, 2002). Comprehending these problems which are associated with teach-
ing the nature of science (NOS) is considered a vital component of scientific lit-
eracy worldwide (e.g., American Association for the Advancement of Science,
AAAS, 1990; Lederman et al., 2002; Millar & Osborne, 1998; Osborne et al.,
2003; Wahbeh & Abd-El-Khalick, 2014).

Abd-El-Khalick and Lederman (2000) distinguish between implicit and ex-
plicit approaches to NOS instruction: Implicit NOS instruction assumes that
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students can learn the NOS target as a side effect of the learning experience. As-
pects of the NOS can be addressed to students by “doing science”. Students en-
gage in science-based activities, but NOS issues are not specifically addressed. In
contrast, explicit NOS instruction takes NOS learning to be a direct target, not a
side effect of the learning experience and aspects of the NOS are directly ad-
dressed with students. SCOL 270 is a course exploring the nature of science as a
direct target (explicit NOS instruction). In this course there were 26 sessions in
total and students had one 3-hour class per week.

In the search for proper strategies to deliver adequate understanding of the
NOS, we considered an experiment in a calculus-based introductory physics
course on optics and modern physics reported by Kalman (2002, 2010). In Kal-
man’s study, students study one philosopher all semester as a group project and
report regularly on how their philosopher would view the subject matter of the
course. Students were asked about their views at the beginning and end of the
course, they also had essay questions about the NOS on the midterm and final
examinations. Students submitted five essays about the philosopher of science
that they were following during the course. It was found that the course had a
strong influence on students’ views of the NOS in that many students changed
their views about how theories evolve. The students seem to have made a
marked improvement in their understanding of NOS and in their grasp of the
underlying concepts of the subject matter of the courses. Relying on the results
of Kalman’s project, we decided to use student-centered strategies in SCOL270.
Similar to Kalman’s project, we exploit usage of evaluating modern philosophers
of science and students submitted reflective writings and critique essays each
week. In addition, some other strategies were used in SCOL270; “reacting to the
past” role-play approach and class discussions. A previous study to show effec-
tiveness of the use of debate to provoke learning about the NOS is reported by
Simonneaux (2001). This paper compares the impact of role-play and a conven-
tional discussion on students’ argumentation on an issue involving animal
transgenesis.

Further support of these strategies can be found in Rudge & Howe (2009). In
their studies, Rudge and Howe have applied similar techniques by encouraging
students to adopt the thinking habits of historical scientists. In their model, stu-
dents reflect on perspectives developed within the classroom, prompted by evi-
dence and considerations introduced by the instructor to help students engage in
the sort of reasoning that led past scientists to develop their insights. On our
model, in contrast, students go through an immersive experience about the life
and times of scientists of a specific era by role playing characters. The interactive
nature of this strategy can capture students’ interest and provide an engaging

way to explore new viewpoints.

Purpose of the Study

The purpose of this study is to investigate the effectiveness of teaching the Na-
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ture of Science (NOS) in a student-centered classroom, specifically SCOL 270, a
6-credit course on the historical, philosophical, and social aspects of science.
This course considers the intellectual framework of science and the relationships
between science and society, and the political and philosophical questions in-
herent in the scientific process. Students are expected to understand the scien-
tific issues at the level at which they were originally addressed. For most stu-
dents, this was their first course in which the NOS was addressed. In order to
foster critical thinking and to equip students with essential cognitive and com-
municative skills, a combination of student-centred instruction methods are
used, including “reacting to the past” role-play, inquiry-based debates, reflective
writing and the course dossier method. This study explores changes in students’
understanding about the NOS. Through systematic analysis, themes were gener-
ated and comparisons between pre- and post-course data demonstrate improved
and deepened NOS views that are more aligned with the NOS literature, and a
greater number of rationales for including NOS in the curriculum.

2. Theoretical Framework

What is science and scientific knowledge? Are scientific laws and theories dis-
covered from nature? Or, are they invented by scientists and their community?
The discipline of the Nature of Science (NOS) seeks to answer these questions.
It deals with the epistemology of science, science as a way of knowing, or the
values and beliefs inherent to the development of scientific knowledge (Leder-
man, 1992). There are many different points of view to answer these questions.
Here, we provide some these points of views about the NOS which are discussed
in SCOL 270. All the following material was taught to students using stu-
dent-centred teaching and in section 5, we’ll see a major influence of these three

philosophers on student’s understanding of science:

2.1. Popper’s Philosophy of Science

The first modern philosopher of science who was discussed in SCOL 270 was
Popper. Students wrote Reflective Writings and critique essays about the Pop-
perian points of view and they engaged in group discussions about his philoso-
phy of science. Karl Popper’s philosophy of science uses modus tollens as the
central method of disconfirming, or falsifying, scientific hypotheses. Scientists
start with a current scientific theory and use the usual methods of deductive
reasoning to derive specific conclusions, of which some are “predictions” (Pop-
per, 1992). Strictly deductive reasoning is “truth preserving”, that is, it is such
that if one starts out with “true” premises, one can only deduce “true” conclu-
sions. Starting with a “theory” and deducing “predictions” can be stated in the
form of a premise:

If the theory is true, then the prediction is true.

Popper shows that we cannot prove that a theory is true, but we can certainly

show that a prediction is false. If the scientist tests one of these predictions and
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finds out that it is not true, he uses modus tollens to conclude that the theory
cannot be true:

If the theory is true, the prediction is true.

The prediction is not true.

Therefore, the theory is not true.

In Popper’s view a scientific theory should be falsifiable, testable and refutable
(Popper, 1992).

2.2. Bacon’s Philosophy of Science

Francis Bacon was also discussed in SCOL 270. Bacon has a more empirical
point of view about scientific knowledge. In order to test potential truths, or hy-
potheses, Bacon devised a method whereby scientists set up experiments to ma-
nipulate nature and attempted to verify their hypotheses (Bacon, 1863). For ex-
ample, in order to test the idea that sickness came from external causes, Bacon
argued that scientists should expose healthy people to outside influences such as
coldness, wetness, or other sick people to discover if any of these external vari-
ables resulted in more people getting sick. Knowing that many different causes
for sickness might be missed by humans who are unable or unwilling to perceive
them, Bacon insisted that these experiments must be consistently repeated be-
fore truth could be known: a scientist must show that patients exposed to a spe-
cific variable more frequently got sick again, and again, and again. He believes in
a direct engagement with nature as he argues:

“All depends on keeping the eye steadily fixed on the facts of nature”.

Bacon encourages scientists to travel over the earth collecting facts, until the

accumulated facts reveal how Nature works.

2.3. Thomas Kuhn: Dynamics of the Nature of Science and
Educational Reforms

Thomas Kuhn’s idea that scientific revolutions come in phases changed the way
the world thinks about scientific progress and the nature of science. The conclu-
sion that Kuhn drew was that the nature of scientific process was non-cumulative
and rather circular going through phases of normal science, crisis, and revolution.
The central tenet of his book, The Structure of Scientific Revolutions, introduces
the idea of paradigm—an intellectual disciplinary framework which makes re-
search possible. Researchers engage themselves within this paradigm through a
puzzle-solving attitude (dubbed “normal science”) to bridge the discrepancies
between predictions and observations. Over time, anomalies may accumulate
leading to a crisis and a paradigm shift. This is a very different approach as op-
posed to the views of realists like Popper, to whom science is primarily con-
cerned with problem-solving, innovation and exploration.

A tempting question to ask now is whether educational reforms in science can
be understood as paradigm shifts through a Kuhnian lens. According to Kuhn,
normal science education is a form of indoctrination as students are initiated

into the dominant paradigm of the day by their educators and the methods and
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content of the paradigm are accepted without questioning (Kuhn, 1963: p. 357).
The only way to graduate to another paradigm is to forsake the traditional
methodologies as normal science is marked by a lack of debate on the basic con-
cepts (1970: p. 6). Continuing with Kuhn’s analogy, such a paradigm shift would
trigger a resistance on the practitioners’ side. It can be argued that the major
reason for the resistance to change on the teachers’ side could be the difficulty (if
it is not impossibility) for teachers to comprehend the conceptual framework of
the reform (or the new paradigm) as this requires denying the previous educa-
tional context in which they established themselves. Fullan (1991) argues that
the core values developed by individuals over time regarding various aspects of
education are difficult to change as such values are “often not explicit, discussed,
or understood, but rather are buried at the level of unstated assumptions” (p.
42). As is the case, that the greatest resistance would come from the more ex-

perienced teachers, whereas the new teachers may be more open-minded.

3. Design of SCOL270

Student-centered instruction (students’ active involvement in the learning proc-
ess) may be important in teaching the NOS. Empirical studies have confirmed
that students report high perceived needs satisfaction when taught in a stu-
dent-centered way (Minnaert, Boekaerts, & de Brabander, 2007; Miiller & Louw,
2004; Smit et al., 2014).

Claims are made that teachers talk too much in the classroom, and that it is
essential to minimize teacher talk and increase learner talk (Kennedy & Barnes,
1994). Following methods were used in SCOL270 in order to engage students in

the process of learning:

3.1. “Reacting to the Past” Role-Play: Living History and Learning
through re-Enactment

The simulation of history has interesting consequences resulting in participatory
inquiry. The concept of reacting to the past (RTTP) was first implemented by
Carnes (2014) at Columbia University, as a technique where students go through
an immersive experience about the life and times of scientists of a specific era by
roleplaying characters. This pedagogical technique actively engages students to
understand and analyse situations while critical thinking becomes automatically
a part of the entire process. Jacob Moreno, a psychologist from the 1900s, aptly
uses the term “psychodrama” to best describe this interactive approach. Activi-
ties similar to Moreno include Cakici & Bayir (2012) which is another attempt
to use drama to support students’ learning about the NOS. In their research, the
authors concluded that role play positively influences students’ views of the
NOS and it allows students to express their understanding in a collaborative
fashion.

In RTTP, class sessions are run entirely by students who play it like a game

scene and instructors advise and guide students and grade their oral and written
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work. Before the theatrics, students have to extensively go through the texts to
understand scenes and scenarios. Students are encouraged to write essays on
what they understood of the content, which establishes a solid background on
sense making of what they are about to do.

Particular examples, which were carried out at SCOL 270, were the Trial of
Galileo game (GG) and the Darwin game (DG). In the trial of Galileo students
enacted the whole scene in which Galileo had to face the consequences for intro-
ducing new ideas differing from the accepted views. In the Darwin game, students
were assigned to groups of conservatives and to groups of more liberal characters.
They discussed Darwin’s grand idea of evolution by natural selection and whether
the Copley medal (a scientific award given by the royal society for outstanding
achievements in science) should be given to him or not. Students had to engage in

a debate which encourages their fact building skills using logical arguments.

The Role-Play Situation

The teacher distributed labels on which were written the names and the role
specification of the participants. At the beginning of the role-play, each student
had an individual presentation to discuss his/her role and give a summary of the
character. While the role-play was underway, the teacher was responsible for the
timing and asking students to vote at the end. Students were assigned to read the
textbook and articles related to their role at home. During the role-play exercise,

students developed their own lines and actions.

3.2. Reflective Writing (RW)

Reflective writing is a student-centered approach widely used in science and en-
gineering courses that helps students to go through a conceptual change (Huang
& Kalman, 2012).

Students come into science classes with their own perceptions and beliefs.
They have great difficulty reading scientific texts. The language and epistemol-
ogy of science is similar to a foreign culture (Kalman, 2011) Based on the her-
meneutical perspective in science education, there exist two horizons (Gadamer,
1975: p. 272). One that contains everything that students believe, and the other
horizon encompasses all the textual material. Gadamer (1975: p. 269) defined the
horizon as “the range of vision that includes everything that can be seen from a
particular vantage point.” A new horizon, that is, understanding or experience is
created by the “linguistic” fusion of the subject matter of the interpreter and ob-
ject matter of the text within the hermeneutical event (Porter & Robinson, 2011).

Step 1: When students read the text, they build their new horizon. This hori-
zon is the combination of student’s parts i.e. the student’s pre-understanding,
experience from their life world and experience from the text book. This is the
student’s whole. The text whole is a combination of its parts (Khanam, 2014)
(Figure 1).

Step 2: When students are looking at a particular part of the textbook that

they are trying to understand, they refer to their entire understanding. It is their
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understanding from the viewpoint of this particular part of the textbook. In re-
viewing the particular part again, they may discover contradictions. In this case,
their horizon shifts in the direction of the horizon projected by the textbook.
This is the back-and-forth movement of the hermeneutical circle. As they go
along and make corrections their horizon shifts in the direction of the horizon
projected by the textbook (Figure 2). Reflective writing helps the students” ho-
rizon to come closer to horizon of the textbook (Kalman, 2011).

Before covering the material in class, the teacher would ask the students to
read the material in their textbooks, as homework, then to write and reflect
about what they have read (Connally & Vilardi, 1989). Students were asked to
notice four features which should be presented in the reflective writing product.
First, it should be presenting the key concepts of the subject as understood by
the student. Second, it should be describing the relationship between the various
concepts. Third, students should relate the key concepts to their own life ex-

periences. Fourth, students should formulate their own questions.

3.3. Critique

After a class discussion, students were asked to write a one-page post-summary

(critique) of the discussions occurring in the class of the week.

Parts of the text

That form the
whole of the text

Student’s horizon Text’s horizon

Figure 1. Horizon “A” of Students and “B” of Author’s
Horizon of the Textbook (Khanam, 2014).

Parts of the text
That form the

whole of the text

Student’s horizon Text’s horizon

Figure 2. Students’ horizon shifted to the horizon projected by
the text (Khanam, 2014).
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The critique has various forms: for science students in a regular science course
it would likely consists of a short introductory paragraph, followed by a presen-
tation of what was covered in the class of the week and in a course for
non-science students, it would be a one-page essay. The essay would be written
in a format that anyone who knows no science can understand. In writing the
essay the students pick one or two of the most important concepts from the lec-
tures presented in the class in that week and then critically analyse those con-
cepts in the rest of the paper. The critiques must be presented in properly writ-
ten paragraphs using normal writing or 12 pt. font and as few equations as pos-
sible. The students are warned that marks are deducted for unnecessary use of
mathematics and extra pages are not read (Kalman et al., 2008).

In SCOL270, a one-page critique is written that consists of the concepts that
were covered in the class discussion between students including the professor’s

short lectures that were given at the end of the class.

3.4. Inquiry-Based Debates

Empirical research on classroom practices notes the importance of teachers
framing connections between everyday knowledge and scientific knowledge,
rather than treating content as entirely new and disconnected from other learn-
ing contexts (Bransford & Schwartz, 1999; Cornelius-White, 2007; Littleton &
Mercer, 2013; Erstad & Sefton-Green, 2012).

Group discussion is useful to frame these connections and encourage students
to evaluate material critically. Having performed Reflective Writing, students are
familiar with the subject matter. The teacher would divide students into 4
groups. Two groups would debate two different points of view related to the
subject matter and a third group would design questions to ask them. The fourth
group is in charge of evaluating the pros and cons of each argument and decide
the winner of the debate. Each group had 5 minutes to think and discuss the
question and then they had 10 minutes to present their argumentations. When
we interviewed students about what criteria they would consider to choose one
group’s argumentation over the other, they mostly considered whether the ar-
gumentation was well-responded and included diverse arguments that held the
most weight. They suggested that if one group kept saying the same point, they
wouldn’t vote for it.

For example, there was a debate as to whether or not hypnosis can be re-
garded as a scientific phenomenon. One group discussed supports of the hypno-
sis that this phenomenon is caused by voluntary actions in an altered state of
consciousness. The other group argued that hypnosis merely “works” via the

power of suggestion which can affect both thoughts and behaviour.

3.5. Course Dossier Method

The Course Dossier Method (Khanam & Kalman, 2017) is a writing-to-learn

tool. The idea of the course dossier method is to use writing procedures based
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upon Gadamer’s hermeneutical approach (Gadamer, 2004) and scaffolding us-
ing student reviewers based upon social constructivism (Vygotsky, 1978). The
idea of Vygotsky’s (1978) social constructivism is that the students can construct
their scientific knowledge with the assistance of other people. Vygotsky’s (1978)
notion of “Socio-Cultural” learning and teaching indicates that society is a key
norm where students acquire knowledge in many ways- from classroom, family,
friends or other social sources. Learning is a process that influences as-acted on
by the environment (teacher, family, and friends). According to Vygotsky,
learning is considered as an external process. In this process we internalize our
individual thinking with others thinking (Wink & Putney, 2002). Moreover,
Vygotsky believed that learning and development of thinking are an interrelated,
dynamic process (Wink & Putney, 2002), because “learning is not development”
but properly organized learning causes mental development.

The idea of the course dossier method is also to use writing procedures based
upon Gadamer’s hermeneutical approach (Kalman, 2018). As explained in sec-
tion 3.2. The hermeneutical circle is the fusion of the learner’s horizon with the
horizon of the text. In this method students used different kinds of writing ac-
tivities (during the course): writing reflections (before students came to class),
“Critiques” (after class) and final essay writing (Course Dossier with six entries)
at the end of the course in lieu of the final exam. Students are asked to review the
critique essays and have their essays reviewed and reflected upon by people who
did not attend the course. Using their reflections, they write a single overview of

the course content.

3.6. Summary

In this section, we explained the design of SCOL270. The course exploited the
use of student-centered instruction. Different methods such as RTTP, RW, cri-
tique essay and course dossier were used to engage students and bring about
deep understanding of NOS in their minds. The different approaches utilized in

the course are summarized in Table 1.

Table 1. An overview of implementing different approaches in (SCOL270).

Interventions RTTP

RW Critique Debates Course Dossier

both semesters
(GG in the first
semester and DG

How often
interventions were
used?

End of the second
semester

Both semesters Both semesters Both semesters

in the second semester)

. First 5 classes of the
in what order

first semester and first 5

interventions were
. classes of the second
applied?
semester

Each student

One critique per Classes started with a  submitted a course

One RW per session

i hich
(which means one RW session (whic

discussion activity then dossier at the end of

means One critique it was followed by the the second semester

assignment per week) (there was no final

assignment per week) professor’s lecture

exam)
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4. Methodology

The science college course titled Historical, Philosophical and Social aspects of
science (SCOL 270) is a two-semester course offered every year at Concordia
University. This course was first examined in Fall of 2015-16 by Baptiste Roucau.
The class consisted of 20 science undergraduate students in that year. Students
were mostly in their first year enrolled in honours programs in biology, chemis-
try, physics, mathematics, psychology and the department of health, kinesiology,
and applied physiology. He participated in all the classes and interviewed six
students enrolled in the course at the beginning and end of the first semester. A
second researcher, Fereshte Heidari, examined the course in 2016-17. She par-
ticipated in the same course in both semesters and interviewed six of the 19 stu-
dents enrolled in 2015-16 at the beginning and end of the second semester
(Winter semester). Overall 12 students were interviewed (one student withdrew
from the 2015-2016 participants) and 4 sets of interviews had been carried out.

A summary of the whole design of the project can be seen in Figure 3.

e

Two sets of interviews were conducted by another investigator
(beginning and end of the term)

!

Analyzing of the open-ended
~—_responses

1. conducting third interview.
2. Collecting auxiliary data resources (students assignments,
observation notes.)

Extracting fourth interview
questions

!

end of the semester:
Semi-structured interviews.

l

Analysis of the interview data
(comparison with data collected from
observation and students’ assignments)

Figure 3. Research design and procedure.
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To blend the data from both researchers the same questions from the end of
the first semester in the 2015-16 (first year of running the project) were used in
the beginning of the second semester of the 2016-17 course (second year of run-
ning the project). The research project was overseen by a senior researcher, Cal-
vin Kalman, for both courses. Both courses were taught by the same instructor,
who was not part of the research team and who taught the course in an identical
manner both years.

There were two levels of participation in the study:

The first level of participation for all students. Participants were asked to agree
to being observed in the classroom by the investigator. They were asked to agree
to have their essays, reflective writings and course dossier assignments analysed
by the investigator after they have been graded by the instructor.

Second level of participation for students who agreed to be interviewed. In
addition, students who have agreed to take part in interviews were interviewed
for approximately forty minutes at the beginning and at the end of the semester
by the investigator.

Since surprisingly all the students in the course agreed to participate in both
levels of participation, we had the chance to choose between the students. The
conditions for selecting interviewees were diversity in their field of their studies

as well as their genders.

4.1. Qualitative Inquiry Approach

Multiple case studies were used in this research and each student is taken as a
case. Case-study research builds an in-depth, contextual understanding of the
case, relying on multiple data sources (Yin, 2018). In a collective or multi-
ple-case study, the researcher selects one issue or also selects multiple case stud-
ies to illustrate the issue and to show different perspectives on the issue (Cres-
well, Hanson, Clark Plano, & Morales, 2007).

Interviews are the most important method of data collection in case studies.
Semi-structured interviews allow researchers a more comprehensive under-
standing of students’ views, reasons and resources informing the beliefs that
students have and the way in which students’ views affect their learning (Aiken-
head, 1987; Lincoln & Guba, 1985). Semi-structured interviews in this study
brought an in-depth understanding of participants’ points of views on the NOS.

Observation was conducted in an ethnographic manner described by Creswell
(2009, 13). We took notes on students’ views during role-play argumentations as
well as inquiry debates. However, the data collected from observation was very
limited and used only for the purpose of triangulation of data.

Therefore, in total three methods of data collection were used:

a) Their answers to questions in a semi structured interviews (Merriam, 1998)
and b) The writing products of the participants, c) data collected from in class
observation.

Qualitative methods (Creswell, Hanson, Clark Plano, & Morales, 2007; Greene,
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Caracelli, & Graham, 1989; Yin, 2018) were used to analyze the data. More spe-
cifically, we used open coding and protocol analysis for all the transcripts, as-
signments and observation notes (Priest, Roberts, & Woods, 2002). Table 2 pre-
sents the research questions and a summary of related data sources as well as

analytical methods.

4.2. Validity of the Research

Triangulation was used to establish credibility. Triangulation refers to the use of
multiple methods or data sources in qualitative research to develop a compre-
hensive understanding of phenomena (Patton, 1999). Triangulation also has
been viewed as a qualitative research strategy to test validity through the con-
vergence of information from different sources. Denzin (1978) and Patton
(1999) identified four types of triangulation: 1) method triangulation, 2) investi-
gator triangulation, 3) theory triangulation, and 4) data source triangulation.
The current study benefited from data source triangulation.

To promote the credibility of the study, triangulation was utilized between
three data sources (Figure 4); observation of the class in 26 weeks (throughout
fall and winter semesters) reflective writing assignments and interviews. More-
over, the results of the analysis of Reflective Writing products were compared to
the results of the interview analysis to assess whether they corresponded or con-
flicted with each other.

Figure 4. Triangulation method.

Table 2. Research questions, Data and Analysis.

Research Question

Data Analysis

Does studying Nature of science in a

student-centered classroom change students’

conception of Science?

Purpose: To identify effectiveness of teaching

NOS in a student-centered class

a. Coding (identifying major themes emerging

Students’ interviews from the texts or identifying themes based on
. Observation notes literature review and concepts discussed in class
. Students’ assignments b. Listing

c. comparing themes and making conclusions
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5. Results of the Qualitative Data Analysis

This qualitative data provides in-depth understanding of the students’ concep-
tion of the NOS. Common themes are grouped together, and the students’ opin-
ion about their evolving understanding of the nature of a scientific theory is re-
ported. The crucial point of the interviews was to identify the impact of stu-
dent-centered teaching on students’ understanding of science. Open coding
analysis is used for this part of project in which the themes or categories emerge
from the responses (Priest, Roberts, & Woods, 2002). Protocol analysis is used
for this part of the project in which responses are coded according to predeter-
mined categories, for example, who mentioned paradigm shift (Priest, Roberts,
& Woods, 2002).

5.1. Responses to the Interview Questions (First Semester)

The semi-structured interview questions for this study were designed to evaluate
students’ conception of science. Interviews allowed us to compare students’ atti-
tudes towards NOS at the beginning of the fall semester with how they define
their view of science in the post-interview. They explained their views of science
and talked about the changes in their ideas during the semester. In the
post-interview, all interviewees except for student are mentioned that they no
longer thought that science was straightforward. All interviewees experienced
changes in their understandings about science during the semester. They all be-
lieved that the Galileo Game had a positive role in understanding how science
works.

Table 3 is the summary of the analyzed data of the interviewed (first-semester)
students.

From Table 3, we see that the students JU and NO and FR found weekly RW
assignments helpful. They did not miss any RW during the semester. We can see
at the end of first semester, they were aware of subjectivity of science and effects
of society on science. For HA and GA, the Galileo Game was very useful, based
on analysis they no longer thought science was straightforward and they under-
stood how religion can affect the progress of science. Most of the students un-
derstood that science is not just the matter of random experimentation and that
science is a complicated process. Students’ conception of science improved dur-
ing the first semester.

Students JU, FR, and HA mentioned that science progresses through observa-
tion and experimentation. During the post-interview they all mentioned many
factors, such as historical and social factors that affect the science process. In the
pre-interview student NO explained that scientists go from the questions they
have in their mind and the things they know which they use to develop a hy-
pothesis. In the post-interview student NO explained there was a change in his
attitude: “Science is a much more complicated process than I thought! Because
it’s not only creating an experiment and a hypothesis and testing things and get-

ting results and then putting those results into words. It’s not like that. I think
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the biggest factor is our own society.” All interviewees understood the scientific
issues and the relationship between science and society.

Furthermore, to blend the data from both researchers the same questions
from the end of the first semester in the 2015-16 course were used in the begin-
ning of the second semester of the 2016-17 course. The data collected from the
participants in this project (group 1) was compared to the data collected from
previous students in the same course (group 2). Having data from the 2015-16
course also provided some conceptual clarification for the research design as
well. It helped to refine the data collection plans for the winter semester for the
2016-17 course. We were indeed able to show the same pattern in student’s con-
ception of science for both groups which added to the reliability of the research.

5.2. Responses to the Interview Questions (Second Semester)

Table 4 is the summary of the analyzed data of the interviewed students (second
semester).

From Table 7, we can see that some students changed their attitude towards
the Nature of Science. Some students did not change their views but they were

able to give better explanations of their conceptions of science.

Table 3. A Summary of the Analyzed data of Interviewed Students (First Semester).

Case Earlier in the semester

students’ personal experience of Methods that students’ find

Later in the semester helpful

the course

She saw science as an objective

FR entity with straight forward
methodology.

He saw science as a general

wondering and trying to

HA
look for answers about

everything around us.

Saw science as the laws of
GA nature and trying to

understand how the world works.

She explained science is
NO only about hypothesis and
experimenting.

U Saw theory evolving through
observation.

RW papers allowed her to
She explained that scientists are The course challenged her to analyses how science works. By
motivated by social demands.  think things she has never

thought before.

analyzing the works of different
They are influenced by society. authors, she got involved with

material of the course.

She explained in this course it
Discovered many factors, like wasn’t really about memorizing, Class discussions, Galileo Game
historical and social factors that it was more like creating. It really helped her a lot in order to
affect the science process. helped her to understand see howunderstand how science works.

scientists made their discoveries.

He thought the course was
beneficial for him Because

Being aware of social factors
& students shouldn’t spend all

Galileo Game helped him

and embodiment of historically L . rewriting and researching the
. i K their time learning theorems or X K
influences in science. . subject matter all the time and
learning laws. He thought that .

make him prepared for the class.

philosophy in general is very
important to every student.

Despite other courses, this course RW papers helped her to be
prepared in advanced for the
class and helped her to be highly
researching and understanding. engaged.

She was aware of the fact , .
. wasn’t about memorization. It
that expectations of the culture

was about making links,
determine what to study. &

Learning about history of science

RW and GG were very useful
Understood the biases in was very useful to understand . Y .
i . ’ since they helped her to interact
science progress journey. how science works and how bett.
etter.

theories evolve.
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Table 4. A Summary of the Analyzed Data of Interviewed student (second semester).

Research Questions

Does studying Nature of
science in a student-centered
classroom change students’
conception of Science?

Case Students’ Approach

She had changed her attitude about the NOS and explained that science changes in the

FN

manner of a paradigm shift as described by Kuhn.
KB At the end of second semester Her response as to how theories come about followed that

of Popper.

He thought that the process of changing theories

GL is really slow moving and eventually a new paradigm slowly
replaces the old one. Theories change in the manner described by Kuhn.
MC This student’s views of science didn’t change but she was able to give a much clearer
exposition of her Baconian views.

M He explained the Kuhnian point of view that when new theories come about, there will be

a resistance from the scientific community as happened in the time of Galileo.

5.2.1. Student FN

In the first interview, in response to the question on how scientific knowledge
evolves, she stated that science would be always the same and she can’t see it in a
different context:

“I think the fundamental science would be the same, no matter who we are. I
feel like science would always be the same. I don’t see it in a different context or
different rules.” In her reflective writing assignment student FN explained her
understanding of a Kuhn paradigm shift: “The idea that scientists need to have a
paradigm to discover things seems off. Shouldn’t it be possible for someone to
just decide to explore even though this is not the norm something that piques
their curiosity and still come to the same conclusion as someone who would
have encountered a problem to reach that conclusion.”It seems that she critically
evaluated Kuhn’s point of view and challenged the idea of a paradigm shift.
However, on the last day of the course, in responding to the question of how
scientific theories evolve, she changed her attitude about the NOS and explained
that science changes in the manner of a paradigm shift as described by Kuhn:
“scientific theories have to go through that phase of resistance pretty much like
in Darwin and Galileo. ... you have to have tribulations kind of like a paradigm
shift. There’s a crisis and you have those big debates going on. So, it’s like a Cir-
cle event that happens I feel like it’s a pattern but the way it plays out won’t nec-
essarily be the same in both. I feel like with Galileo he was in court but it’s pretty
much the same thing that happened with Darwin with just like scientist debat-
ing.” She also showed an impressive change in her conception of science. The
pre-interview transcript showed that she thought for science she should rely on
her teachers and books and what is presented to her. The post-interview showed
that she didn’t think science is straightforward anymore: “Science is not just like:
okay! Here is a question and I solved it this is the answer that I want.” she also
stated that:

“Before I just thought of it like going to school but now I have a different per-

spective. It is not as simple as you think. You think that you just do science but
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actually, there are many factors.”
She came to realize that science has a multidisciplinary nature as she also ex-
plained that there are so many little things that influence science which we need

to take into account.

5.2.2. Student KB

In the pre-interview, student KB explained that scientific knowledge always
changes. Using the example of Dalton’s atomic model she explained that all
theories are not necessarily true in every aspect and that is why they go through
changes. She believed that when we find something that really doesn’t fit the
current model then we have to find a new model to explain it and that is how
scientific theories progress. She also considered science as a collection of knowl-
edge: “Science is a collection of knowledge that people built together sometimes
tearing each other down but also building each other up to come to this agree-
ment on what people think about how the world works.” In the post-interview,
she explained that science is influenced by so many things such as culture, relig-
ion and society. She also stated that these influences drive what kind of science
should be done and what kind of results are acceptable.

She confirmed that before this course she saw science as an objective mathe-
matical field:

“before I saw it as an objective mathematical field now I realized, it got a lot of
influences in more social aspects such as history, philosophy, politics and relig-
ion as well.” In summary, based on the pre- and post-interviews the course
helped to change student KB’s conception of science. She initially saw science as
a collection of facts but at the end, she was aware of many factors that influence
science: “I really liked the pure philosophy when we looked at Kuhn and Para-
digm changes and Popper when see that these are just induction and objectivity
or something that were kind of brought to science and it didn’t necessarily come
naturally. It was more we decided that this was what science meant but ... we
still follow ... [the] inductive model and this objectivity kind of models that they
have ... maybe science isn’t as perfect as expected to be. So, it’s really changed

my views.” Her response as to how theories come about followed that of Popper.

5.2.3. Student GL

During the pre-interview, student GL explained when older theories, which are
not complete, stop working then a new theory takes the place. He was not sure
about how the process is made. He also stated that eliminating the human as-
pects of science helps science progress. In the post-interview, he mentioned that
the process of changing theories is really slow moving and eventually a new
paradigm slowly replaces the old one. Theories change in the manner described
by Kuhn. In the post-interview, he also stated that he used to just see science as a
course load in school. Moreover, he used to understand science in a very
straightforward manner: “Well, before for me learning about the science in-

volved just opening up a power point and reading sort of basic facts. Now I have
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a more practical view of what learning science is rather than sort of theoretical
view.” He clarified that the course helped him to understand that what a
teacher teaches is just a theory and it is not an “absolute truth”. During the
post-interview, student GL mentioned that he thinks society can affect science
and he also provided a recent example related to his field: “I definitely think that
society can affect science cause if we look at more recent examples like how Rus-
sia affected its genetics and biologists and forced them to go with inheritance law
instead of Darwinian evolution. So, like {in] Galileo times society always plays a

massive role.”

5.2.4. Student SM

In the pre-interview, student SM explained that a lot of science is pretty
straightforward except social science. In answer to the question of how theories
evolve, he stated that through experimentation we find flaws in the previous
theories. In the post-interview, he explained the Kuhnian point of view that
when new theories come about, there will be a resistance from the scientific
community as happened in the time of Galileo. When student SM was asked to
explain his picture of science in the post-interview, he specified that science is
not only coming to school and learning certain books and techniques. It is much
more complicated in the real world.

In the post-interview, he explained that the course helped him to understand
that science is a multifaceted entity: “It is not just science. It is a lot of stuff
around it too. You know all the extra stuff that people don’t really talk about it
all that much; more the issues, more the implications, and certain things. It is all
that things around it that involves in science and there is always going to be. It’s
so broad like lots of research, lots of steps involved like lots of people, where the

funding comes from and it’s like a multi-disciplinary thing.”

5.2.5. Student MC
During the pre-interview, student MC explained that science doesn’t work in an
empirical and systematic way: “I think we like to think that everything is very
empirical and systematic and you do the experiment and you see the results and
then you have like a fact or like good knowledge, I think sometimes it can differ
from that track, I think mainly like research, systematic things though, there are
other influences like the pressure of funding agencies. So, basically you do re-
search and you can analyze them and that’s it but I don’t think it is that clear.”
Her response in the pre-interview was that experiment leads to theory but
other factors such as personal biases also play a role. In answering the question
of how theories evolve in the post-interview, she gave a Popperian response:
“When they (scientists) brought up the scientific method, I think they are more
specific to certain things. There’s less of this universal explanatory power where
it’s so vague that it can fit into pretty much anything. So, I think when scientists
are more critical of what they read and what they look at, theories are more spe-
cific and more ... verifiable than some of the previous theories.” In the Darwin

game discussions towards the end of the course, she also made a good connec-
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tion and used Bacon’s argument to challenge her classmates: “So you said that
Darwin’s theory is scientific because he made a bunch of observations and con-
structed a theory based on this observation but that is not exactly a scientific
method. The Scientific method requires prediction. You have to test these pre-
dictions with experimentation that can be repeatable. Could you please explain

1

how can we test the theory of evolution through experimentation?!” In sum-
mary, based on the pre- and post-interviews with student MC and also analyzing
her attitude in the class discussions, it was concluded that this student’s views of
science didn’t change but she was able to give a much clearer exposition of her

Baconian views.

5.3. Analysis of Non- Interviewed Students

To show that case studies were representative of the whole class, we analyzed
data collected from non-interviewed students.

4 students 2 female and 2 males were analyzed. Students were picked from
different genders and different majors. Two sources of data collection were used
for non-interviewed students. The first method of data collecting was direct ob-
servation since observational evidence is often useful in providing additional in-
formation about the topic being studied. The second source was students’ as-
signments. The analytic technique used on data collected for these students was
pattern matching. Using pattern-matching compares an empirically based pat-
tern with a predicted one (Trochim, 1989). The patterns coincide with inter-
viewed students which helped to strengthen the internal validity of this study.

Table 5 is an overview of the analyzed data of the non-interviewed students.

As can be seen in Table 5, the data analysis on non-interviewed students is
equivalent to that of the interviewed students. In this part of research observa-
tional evidence was useful in providing additional information on the

non-interviewed students.

5.3.1. Student A
Analyzing student A’s assignments, some changes were found in her ideas about
the evolution of theories as she wrote in one of her assignments that the Pop-

perian point of view touched her and made her think differently:

Table 5. A Summary of the Analyzed Data of Writing Products and observational documents (Non-Interviewed students).

Research Questions

Does studying Nature of science
in a student-centered classroom
change students’ conception
of Science?

Case Students’ Approach

A Changes in her ideas about theory evolving were found.
She has a Popperian point of view at the end of the second semester.

His ideas about conception of science become

B
clearer although her attitude towards the NOS did not change.
c His concepts of science improved during these two semesters.
He analyzed the progression of science using Popperian philosophy.
D His thinking levels about concepts of science improved

although there were no changes in his attitude towards the Nature of Science.
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“Im sad to say that I only recently learned that in order for a hypothesis to
become a theory, it must undergo tests that attempt to disprove it (not only tests
that attempt to prove it right). While this might not overtly seem very impor-
tant, I have to stress the fact that this means that I didn’t truly understand the
scientific process, even after having studied it for several years. This lack of un-
derstanding on my part has undoubtedly led me to believe that different theories
were scientific even though in hindsight, it is blatantly obvious that they aren’t.
However, by using the criteria outlined by Popper, I can easily tell that Marxism,
which I was taught in my first semester in CEGEP [compulsory junior college in
Quebec) isn’t actually very scientific, given that the theory behind it is vague
enough that it can’t be disproven (a hallmark trait of pseudo-scientific theories
as outlined by Popper).”

Also, in one the class discussions she explained Newton’s theory and pointed
out that through falsification we can prove this theory is scientific:

“It must be possible to prove the theory wrong through very specific tests. For
example, Newton’s theory of gravity states that objects with mass must be at-
tracted to each other. This theory therefore states that objects with mass can’t
repel each other. In effect it “forbids” them from repelling each other. Thus, in
order to prove this theory wrong one would simply have to devise an experiment
in which objects with mass can be observed to repel each other. Due to these

characteristics, Newton’s theory of gravity can be considered scientific.”

5.3.2. Student B
In the first paper assignments this student used a Baconian point of view as she
wrote:

“I think scientists are researchers who strive to understand nature. They are
unbiased and that they are willing to contemplate different theories in order to
find the “truth”. A reading of student B’s writings made on the last days of the
course indicates that this student views became clearer as she found out about
different philosophers of science. Yet she didn’t inevitably change his views but
they became more expert like. In one of the discussions she stated that we never
fully understand a concept; we make correlations between observation and what
we already know which a Baconian perspective towards the NOS. She also criti-
cized the Kuhnian and the Popperian point of view and felt that these ap-
proaches cannot fully define a scientific theory: “While I cannot say that Popper
has solved the problem of induction simply through noticing that it exists, I do
believe that his criteria for what is and isn’t a scientific theory will aid in clearing
up this problem. As the saying goes, “the first step to fixing a problem is finding
it”.

“In my opinion Popper’s solution for understanding the character and devel-
opment of science is invaluable if it is properly used. Kuhn referred to the fact
that some scientists might be tempted to modify their experiments and “cheat”
in order to prove their theories right. I believe it’s safe to say that these theories

are not true science and tend to fall into the category of pseudoscience. Thus,
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even though these theories might pass Popper’s criteria, due to the fact that they
are effectively wrong (as a result of improper observations on the part of the
scientists), they still cannot be considered scientific. Thus, I believe that we must
ask ourselves what constitutes true science, for neither Kuhn’s perspective nor
Popper’s criteria accurately answer this question.”

By comparison of his early and last papers, it’s fair to say that her ideas about
the conception of science become clearer although her attitude towards the NOS

did not change.

5.3.3. Student C

Most of his class discussions earlier in the semester showed that he had found
out the important concepts covered in the class, but the explanations about those
concepts were unclear:

“I think general knowledge is very abstract while scientific knowledge is more
science. Since there is science in it, it is more science. General knowledge is more
graspable. So, maybe my knowledge is completely different from some one else’s
knowledge but, since it’s science and this is what it is, we may have same scien-
tific knowledge.” His later discussions were clearer. In a topic in one of the last
classes about hypnosis, he said: “Hypnosis is both experimental procedure and
an object of study. The problems around hypnosis in my opinion stem from the
fact that it is impossible to say if it is 100 percent science or 100 percent pseudo-
science. More research has to be done before hypnosis could be considered a
scientific phenomenon”. So, he is trying to analyze the phenomenon of hypnosis
using Popper’s scientific method. He also gave a good analysis of Popper’s phi-
losophy of science: “In this discourse Popper attempted to explain away the dif-
ference between science and pseudo-science. In order to do this, he focused on
the key defining features of scientific theories, namely scientific theories must
have a possibility of error; it must be possible to prove the theory wrong through
very specific tests. Another defining feature is that the theory must forbid certain
things from happening.”

The above analysis showed that his concepts of science improved during these

two semesters.

5.3.4. Student D

Early in the course his writings were more descriptive than conceptual. Later on,
he picked up some important concepts, which were covered in the class. In the
sixth week he talked about the subjectivity of science and its influences on scien-
tists’ researches and he also tried to explain its importance in the field of physics.
He wrote: “If you were to ask several different people what they thought scien-
tists were like, the consensus would likely be that scientists are unbiased in their
researchers. For example, when doing research, it isn’t rare to see a scientist fuss
with his tools and equations in order to obtain the results he expected from the
start, kind of like how a student might ‘accidentally’ change a ‘+’ to a -’ in an

equation in order to make the math come out on a Calculus test. Nor do scien-
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tists easily give up the paradigms they rely on to make their theories.”

In this assignment he used a very good analysis of Kuhn philosophy of sci-
ence. He is referring to scientist’s paradigms in a manner of Kuhn. Moreover,
some important questions came to his mind that helped him to expand his
thought further. For example, upon reading Mermin’s The Golemization of
Relativity in the eighth week he asked:”If science one day truly does ‘golemize’,
will we be able to stop it or will we be dragged along with it until our inevitable
end?”

In the submitted course dossier, he explained this point:

“This is not to say however that there exists no common ground, it is true that
biases on the part of others can halt the progress of ‘true’, progressive science for
years (just look at what happened to Galileo, because scientists of the church
disagreed with him, he was placed under house arrest for the remainder of his
life and told that he could not continue publishing his ‘heresy’). Thus while it is
true that there can be a problem of golemization in science, it simply isn’t as
prevalent as Collin and Pinch seem to want their readers to believe.”

In conclusion, his thinking levels about the concepts of science improved.

5.4. Overall Analysis

Group 1 students (2015-16 cohort) studied in the exact same course with the
same professor and methods as group 2 students (2016-17 cohort). Analyzing
the two sets of data, we found that the same categories developed in the inter-
view transcripts and students showed the same improvements in their under-
standing of the Nature of Science.

Here we evaluate three aspects of the NOS which significantly emerged in
students’ responses to interview questions through open coding analysis. These
components of the NOS were addressed in (SCOL270). Different aspects of the
NOS are shown in Figure 5.

There is no one
way to do
science

T

sociocultural
aspects of
science

components
of the NOS

tentativeness

e

subjectivity of
science

Figure 5. Components of the NOS.
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The result of the analysis is reported in the following order:

1) Common themes though coding of the interview transcripts; 2) Similarities
between 2015-16 and 2016-17 participants’ understanding of each construct.

Findings are classified into the following sections:

1) Social and cultural aspects of science;

2) Tentative nature of scientific knowledge;

3) Subjectivity.

5.4.1. Cultural and Social Influences on Science

Many factors, such as historical and social factors affect the scientific process. In
the context of this concept we examine whether students view the scientific en-
terprise as non-cultural and non-historical, or as multicultural and his-
tory-embedded.

Four common sub-categories were extracted from students’ responses:

1) The expectations of the culture determine what to study, scientists are mo-
tivated by social demands, 2) scientists are members of society, they are influ-
enced by society (education and ways of thinking), 3) Religious background of
scientific knowledge, 4) Gender and science.

Most responses showed a multidisciplinary view of science. Society, religion
and gender restrict and direct scientists in considering what and what not to
study and their personal biases:

As seen in Table 6, common themes emerged for both cohorts. Based on the
table most of the students showed progress at least in 2 sub-categories of so-
ciocultural aspects of science. Student FR from 2015-16 stated that “now my
picture of science is that it can be affected by religion, by like society, where you
live.” Student HA from 2015-16 discussed the religious background of science:
“Church was really involved in science in Galileo time and how the Church was
really ruling science and deciding which theories were good and which
weren’t.”

Also, most of participants confirmed the sociocultural aspects of science in
different sub-categories. As an example of their responses, student FE from the
2016-17cohort provided his own explanation of the influence of society on sci-
ence: “If you ask me if society influences science like Galileo time, I would say
yes but nowadays it is not that obvious. So, you might say no but still, there are
some influences of society but it is not that obvious and that’s a thing I really
didn’t know before this class.”

5.4.2. Tentativeness

Popper (1992) and Bromme & Goldman (2014) consider that uncertainty and
tentativeness are characteristic for empirical results. Ioannidis (2006) states that
“Instead of solid knowledge, we should get used to the notion of tentative infor-
mation”. Understanding tentativeness also means to comprehend that findings
may contradict each other or become obsolete when more reliable findings occur
(Sinatra et al., 2014).
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The results of both studies demonstrated that participants in this course de-
tected the tentative nature of scientific knowledge and students no longer see
science as an absolute truth.

Four common themes were extracted from students’ responses:

1) a new phenomenon could show up with the help of advanced technology,
2) changes in science could occur due to the inability of a scientific theory to ex-
plain new knowledge, 3) humans’ ideas changes, 4) fundamental theories (such
as Newton’s laws in mechanics) will never change in their area of application.
(extending the area of application as in special relativity and quantum mechanics
could result in new theories)

In the interviews, students explained their ideas about how science progresses
and what could possibly influence scientific progression.

As can be seen in Table 7 out of 6 students in 2015-16 and 6 out of 6 students
in 2016-17 think that scientific knowledge is tentative.

As an example, Student JU from the 2015-16cohort brought an example from
the Aristotelian and Galilean theories and explained the tentative nature of sci-
entific knowledge:

“Relating it to the Aristotle/Galileo case, he had this theory that the earth was
at the center of the universe and then here comes Galileo who says well no, the
earth revolves around the sun.”

From the 2016-17 cohort, student JO explained how human’s scientific pro-
gress depend on the culture they live in: “depending on the culture we are in and
what religion we have and other social factors. So, maybe what we believe here in
North America is very different from I don’t know ... like Asians maybe think
different in that culture. So, how we approach stuff is going to be also different.”
Student SE discussed the tentative nature of science in terms of technology ad-
vancements and how it helps us to approach scientific phenomenon in a differ-
ent way:

“we have new technology that allows us to be may be more precise and makes
us realize that maybe: okay! Actually it’s not right.”

Data analysis showed that the majority of students from both years agreed
that no scientific theory can ever be considered completely proven and they are

always changing and evolving.

5.4.3. Subjectivity

Scientists do not conduct absolutely objective observations, do not reach objec-
tive conclusions and do not evaluate new evidence objectively (Lederman et al.,
2002).

Just as students’ interpretations of observed phenomena are influenced by
their beliefs, values and previous knowledge, so too are those of scientists (Led-
erman, 2007).

Based on the interviews with participants in both years and as can be seen in
Table 8 it was concluded that most of the students understand the subjectivity of

science.
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Table 6. Common themes found in 2015-16 and 2016-17 participants.

. 2015-16 cohort 2016-17 cohort
Yes/ NO Sub-categories . . K i
(out of 6 interviewed students) (out of 6 interviewed students)
The expectations of the culture
Yes determine what to study; 2 2
scientists are motivated by social demands.
Scientists are members of society;
Yes they are influenced by society 3 4
(education and ways of thinking)
Yes Religious background 4 3
Yes Gender and science 3 2
No Science is completely objective. 1 2

Table 7. Students’ ideas about how science progresses. (common themes found in 2015-16 and 2016-17 participants).

Change/ No change Sub-categories 2015 participants 2016 participants
a new phenomenon shows up with
Change 4 3
the help of advanced technology
Change the inabilit}.r of a scientific theory 3 4
to explain new knowledge
Change humans’ ideas change 4 3
Change No reason was provided 2 1
No change fundamental theories would be the same 1 0
Table 8. Subjectivity of science.
Subjective/Objective Sub-categories 2015-16 participants 2016-17 participants
Science is influenced and driven by the
tl ted scientific theori d
Subjective presently accepted scientific .eorle.s an 4 3
laws. The development of questions is also
based on current theory.
L Personal subjectivity is unavoidable.
Subjective 3 3
(Personal preference)
Objective Science is completely objective. 1 2

Two common sub-categories were extracted from students’ responses:

1) Science is influenced and driven by the presently accepted scientific theo-
ries and laws. The development of questions is also based on current theory, 2)
Personal subjectivity is unavoidable in scientific process.

In seeking to account for subjectivity of science, 5 out of 6 students in 2015-16
and 4 students out of 6 in 2016-17 felt that science is dependent on scientists’
background, their levels of education and their personal preferences as well as
exterior influences such as currently accepted theories. Students thought that
observations are not completely objective and can be affected by related scien-
tific theory. They explained that scientists always learn basic knowledge and then
they try to build upon it, which can make science subjective. Student HA dis-
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cussed an example on how presently accepted theory influences science: “Most
of the students choose their major and then in their masters and PhD, they are
working on one of the accepted theories and they don’t cross link with the other
ones.” Student GA from the 2015-16 cohort also mentioned the exterior biases in
scientific knowledge: “you’re shaped by the knowledge we’re already aware of.
You’ll think ‘maybe this mechanism is like that mechanism’. You won’t be able
to come up with completely off-the-wall theory.” Student MA from the
2016-17cohort explained how scientists’ personal biases make science subjective:
“Well, I think we are all humans and we all have like biases and so even with our
own research, we can’t be completely objective and so where Aristotle was argu-
ing about his research and he didn’t want to see the other facts or the other dis-
coveries that were happening at the same time. I think that if you’ve been work-
ing on a project or on a theory for like 20 years, I think it can be hard to ... like if
someone comes up with a different idea or something that rejects your theory, I
think it can be hard to switching and be like: okay! I was wrong because you've
been putting and investing project. So, I think just so much energy, time and
money for that project. So, I think just personal biases and social factors still

have influences as much as it did in those days.”

6. Overview

This course was taught using student-centered instruction. We measured the ef-
fects of this course on students understanding about the NOS. It would seem
that there were impressive changes in students’ understanding of the NOS. More
specifically, there were changes in students’ views about the evolution of theory.
Hence, we conclude that using different methods of student-centered instruction
(section 3) is effective in teaching the NOS to science students.

Generally, students agreed science is continuously changing due to using ad-
vanced technologies. Students accepted the tentative nature of science and had a
strong view that scientific knowledge progresses. Some other students felt that
scientific knowledge does not change. For those students, theories such as New-
ton’s gravitation law do not drastically change but are refined to be more accu-
rate.

Second, on the topic of subjectivity of science, the students felt that science is
influenced and driven by the presently accepted scientific theories and laws and
personal subjectivity is unavoidable. In particular, when data were not solid
enough, students felt scientists filled in gaps from their own assumptions and
imagination. Students from both the 2015-16 and the 2016-17 cohorts showed
considerable change in each sub-category of subjectivity of science. For example,
4 students out of 6 in 2016-17 and 5 students out of 7 in 2015-16 showed pro-
gress in the first sub-category (science is influenced by currently accepted theory
in scientific society) of the subjectivity of science (second theme).

Third, the majority of the participants agreed there was mutual interaction
between science and society. Some students thought politics and religion have

resulted in abuse of scientists and science for example Galileo and Darwin. They
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also discussed the influence of society on scientists as members of society; Par-
ticipants of both years were showed a good understanding of the socio-cultural
aspects of science.

This section will discuss the ways the student-centered teaching improved the
students’ understanding of NOS during two semesters by comparing the cases.

Reflective Writing products also show that in the beginning, students saw
science as very straightforward and set in stone. In general, student writings be-
came clearer and more understandable by the end of semester. Moreover, stu-
dents’ understanding of science changed.

The overall results showed that the student-centered classroom helped the
students to improve their understanding of the NOS. This study should be help-
ful for science educators in designing their science courses for first year science
students. Also, this study gives instructors information about how students can

go through conceptual change and become an active learner.

7. Conclusion

Too few science programs require any coursework involving a deep and robust
understanding of the NOS (Backhus & Thompson, 2006). Many articles in the
journal Science & Education consider contributions to teaching and learning
about the NOS. However, in the majority of these studies, the authors’ claims
about adequately and deliberately teaching and learning about the NOS to sci-
ence students are not backed up by data to help us know specifically what educa-
tional methods actually help learning, or, if it does help, how it helps and what
we need to do to make it an effective learning activity.

Answers to such questions are helpful for both educators, in terms of guiding
future students, as well as researchers, who seek a deeper understanding of the
processes involved in implementing such activities. In this study, we conducted
interviews and combined the qualitative analysis of the interviews, student writ-
ing products and classroom observational data following a qualitative research
approach, as recommended by Corbin & Strauss (2015) and Packer (2010) to
examine these research questions. We also studied students’ understanding of
science to explore whether student-centered teaching is helpful to achieve effec-
tive NOS learning outcomes.

This paper establishes three main items:

1) The characteristics of student-centered teaching and educational methods
that can be used to help students accommodate the course material.

2) Participants’ improvement in understanding specific aspects of the Nature
of Science.

3) Improvements and changes in students’ philosophical attitudes towards

Nature of Science.
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