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COMMENTARY

Infusing the Engineer Design Process into
Education

Longjun Zhou

Division of Education and Economy, China Center, International Education Communica-
tion Agency, the BASE, USA

“Engineering is the closest thing to magic that exists in the world.”
—Elon Musk

HE ENGINEERING design process (EDP) is an iterative decision-making process, in

which basic science, math, and engineering concepts are applied to develop optimal
solutions to meet an established objective (Mangold & Robinson, 2013). There is no uni-
tary standard for the EDP, and researchers have different ideas about the basic steps that
should be included in the process. In practice, the EDP may varies by discipline and pro-
ject, but it’s essential features typically include: (1) starting with the definition of the
problem or needs; (2) being open-ended with multiple possible solutions; (3) involving
mathematical modeling and scientific analysis; (4) being highly iterative (Atman et al.,
2007; Hynes, 2012; Berland et al., 2014).

The EDP is not only applied in the domain of engineering but is also a useful tool
applicable at all levels of education. It can provide students with an opportunity to learn
scientific knowledge in a real-world scenario (Berland et al., 2014) while also contrib-
uting to developing their schema of design thinking, especially with respect to clarifying
the problem, generating ideas, modeling, and feasibility analysis (Lin et al., 2021). With
the increased awareness of the significance of the EDP as a pedagogical strategy, educa-
tors began to experiment with it in K-12 engineering teaching to promote the development
of 21st century skills in students. For example, the University of California, Berkeley
launched the ADEPT (Applied Design Engineering Project Teams) program to design and
deploy standards-based engineering curriculum for middle and high school students (in
grades 6-12). The program was designed to integrate mathematics and science concepts
applied in engineering projects to inspire secondary students, helping them succeed in rel-
evant subjects, and to strengthen the classroom experience of current and future teaching

© 2024 Insights Publisher. All rights reserved.
Creative Commons Non Commercial CC BY-NC: This article is distributed under the
terms of the Creative Commons Attribution-NonCommercial 4.0 License
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staff in math, science, and engineering (Mangold & Robinson, 2013). Earlier research
found certain challenges of the use of the EDP in instruction including students’ neglect
of its quantitative aspects, such as quantifying needs, establishing structured methods to
reach solutions, and developing mathematical models (Crismond & Adams, 2012;
Berland et al., 2014). To address these issues, teachers needed to design special contexts
and questions to engage students in the quantitative work of the design process. However,
it does not mean the qualitative content of the EDP, such as identifying problems and
modifying solutions, is less important. Instead, these aspects of the EDP allow students
the perception of steady progress as they are more manipulable and familiar to learners
(Barnett, 2005; Hmelo et al., 2000).

In recent years, the alignment between the EDP’s application outcomes and the
objectives of STEM education has inspired researchers to incorporate the EDP into the
latter, such as 3D printing education (Hou, 2019). Some researchers asserted that the EDP
was integral to STEM teaching and highlighted the three requirements for designing EDP-
based STEM education programs: adhering to student-centeredness; linking the problem
or task to the actual life of students; and adopting the formative assessment to document
students’ learning process and encourage reflections on learning outcomes (Zhang et al.,
2019). Other researchers tried to combine the EDP with STEM project-based learning to
create the more sophisticated model of EDP-STEM-PBL. This model seeks to situates
scientific and mathematical knowledge within the context of technological design to build
a problem-solving learning environment which facilitates students formulating solutions
to design challenges, gathering information, and solving real problems using the EDP (Lin
etal., 2021).

Despite the validations of the positive effects of the integration of the EDP into
STEM education in the literature (Hafiz & Ayop, 2019), insufficient is the research on
applicable strategies for the design and implementation of EDP-based curricula, and stud-
ies of localized EDP application are even fewer. In this issue, Engineering Design-Based
STEM Activity for Middle Schools: How Can | Slide Faster? is a study of the design and
implementation of an EDP-based STEM education activity for the instruction of “friction
force and water resistance” based on the US’s Next Generation Science Standards (NGSS)
and the objectives and outcomes set for the 5th-grade science curriculum by the Turkish
Ministry of National Education. Twenty-one Turkish students in grade 5 participated in
the study, who were required to design a water slide boat that would be least affected by
water resistance and friction (Goksena et al., 2024). The activity was meant to improve
students’ engineering and design skills. Despite its elaboration on the design and imple-
mentation steps of EDP-based STEM education activity, there was no quantitative analy-
sis of students’ learning outcomes in the study, resulting in the lack of an objective and
explicit demonstration of the activity’s effectiveness. Still, the research findings of this
study can provide valuable guidance to science teachers for their practices of integrating
the EDP into the design and implementation of STEM teaching activities. It is hoped that
these findings can spark explorations of the application of the EDP in a more extensive
range of disciplines.
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COMMENTARY

Developing Principal Leadership
Assessment Instruments:
The Necessity and Challenges

Alan C. K. Cheung

The Chinese University of Hong Kong, Hong Kong 999077, China

“I can respect any person who can put their ego aside and say, | made a mistake, | apolo-
gize, and | am correcting the behavior.”
—Sylvester McNutt

RINCIPAL leadership evaluation and assessment, one of the crucial means for man-

aging and monitoring principals, is of vital significance for principal professional
development, the enhancement of principal leadership capability, the optimization of the
principal accountability system, and school improvement (Wang, 2016; Han, 2019). At
the level of personal growth, principal leadership assessment can provide school leaders
with formative and summative feedback, which is beneficial for their professional devel-
opment (Murphy et al., 2011). At the level of school management, it helps the principal
identify the gaps between the existing practices and expected outcomes to make informed
decisions for school improvement and development (Goldring et al., 2009); in the mean-
time, principal leadership assessment with definite results enables other school adminis-
trators to understand clearly the goals set for the school and principal, contributing to the
development of a climate of collective accountability (Murphy et al., 2011) and the im-
provement of school governance. Overall, well-designed and properly implemented prin-
cipal leadership assessment can effectively enhance organizational performance and help
select qualified school leaders (Murphy et al., 2011).

The development of effective principal leadership assessment instruments was in-
itiated in the 1980s. The Principal Instructional Management Rating Scale (PIMRS) by
Hallinger and Murphy (1985) and the Vanderbilt Assessment of Leadership in Education
(VAL-ED) by Porter et al. (2008) are the best-known among them. The PIMRS assesses
the effectiveness of principal leadership behaviors in three dimensions: defining the
school mission, managing the instructional program, and developing a positive school
learning climate (Hollinger & Murphy, 1985). In the past 40 years or so, the scale has
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been widely used and examined by researchers and is deemed a reliable instrument for as-
sessing principal leadership. Yet, it has its limitations with its neglect of the contextual
variables of the school and the role of teachers” agency (Hollinger, 2003). The VAL-ED is
a learning-centered, 360-degree assessment, focusing on school leadership that improves
student academic achievement. The assessment is based on a conceptual framework of six
core components and six key processes. The core components include high standards for
student learning, rigorous curriculum (content), quality instruction (pedagogy), culture of
learning and professional behavior, connections to external communities, and perfor-
mance accountability. The key processes are behaviors that principals can employ to enact
the six core components: planning, implementing, supporting, advocating, communicating,
and monitoring (Porter et al., 2008). Contrary to the said two assessments based on prin-
cipal positive behaviors, Burkett (2020) adopted an inverse approach and developed the
Principal Effectiveness Assessment Kit (PEAK) by looking at traits that define ineffective
principal leadership. This instrument assesses the state of a principal’s leadership by five
key themes relevant to ineffective principal leadership including a lack of professionalism
and ethics, limited leadership skills, lack of teacher and student advocacy, limited listen-
ing and communication skills, and a poor school culture and climate. However, the U.S.
education context of the aforementioned assessment instruments may constrain their us-
age in other countries. Many researchers have sought to create localized principal leader-
ship assessments in line with the circumstances of their own countries. For instance,
Brown and Chai (2012) developed the Self-Assessment of Leadership of Teaching and
Learning (SALTAL) according to New Zealand education needs, which evaluate principal
leadership in the following dimensions: knowledge and skills for leading teaching and
learning; commitment to ensuring positive learning outcomes for all students; collabora-
tive leadership; and ethical leadership.

Despite the multiple instruments designed for advancing school leadership evalu-
ation, various challenges emerged in their implementation practices. Some researchers
noted the bias in the purpose of current assessments that emphasize leadership discipline
over school improvement as well as the ambiguity of assessment focus - on principal or
school performance (Wang, 2016). Moreover, the majority of these assessments are self-
report evaluations (Brown & Chai, 2012), leading to their lack of objectivity. This is be-
cause, compared with the third-party observation or external evaluation, the self-
evaluation is subject to biases such as self-enhancing tendencies (e.g. not reporting as-
pects which make the evaluator feels bad about the evaluatee) and social desirability
tendencies (Donaldson & Grant-Vallone, 2002), compromising the effectiveness of as-
sessment.

For further exploration of more reliable and effective principal leadership assess-
ment instruments, it is of critical importance to identify core elements of principal leader-
ship. Essential Elements of Principal Leadership: A Literature Review of Leadership
Qualities of Primary and Secondary Principals in this issue is a systematic survey on key
leadership qualities of primary and secondary principals based on a review of 60 journal
articles in English and Chinese. These qualities, summarized in the dimensions of person-
al traits, the capacity to influence people, and the ability to make sustainable organization-
al improvements, are subject to little geographical and temporal influence, representing
general expectations and requirements for basic education school principals from the
global education world (Chen & Chen, 2024). While this study has provided a qualitative
lens for understanding principal leadership, the issue of how to establish a scientific,
quantitative assessment framework for more accurately gauging the principal’s leadership
capacity is pending further research. Furthermore, the literature drawn on by this survey
includes both qualitative and quantitative studies, which give us different perspectives for
probing leadership qualities. Nevertheless, certain amounts of prudence and careful dis-
crimination are necessitated when incorporating their research results in the creation of
principal leadership assessment scales since those qualitative studies contain the research-
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ers’ subjective interpretations and personal experience, which may undermine the validity
and objectivity of the scale in development.
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ORIGINAL ARTICLE

Engineering Design-Based STEM
Activity for Middle Schools:
How Can I Slide Faster?

Ozlem Gdoksen,! Esra Kizilay,! Nagihan Tanik Onal?

1. Erciyes University, Kayseri, Turkey
2. Nigde Omer Halisdemir University, Nigde, Turkey

Abstract: In the current study, an engineering design-based STEM
activity was designed and implemented for 5th graders. The current
activity is expected to provide guidance and perspective to teachers
(practitioners) in designing and implementing an activity based on
design-based learning, STEM activity, and engineering design
process (EDP). At the same time, during the implementation of the
activity, teachers and students experienced a STEM activity based
on the EDP. In the fall semester of the 2022-2023 academic year,
this STEM activity based on the engineering design process was
planned for Friction force and water resistance in the 5th-grade
middle school science course. Then, the activity was implemented in
a class of 21 students. The activity was implemented in three class
hours. This activity, titled “Let’s Design a Water Slide Boat,”
aimed at designing a water slide boat that would be least affected
by water resistance and friction force to improve students’
engineering and design skills. This activity was based on NGSS and
the objectives and outcomes set in the 5th-grade science curriculum
of the Turkish Ministry of National Education.
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Introduction

the so-called 21st-century skills, which are becoming more and more

crucial day by day. These skills include innovation, design thinking,
entrepreneurship, questioning, teamwork, analytical skills, and science and
technology literacy (Aranda et al., 2020). Design-based learning (DBL) is
essential to achieving this objective. DBL can be described as a teaching
strategy incorporating content knowledge into the creative production
process so that students design artifacts to address real-world issues with
Papert’s theory of constructionism (Doppelt et al., 2008). Through DBL, it
may be possible to teach science to students, provide motivation, and guide
students toward engineering careers (Chandrasekaran et al., 2013).

The engineering design process is used in DBL, as is evident from
this (Dopplet & Barak, 2021). Engineering Design Process (EDP) is defined
as a set of processes that includes the steps of selecting the best way to solve
a problem, conducting research, and creating products (National Research
Council [NRC], 2009). In its most basic sense, the engineering design
process is the set of ways engineers solve problems. Engineering design is
also characterized as an essential teaching-learning tool for developing skills
such as open-ended problem-solving, creative thinking, solution generation,
decision-making, and evaluation of alternative solutions (Wang et al., 2013).
As can be inferred, some steps in the engineering design process are also
found in science and technology. In addition, the fields of science and
engineering mutually feed each other (Next Generation Science Standards
[NGSS], 2013; NRC, 2012). At this point, for quality education, it is
recommended that the scientific research inquiry process and the
engineering/technology design process should operate together in the
learning process (NRC, 2012). The focus of STEM education, which is
based on integrating science, technology, engineering, and mathematics
(STEM) disciplines, is also to enable students to integrate scientific
knowledge and practices using real-life engineering problem-solving and
creative design processes (Lou et al., 2014). From this perspective,
combining the content knowledge of science and engineering disciplines
with science and engineering practices is essential, thereby increasing
students’ knowledge and skill levels. To achieve this, students are expected
to solve engineering problems in a real-life context within the framework of
a specific theme they are confronted with (NRC, 2012). There are different
variations of the EDP. For this reason, it is more important to focus on the
standard components in the variations, such as defining the problem, setting
the criteria for solving the problem, realizing prototype designs, and finding
the best solution (NGSS, 2013). In EDP, a cyclical process, the solution to

THE PRIMARY objective of education should be to raise people with
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the problem is either a model (design-prototype) or a modeling (Hynes et al.,
2011; NRC, 2012).

EDP education contributes to students’ academic achievement
(Mehalik et al., 2008), transfer of knowledge to real life (Thomas, 2014), and
development of 21st-century skills (Bybee, 2010; Stehle & Peters Burton,
2019). It positively affects learners’ interest, attitude, and motivation toward
STEM disciplines and develops their career awareness (Baran et al., 2015;
Christensen & Knezek, 2017). As a result, individuals who have acquired
design skills are expected to be able to solve the problems they face in daily
life, think innovatively and creatively, be self-confident, entrepreneurial, and
technologically literate, and pursue careers in scientific fields (Bybee, 2010).
Despite all this importance, traditional classroom environments must be
improved regarding design activities. Learners need to be provided with
design skills and, thus, the ability to solve design problems they may
encounter in real life (Moreno et al., 2016).

On the other hand, science instruction is a complex process, and
students typically need to improve in science (Fokides & Papoutsi, 2020).
Considering this situation, the EDP-based science education process comes
to the forefront to improve the quality of science education, which is closely
related to science, technology, and society and whose nature overlaps with
the process of engineering and scientific research, and to build a society of
science learners with developed 21st-century skills. Indeed, NRC (2012)
emphasizes the components of science education, such as developing science
literacy, problem-solving, and engineering skills, and conducting research
with scientific ethics.

When the literature is examined, it is clear that there are numerous
studies on designing and adapting engineering design-based activities on
friction force for teachers (Hacioglu, 2020), designing activities for children
in their early years (Ata Aktiirk, 2023; Tanik Onal & Saylan Kirmizigiil,
2021) and high school students (Baptista & Martins, 2023). Applied studies
in the field of STEM in the literature are generally conducted with the
participation of pre-service science teachers (Buber & Unal Coban, 2020)
and middle school students (Wieselmann et al., 2020).

In our study, a STEM activity about water resistance and friction
force was designed for 5th graders based on the EDP. The selection of 5th
graders in our study is essential. Studies examine the effect of STEM-based
activities integrated with the 5th-grade science course content on students’
problem-solving skills and academic achievement. For example, the article
by Ince et al. (2018) investigated how integrating STEM-based activities
with science course content affected students’ problem-solving skills and
academic achievement related to the earth’s crust. The results showed a
significant increase in students’ problem-solving skills and academic
achievement in STEM-based activities. The study conducted by Eker (2020)
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examined the effect of STEM activities prepared based on the ‘Measurement
of Force and Friction’ and ‘Matter and Change’ units in science courses on
students’ motivation and entrepreneurship. The results showed that the
teaching method supported by STEM activities increased students’
motivation but did not provide a statistically significant increase in
entrepreneurship skills. Keggci et al. (2017) examined students’ attitudes and
emotions toward coding learning through STEM education practices
consisting of guided inquiry, inquiry-based science activities, coding
education, and educational game-supported coding learning. The results
showed a significant increase in attitude towards coding learning supported
by educational computer games and that students found the science activities
enjoyable. Some even preferred to experience them again with their families.
In conclusion, designing an EDP-based STEM activity about water
resistance and friction force for 5th grade students is of great importance for
students to gain experience in the STEM field and develop their problem-
solving skills. Such activities can increase students’ motivation and
academic achievement by providing them with more in-depth knowledge in
the fields of science, technology, engineering, and mathematics. Kahveci
(2020) analyzed the science textbooks in TUrkiye in terms of STEM criteria
and found that the activities in the 5th-grade textbook partially met the
necessary criteria, and most of the activities for science, engineering, and
entrepreneurship practices in the textbooks of other grades did not meet the
criteria. This is important because students have experienced STEM
activities based on EDP before.

According to studies conducted in Tukiye, STEM education
textbooks are inadequate, and even though teachers want to implement
STEM activities, they encounter challenges (in terms of the practitioner’s
competencies, the availability of materials, and cooperation), which makes
them hesitant (Ozbilen, 2018). Again, according to the literature, teachers
have difficulty presenting problems that will enable students to make
interdisciplinary connections and carry out the research process (Diana,
2021). With this in mind, it can be said that there is a need for STEM
activities to spread throughout society, particularly in Tirkiye, and for
practitioners to develop their skills and knowledge.

This study aims to design and implement an engineering design-
based STEM activity for fifth-grade students. This activity is expected to
guide teachers (practitioners) in developing and implementing an activity
based on design-based learning, STEM activity, and EDP (Engineering
Design Process). At the same time, during the implementation of the activity,
teachers and students will experience a STEM activity based on EDP. For
these purposes, the research questions are as follows:

® How can an engineering design-based STEM activity be designed
and implemented for fifth-grade students?

SIEF, Vol.23, No.2, 2024 3737



Goksen et al. (Turkey). Engineering Design-Based STEM Activity for Middle Schools.

® How can this activity provide guidance and perspective to teachers
in designing and implementing an activity based on design-based
learning, STEM activity, and EDP?

® Can teachers and students experience a STEM activity based on
EDP during its implementation?

Method

In the fall semester of the 2022-2023 academic year, this STEM activity
based on the engineering design process was planned for Friction force and
water resistance in the 5th-grade middle school science course. Then, the
activity was implemented in a class of 21 students (11 girls and 10 boys).
The activity was implemented in three class hours (40+40+40+40 minutes).

This activity, titled “Let’s Design a Water Slide Boat,” aimed to
design a water slide boat that would be least affected by water resistance and
friction force to improve students’ engineering and design skills. This
activity was based on NGSS (2017) and the objectives and outcomes set in
the 5th-grade science curriculum of the Turkish Ministry of National
Education (MoNE, 2018) (Appendix 1). At the end of the activity, students
are expected to achieve the following STEM acquisitions.

STEM Acquisitions

Gives real-world illustrations of friction force.

Generates new ideas to increase or decrease friction in daily life.
Defines a daily life problem.

Creates ideas for solving the problem.

Draws various designs for the solution of the problem.

Identifies the limitations of their designs.

Creates the design (prototype).

Tests the design.

Improves the design.

The activity was planned based on NASA’s (2011) engineering
design cycle. According to this cycle, the steps of asking questions,
imagining, planning, creating, testing, and improving follow each other
cyclically. Before the activity, the students were informed about this cyclical
process.

Ethics Rules Taken into Account in the Study

In this activity design and implementation study, the whole process was
explained in detail to ensure the transferability of the research. In addition,
after the activity was designed, two field experts were consulted to evaluate
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the activity. These evaluations focused on qualities such as the
appropriateness of the activity for the grade level, whether it meets the
outcomes, its suitability for the duration, the appropriateness of the activity
for the execution of EDP, the suitability of the problem situation for STEM
education, and finally the examination of the boundaries of the design task to
be carried out to solve the problem. Expert opinions were that the activity
design had no implementation deficiencies. Then, the implementation started.
A volunteer teacher implemented the activity. Necessary precautions were
taken to prevent the teacher and students from being recognized in the
photographs presented in the study.

Activity: Design a Water Slide Boat
Skills Based on the Activity

Scientific Process Skills

Measuring, recording data, hypothesizing, using data and modeling,
changing and controlling variables, and experimenting.

21st Century Skills

Analytical thinking, decision making, creative thinking, communication,
teamwork, entrepreneurship.

Engineering and Design Skills

Innovative thinking, product creation, and approaching the problem from a
different perspective.

Equipment/Material (Table 1)

The Connections of the Activity to NGSS

The design of the activity also took the Next Generation Science Standards
(NGSS) into consideration. Table 2 lists the NGSS that are relevant to the
activity. The activity is closely related to three K-12 Science Education
Framework elements, as stated in Table 2.

Implementation of the Activity
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Table 1. Equipment and Material Prices.

Needle (1 for 1 TL)

Eva (1 for 2 TL)

Scissors (5 TL each)

Yarn (1 meter 1 TL)

Paper (1 TL for five)

Cotton (8 TL for 50 g)

Waste materials
(Free of charge - It makes students care about recycling)

Chenille (1 TL each)

Ruler (5 TL each)

Eva (1 TL each)

Pencil (1TL each)

Wooden ice cream sticks (50 kr.
each)

Glue (5 TL for a tube)

Tape (5 TL for a roll)

Silicone gun (50 TL for one)
(Silicone gun will be used under teacher control)

Thin silicone (2 TL for 1)

Table 2. The Connections of the Activity

to NGSS (NGSS, 2017).

Science and

Engineering Practices Disciplinary Core Ideas Crosscutting Concepts

e Planning and PS2.A: Forces and Motion Cause and Effect
Carrying Out e Pushes and pulls can have different e Simple tests can be
Investigations strengths and directions. designed to gather

evidence to support or
refute student ideas about
causes.

Analyzing and
Interpreting Data
Constructing
Explanations and
Designing Solutions
Obtaining,
Evaluating, and
Communicating
Information

e Pushing or pulling on an object can
change the speed or direction of its motion
and can start or stop it.

PS2.B: Types of Interactions

When objects touch or collide, they push
on one another and can change motion.
PS3.C: Relationship Between Energy and
Forces

A bigger push or pull makes things speed
up or slow down more quickly.

ETS1.A: Defining Engineering Problems

A situation that people want to change or
create can be approached as a problem to
be solved through engineering. Such
problems may have many acceptable
solutions.

Ask Imagine

Plan

Improve

Test Create

Figure 1. The Engineering Design Process by NASA (2011).
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The activity was planned based on NASA'’s (2011) engineering design cycle.
According to this cycle, the steps of asking questions, imagining, planning,
creating, testing, and improving follow each other cyclically (Figure 1).

Ask a Question: (15min)

This activity phase aims to develop students’ ability to find solutions to the
problems they encounter in daily life. The problems presented to the students
were designed to reveal their prior knowledge and draw their attention to the
topic. Then, the questions posed by the teacher to the students were intended
to stimulate their thinking abilities and problem-solving skills. The students’
answers show their ability to analyze the problem situation, generate
possible solutions, and share similar experiences. This activity aims to
develop students’ critical thinking and creative solution-finding skills.

First, the daily life problem shown in Figure 2, which was prepared
by the teacher to reveal the students’ prior knowledge and draw their
attention to the topic, was presented.

After the students read the problem situation, the teacher asked the
following questions to the students.

® \What do you suppose Mert’s inability to move quickly down the

slide could be?

® If you were in Mert’s shoes, what would you do to make it easier

for him to slide?

® Did anyone ever have a similar problem while sliding down the

slide before? (If so, how did you solve the problem?)

The answers given by the students to the questions are summarized
as follows:

The students stated that the reasons for Mert’s inability to slide fast
down the slide could be that the slide was rough, the child’s shorts, the
friction were too much, and the child’s body prevented him from sliding.

Students responded to the question “If you were Mert, what would
you do to slide more easily?” with responses like “I would wear smoother
shorts.” “I would slide on a bagel.” “I would slide with a plastic bag.” and “I
would foam my body.”

In addition, in response to the question “Has anyone ever
experienced a similar problem while sliding down a water slide before? (If
so, how did you solve the problem?)”, students answered, “We have never
been on a water slide before, so we have not experienced such a problem.”,
“No, we have not experienced such an incident.”, “We have not been on a
water slide before, so we have not experienced such an incident.”” and ‘“We
have not been on a water slide before, but I was wearing shorts while sliding
in the park and my legs were sweaty and stuck to the slide and | had
difficulty sliding. So, I slid by putting cardboard under me.”
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DESIGN TASK
How Can I Slide Faster?

Mert has been dreaming of a nice vacation all year and finally summer vacation has arrived. Mert
likes to spend most of his time at the water slides in the hotel pool and he is very excited to slide
down the water slide. At his first slide, Mert doesn't enjoy it very much because he slides very
slowly, and it hurts a litile.

Figure 2. Design Task.

Figure 3. Design Sketches.

Imagine: (15min)

At this stage, students were divided into groups of four or five. Each group
was asked to imagine a water slide boat design so that Mert could slide down
the slide more easily. While the groups were imagining their designs, they
were asked to be careful that their designs should be durable, safe, and cost-
effective.
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Plan: (20min)

The teams created design drawings by sketching out their envisioned
creations on paper (Figure 3). They tried to keep the cost of the materials
they would use in their designs low. This stage allows students to concretize
their design and turn it into a practical plan.

Create: (40min)

The groups created their designs in line with the drawing they planned and
designed (Figure 4). They wrote down the costs of their designs on a piece
of paper (Figure 5). This activity phase aims to create designs in groups
using the drawings designed by the participants and determine the costs of
these designs. In the next step of the design process, the groups will do their
best to turn their planned drawings into reality. This stage in the design
process enables participants to fulfill a specific task by utilizing their
creativity and problem-solving abilities. Also, determining costs helps
participants develop their budget management skills and use of resources
effectively. This stage represents a practical and hands-on dimension of the
design process, enabling participants to transform their conceptual ideas into
concrete products while developing their economic thinking skills.

Test: (15min)

At this stage, the designs made by the groups were tested on the slide
prepared by the teacher (Figure 6). The groups examined their designs for
the easiest and fastest way to slide. This activity phase aims to test how
effective the designs prepared by the groups are in practice. The groups test
their designs on the slide they have prepared. This testing process provides
an opportunity to see how the designs work in real-world conditions. Groups
evaluate the performance of their designs as they try to determine that their
design is the easiest and fastest way down the slide. This stage allows
students to experience the practical application of the design process and
provides an opportunity to evaluate how well their designs function in real
life. In this way, students can develop and improve their designs and, at the
same time, develop their engineering and problem-solving skills. This stage
allows students to test and evaluate their designs in a real-world context,
allowing them to apply the scientific method and engineering principles.

Improve: (15min)

Slow and difficult sliding designs were identified, and the groups finalized
the designs by eliminating the faulty aspects.
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Figure 5. Design Costs.
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Figure 6. Testing of the Designs.

Table 3. Design Evaluation Rubric.

Criteria Points

Cost of Design Less than 60 TL Between 60-70 TL More than 70 TL
30 points 20 points 10 points

Time to finish Less than 3 seconds Between 3-5 seconds More than 5 seconds

the course 30 points 20 points 10 points

Safety The doll is not hit and The doll was hit left and right The boat overturned and
does not fall off the boat. but the boat did not tip over. the doll was thrown.
30 points 20 points 10 points

Resilience It is not affected by liquid The shape is changed by the The shape is completely
in any way. liquid, but it still functions. distorted by the liquid.
30 points 20 points 10 points
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Table 4. Evaluation Rubric f

Stages

Performance Level
1

up Work.

Performance Level 2

Performance Level
3

Performance Level
4

Planning of the Design

Teamwork No task distribution ~ Before starting the Before starting the Before starting the
was made before design, all tasks design, all tasks design, all tasks
starting the design. were allocated were allocated were allocated
At the same time, without considering without considering according to the
no definition of the the wishes and skills  the wishes and wishes and skills of
needs of the design  of the people skills of the people the people
was made by the involved. At the involved. But the involved. The
group members. same time, no needs of the design  needs of the

definition of the were defined by design were also
needs of the design these people. defined by these
was made by these people.
people.

Originality of No discussion was The group The group The group

Design held as a group discussed how the discussed how the discussed how the

about how the
design should be
and no decision
was taken about
the design.

design should be,
but an original
design was not
decided on until the
end of the process.
At the same time,
this design was not
adopted until the
end of the process.

design should be,
but did not decide
on an original
design until the end
of the process. This
design was adopted
until the end of the
process.

design should be
and an original
design was
adopted.

Drawing Related
to Design

No drawing was
realized that was
suitable for the
activity and whose
draft could be
transformed into a
design.

A drawing was
made that was not
suitable for the
event, but the sketch
could be turned into
a design.

A drawing was
made that was in
line with the
purpose of the
event but whose
outline could not be
turned into a
design.

A drawing was
made in
accordance with
the purpose of the
event, the outline
of which could be
transformed into a
design.

Making the Design

Using Materials

Water-resistant

Water-resistant

Water-resistant

Water-resistant

and Time materials were not materials were used  materials were not materials were
Effectively used for the design  for the design, but used for the design,  used for the design
and the design the design could not  but it was and the design
could not be be completed within completed within was completed
completed within the specified time. the specified within the specified
the specified time. timeframe. time.
Effective The design was not  Not all group The design was led The design was
management of maintained and members were by only one sustained and
the design managed within the  involved in the individual, although managed within
process control of the group  design and the it was maintained the control of all
as a whole or any design was within the control of ~ group members.
of its members. controlled and all group members.
managed only by
one of the group
members.
Cooperation During the design During the design During the design During the design
Ability process, there was process, it is often process there was process, there was
Among not a good the case that all cooperation among always cooperation
Stakeholders collaboration group members all group members among
between all group failed to cooperate intermittently and all group members
members and and workload is during these and the whole
consequently the undertaken cooperation group individuals
workload could not by some individuals intervals individuals ~ shared workload
be organized in a in the group. in the group shared equally.
controlled manner. workload equally.
Testing the The design was not  The intended design  The intended The intended
Design tested for its was not pursued, design was not design was not
and intended purpose at  and although the abandoned, and abandoned, and
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Improvement

any point in the
process and ideas
and solutions for its
improvement were
not developed.

design was tested
intermittently for its
intended purpose,
no new ideas and
solutions were
developed.

although it was
constantly tested for
its intended
purpose, no new
ideas or solutions
were developed.

the design was
continuously tested
for its intended
purpose and new
ideas and solutions
were developed.

Taking Security
Measures

No safety
precautions were
taken for the
storage and use of
the materials and
no responsible
person was
identified.

No safety
precautions were
taken regarding the
use of materials.
Only one of the
group members is
identified as the
responsible person
for the storage of
materials.

All safety
precautions were
taken regarding the
storage and use of
the materials.
However, only one
member of the
group was
designated as
responsible for this.

All safety
precautions were
taken regarding
the storage and
use of the
materials. And all
the group
members were
designated as
responsible for
this.

Evaluation of the Design

Creating a
Checklist and
Using it for
Evaluation
Purposes

No checklist was
created, and the
design was not
reviewed in any
way.

No checklist was
created, but the
design was
reviewed generally.

A checklist has
been created but

in no way was the
design reviewed
according to this list
but in general.

A checklist was
created with the
participation of all
group members
and the design
was reviewed
according to the
entire list.

Being realistic in
terms of form and
aesthetics

No emphasis was
placed on form and
aesthetics.
Therefore, the
design did not
reflect reality.

The form of the
design was
determined. But
since it is not based
on aesthetics, the
reality of the design
was not reflective.

The design was all
about form and
aesthetics, but the
design did not
reflect reality.

The design was all
about form and
aesthetics, and the
design did reflect
reality almost
completely.

event?

event?

like?

What did you learn at this

What was your favorite part of this

Was there a section of this event that vou didn’t

What would you like to be changed 1n this event?

Figure 7. Reflecting Text.
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Evaluation of the Activity

Throughout the activity, the work done by the groups was monitored by the
teacher. The designs of the groups were analyzed through the Design
Evaluation Rubric given in Table 3. While preparing this rubric, the rubric
developed by Hacioglu et al. (2016) was utilized. The studies of the groups
were analyzed through the Group Work Evaluation Rubric given in Table 4.
While creating this rubric, the rubric developed by Aydin & Karagam (2015)
for evaluating technological designs for groups were utilized. Opinions about
the activity were obtained from all students through reflection essays. These
opinions are shown in Figure 7.

Discussion

“Let’s Design a Water Slide Boat™ is an activity design and implementation
study demonstrating how to incorporate a STEM activity based on the
engineering design process into science education. In this study, which deals
with the 5th-grade science course Friction Force and Water Resistance,
NASA’s (2011) engineering design cycle has been taken as a basis.
Therefore, in the activity, the steps of asking questions, imagining, planning,
creating, testing, and improving follow each other cyclically. Using this
cycle ensures that the activity topic designed in the study is associated with
daily life. Because it was a STEM activity based on the EDP, the learners
could work as engineers and scientists. For a quality science education, it is
recommended that scientific research inquiry and engineering/technology
design processes should be operated together in the learning process (NRC,
2012). In this way, both scientific research and engineering skills are
developed. At the same time, the students understand the differences
between science and engineering.

This study, a STEM activity, focused on essential achievements such
as associating the science subject with daily life, creating ideas for solving
the problem, designing, creating prototypes for the designs, testing, and
evaluating the design. Based on design-based learning, this process enables
individuals to produce original and creative solutions by approaching
problems in a solution-oriented manner. It is reported in the literature that
this design process increases students’ motivation and encourages them to
work collaboratively (Kroper et al., 2011). In support of this, it is stated that
it is essential for individuals to have basic theoretical knowledge about the
disciplines of Physics, Chemistry, Biology, and Mathematics (basic sciences)
and the ability to create new products by combining this theoretical
knowledge with knowledge in the fields of technology and engineering.
STEM education is a crucial method (Pirrie, 2019). In STEM education,
which focuses on production activities, individuals are expected to explore
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nature and the world innovatively, solve problems while exploring, and
produce while solving problems (Affifi, 2019).

When successfully implemented and given the necessary importance
to its pedagogical dimension, with this activity, it is possible to provide
students with scientific process skills, 21st-century skills, and engineering
skills or to develop their existing potential.

The literature supports this by reporting that children participating in
STEM education develop scientific process skills (Strong, 2013).
Engineering skills, especially innovative thinking, product creation, and the
ability to approach problems from different perspectives come to the fore.
The 21st-century skills supported in this activity are analytical thinking,
decision-making, creative thinking, communication, teamwork, and
entrepreneurship skills. The ultimate goal of these applications, which are a
variation of design-based learning, is to increase learners’ motivation and
develop their higher-order thinking skills (Dopplet & Barak, 2021). In
today’s business world, individual skills such as problem-solving, analytical
and creative thinking, and collaborative working are emphasized (World
Economic Forum, 2017).

In this study, the fact that the activity was designed and implemented
for 5th graders can be considered as a separate value because the literature
emphasizes that STEM education should start at the youngest possible age
(Chesloff, 2013). In addition, implementing such an activity in the classroom
makes students active and ensures participation in the lesson. Similarly, it is
stated that design-based STEM education enables children to participate in
the process actively (Carroll et al., 2010).

As a result of this activity, the students learned the subject of water
resistance and friction force in terms of content, and the knowledge they
gained was permanent. This is supported by previous studies reporting that
teaching this subject with STEM activities increases students’ academic
achievement (Changtong et al., 2020; Simeon et al., 2022). It is stated that
STEM activities provide lifelong learning and also positively affect the skills
of establishing relationships and problem-solving abilities (Wang, 2012). A
Meta-Synthesis of studies on STEM education found that STEM education
positively affected academic achievement in STEM disciplines and attitude
toward school (Yildirim, 2016). The same study also noted evidence that
STEM education strengthens students’ problem-solving and creativity.

In the engineering design phase of the activity, the development of
learners’ psychomotor skills was supported along with their design and
creativity skills. In line with this idea, it is stated that using simple tools and
materials such as scissors, glue, stickers, and cardboard during STEM
activities will improve the skills of their students (Fortunati et al., 2014).
Chang & Chen’s (2022) research also states that robotics-based STEM
activities significantly positively affect psychomotor performance.
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This activity improved students’ social skills. To substantiate this, the
literature claims that STEM education programs help kids develop their
social skills (Allen et al., 2019; Strawhacker & Bers, 2018). Collaborative
work and communication skills come to the forefront in such activities
(Cheng et al., 2013). It is also known that STEM activities provide
opportunities for peer learning (Carroll et al., 2010).

This entrepreneurship-oriented STEM activity study aims to improve
students’ entrepreneurship skills. European Commission reports emphasize
the importance and necessity of students’ entrepreneurial skills (Council of
the European Union, 2011). This situation is also reflected in the curriculum
of science courses in TUkiye. In the curriculum, last updated in 2018, three
basic skill steps were identified: life skills, scientific process skills, and
engineering design  skills. Life skills include entrepreneurship,
communication, collaborative work, creative and analytical thinking, and
decision-making skills. In order to help students acquire these skills, the
program includes practices with the theme of “Science, engineering, and
entrepreneurship.” As a result, students are expected to integrate the
scientific content knowledge in the Science course with engineering and
entrepreneurship skills and create a product (MoNE, 2018). In this context,
this activity, designed and implemented in our study, is an innovative
activity to realize these goals of the Science course. In addition, this STEM
activity contributes to students’ cognitive, affective, and psychomotor skills.

This study, a STEM activity based on the engineering design process,
may be used as a model for teaching various science subjects. Implementing
STEM activities based on EDP at all educational levels is advised in light of
the aforementioned potential outcomes.
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Engineering Design-Based STEM Activity for Middle Schools: How Can | Slide Faster?
By Ozlem Géksen, Esra Kizilay, Nagihan Tanik Onal

Appendix 1.
WORKSHEET
NAME AND SURNAME,
GROUP MEMBERS
= —— )
DESIGN TASK

How Can I Slide Faster?

Mert has been dreaming of a nice vacation all yvear and finally, summer vacation has
arrived. Mert likes to spend most of his time at the water slides in the hotel pool and he 1s
very excited to slide down the water slide. At his first slide, Mert doesn't enjov it very

much because he slides very slowly, and 1t hurts a little.

What do you suppose Mert’s inability to move quickly down the slide could be?

If you were in Mert’s shoes, what would you do to make it easier for him to slide?

Did anyone ever have a similar problem while sliding down the slide before? (If so, how did
you solve the problem?)

Imagine a water slide boat design so that Mert can slide down the water slide more easily and
draw the water slide boat you imagine in the space below (While imagining your designs; be
careful that your designs are durable and safe and that their cost is low).
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Calculate your expenses by writing the amount and price of the materials you will use in the

table below.

Equipment/Material Price List
Paper 1 TL for five
Scissors 5TL each
Waste materials Free of charge
Ruler 5 TL each
Pencil 1 TL for each
Glue 5 TL for a tube
Tape 5 TL for aroll
Needle lforlTL
Yarn 1 meter 1 TL
Cotton 8 TLfor50¢g
Chenille 1TL each

Eva 1TL each
Wooden ice cream sticks 50 kr. each
Silicone gun 50 TL for one
Thin silicone 2TLforl
Materials Required Pieces Unit Price Total
GRAND TOTAL:

Now make the boat which you have drawn.

Together with your group of friends, finish your water slide boat.

Imagine that you decide to sell your water slide boat that you have designed.

What name will you use to sell your water slide boat?

To whom will you sell your water slide boat?

What would be the slogan of your advertisement to sell your water slide boat?
What distinguishes your water slide boat from others?

Why should people buy the water slide boat you have designed?
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Abstract: The present study has aimed to develop and validate a
protein concept inventory (PCI) consisting of 25 multiple-choice
(MC) questions to assess students’ understanding of protein, which
is a fundamental concept across different biology disciplines. The
development process of the PCI involved a literature review to
identify protein-related content, validation interviews to iteratively
validate and refine the created items (n = 26), and data collection
from a large sample (n = 291) for statistical analysis. An expert
interview was held with two different field experts regarding the
content validity of the draft PCI tool, the suitability of the options,
and the clarity of the items. Free choice format (multiple marking)
was used to answer the developed MC items. In scoring these items,
positive points were given to correct options, and negative points
were given to incorrect options. Evidence regarding the psychomet-
ric properties of the PCI trial form was collected through factor
analysis, group differentiation, internal consistency, and item anal-
ysis using quantitative data. The evidence collected demonstrates
that the validity and reliability of the PCI as a measurement tool
have been confirmed. PCl’s scoring approach and the use of re-
sponse patterns created by multiple markings in teaching are dis-
cussed.

Science Insights Education Frontiers 2024; 23(2):3755-3777
DOI: 10.15354/sief.24.0r617

How to Cite: Tasgi, G. (2024). Development of a protein concept inventory: A
proposal for item scoring and responding. Science Insights Education Fron-
tiers, 23(2):3755-3777.

Keywords: Protein, Conceptual Understanding, Free Choice Format




Tasci. (Turkey). Development of a Protein Concept Inventory.

About the Author: Giintay Tasci, Educational Faculty, Erzincan Binali Yildirim University, Erzincan, Turkey. E-
mail: gtasci@erzincan.edu.tr

Correspondence to: Giintay Tasgi at Erzincan Binali Yildirim University of Turkey.
Conflict of Interests: None

Al Declaration: The author affirms that artificial intelligence did not contribute to the process of preparing the
work.

© 2024 Insights Publisher. All rights reserved.

Creative Commons NonCommercial CC BY-NC: This article is distributed under the terms of the Crea-

BY NC tive Commons Attribution-NonCommercial 4.0 License (http://www.creativecommons.org/licenses/by-
nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission provided
the original work is attributed by the Insights Publisher.

SIEF, Vol.23, No.2, 2024 3756


mailto:gtasci@erzincan.edu.tr
http://www.creativecommons.org/licenses/by-nc/4.0/
http://www.creativecommons.org/licenses/by-nc/4.0/

Tasci. (Turkey). Development of a Protein Concept Inventory.

Introduction

evaluating conceptual understanding through the identification of

misconceptions (D’Avanzo, 2008; Kalas et al., 2013; Klymkowsky
& Garvin-Doxas, 2008; Libarkin, 2008). Starting with the Force Concept
Inventory (Hestenes et al., 1992), Cls have been developed for various con-
cepts (Newman et al., 2016). In relation to this, more studies have focused
on developing Cls for teaching biology (Bybee, 2012; D’Avanzo, 2008;
Garvin-Doxas et al., 2007). While these Cls may include a wide range of
topics, including general biology, genetics, and microbiology, some concepts,
such as homeostasis (McFarland et al., 2017) and natural selection (Ander-
son et al., 2002), have been selected. The widespread use of the CI approach
has resulted in an essential body of literature on developing these tools. Re-
searchers investigating the methods used for Cl development have reported
that these development processes include many variations (Lindell et al.,
2007; Jorion et al., 2015). In this context, Adams and Wieman (2011) pro-
posed a robust development framework with four fundamental phases for ClI
development. This framework included recommendations to identify the
content and construction of the core concept, developing test specifications,
field testing, validation interviews, scoring rules, and answering procedures.

Even though MC items are widely used in Cls due to their ad-
vantages, Cls are different from ordinary MC tests (Kalas et al., 2013; Smith
& Knight, 2012). Stressed characteristics of Cls are measuring conceptual
understanding, diagnosing understanding levels in learners (D’Avanzo, 2008;
Garvin-Doxas et al., 2007; Libarkin, 2008), and containing research-based
misconceptions in the options (distracters). This approach has been named
distracter-driven MC items (Herrmann-Abell & DeBoer, 2011; Shin et al.,
2019). Additionally, answering and scoring are other features of MC items
discussed in the literature. Generally, the examinee can mark one of the op-
tions in an MC item, including the keyed item and other distracters. Its scor-
ing is mainly determined by giving one (1) point for the correct answer and
zero for the incorrect answer. This system is called “number right” (Kurz,
1999, pl). However, various other suggestions on scoring and responding to
MC items are proposed in the literature (Frary, 1980; Frary, 1989; Hsu et al.,
1984). According to Hsu et al. (1984), in the free-choice (multiple marking
or multiple select) format instructions, the examinee can mark multiple op-
tions if they are correct. This method assumes that the examinee has precon-
ceptions regarding the number of possible correct answers (Frary, 1989).
Hsu et al. (1984) reported that in scoring items in the free-choice format,
four points are given for the correct answer and minus points for each incor-
rect marking. According to Frary (1980), two different scoring methods exist
for free-choice format items. The first was suggested by Coombs (1953), and

CONCEPT inventories (CI) are widely used as a robust approach for
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the other was by Arnold and Arnold (1970). Thus, different response pat-
terns score numerically. In studies on the development of biology concept
inventories, MC items were mainly preferred, while multiple true-false items,
open-ended questions, and stratified diagnostic items were less preferred
(Queloz et al., 2017). In these studies, single-option marking has been gener-
ally used. The chance of the keyed answer, emphasized in the literature, is an
essential limitation in this case. In their CI development study, Newman et al.
(2016) used the multiple-select directive for MC items. Researchers reported
that multiple-select effectively reduces random guessing.

Several studies directly related to protein structure, folding, chemical
bonds, and amino acids in its structure have reported misconceptions in the
field of biology (Fisher, 1985; Guzman & Bartlett, 2012; Kasapoglu, 2011,
Harle & Towns, 2013; Linenberger & Bretz, 2014; Selvi & Yakisan, 2004;
Robic, 2010; Villafare et al., 2011). Robic (2010) summarized common
misconceptions concerning protein structure with ten items. Harle and
Towns (2013) indicated misconceptions of the formation of primary and
secondary protein structures and the roles of chemical bond interactions by
the students. Villafafe et al. (2011) have reported misconceptions about
bond energy and protein alpha-helix structure. Misconceptions about protein
synthesis, genes, DNA, chromosomes, mutation, and protein are also en-
countered in genetic and molecular genetics studies (Smith & Knight, 2012;
Marbach-Ad, 2001; Gericke & Wahlberg, 2013; Smith & Williams, 2007,
Guzman & Bartlett, 2012; Kasapoglu, 2011). Following this, White and
Bolker (2008) outlined the close relationships between the genetic, biochem-
istry, and molecular genetic disciplines. Furthermore, several studies have
reported protein-related misconceptions regarding diet, digestion, energy
gain, and growth (Mak et al., 1999; Yilmaz et al., 2017).

Protein is crucial because it has a widespread teaching process from
high school to higher education. It is also a critical core concept for funda-
mental biology disciplines like biochemistry and molecular genetics (White
& Bolker, 2008). This literature shows that protein is an important core con-
cept for different subject areas in biology. Accordingly, a conceptual under-
standing of the protein has been considered necessary. Therefore, the neces-
sity of developing a PCI formed the basis of this study. The misconceptions
were used as distracters, in line with other studies to measure this situation.
In the study, the free choice format, which is in the measurement literature
and rarely preferred in CI development studies, was chosen as the answering
guide. Along with this response guide, unlike other studies, a scoring rule
was used to create item scores, giving negative points for incorrect options
and positive points for correct options. Thus, in the study, it was tried to de-
termine qualitatively and quantitatively whether the response patterns ob-
tained with multiple answers reflected the cognitive structure of the partici-
pants. In this context, the research’s operational definition of conceptual un-
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derstanding was accepted as the absence of misconceptions regarding the
intended concepts in the cognitive structure of the learners. In the study, the
response patterns were obtained with multiple responses. It was tried to de-
termine whether the test reflects the cognitive structure and to examine the
scores, validity, and reliability of these cognitive patterns.

Method

The study was conducted using the methodology reported in CI development
studies in the literature. These studies include stages in which various quali-
tative and quantitative data collection stages are carried out. Table 1 shows
an overview of the CI’s development process.

The study’s qualitative data were obtained from a systematic litera-
ture review and validation interview with participants. Data analysis was
provided with qualitative content analysis (Mayring, 2002) using MS Excel
and MAXaqda trial programs. SPSS, JASP, and MS Excel were used to ana-
lyze quantitative data for statistical evidence regarding validity and reliabil-

ity.
Participants

The study included 317 participants. The validation interviews were con-
ducted with 26 volunteers from the group. The participants were from differ-
ent educational levels, including high school students (f = 10), university
students (f = 13), biology teachers (f = 2), and one instructor.

The remaining 291 participants included 142 high school students (f
= 120 females and f = 22 males), 96 university students (f = 80 females and f
= 16 males), and 53 instructors. The high school level participants came
from different high schools and attended various grade levels. Participants at
the university level came from the departments of biology (f = 5), biology
education (f = 14), science education (f = 50), and others (f = 27; health sci-
ences, classroom teachers, and chemistry teachers). The teacher participants
consisted of biology teachers (f = 31), science teachers (f = 13), and other
branches (f = 3), a total of 47 teachers (17 males and 30 females). The aver-
age service period of these teachers was 14 years; however, working periods
varied between 1 and 35 years. Six faculty members (three females and three
males) worked at the university level. The teachers and faculty members
were classified as the expert group in both applications of the study. Howev-
er, this classification does not express any expertise in protein or biochemis-
try. It is solely based on the level of education gained.

SIEF, Vol.23, No.2, 2024 3759



Tasci. (Turkey). Development of a Protein Concept Inventory.

Table 1. Overview of Applications in the Process of PCI Development and

Criteria of Validity and Reliability.

Criteria Applications Content
Content 1. Literature and fundamental resources Identifying misconceptions and determining
Validity reviewing the conceptual framework for protein
Content 2. Forming of Cl
validity 2.1. Design of MC-questions

2.1.1. ltem writing

2.1.2. The validation interviews Understanding items by participants, defining

(participants) misconceptions participants, and wording

participants about items
The accordance of response with
argumentation

Construct 2.2. Draft PCI and test specification
validity 2.2.1. Design response instruction
and item-scoring rules
2.2.2. The validation interviews The experts’ opinions on the suitability content
(experts) of PCI determined
The accordance of item content with the aimed
misconception
Construct 3.  Statistical analysis A large sampling application
validity 3.1. Validity

3.1.1. Factor analysis
3.1.2. Group comparisons
3.2. Reliability
3.3. Item analysis

Literature and Fundamental Resources Reviewing

The first stage was a literature review to identify common misconceptions.
To conduct a thorough literature analysis on misconceptions related to pro-
tein, various databases including “Google Scholar,” “ERIC,” and “SCOPUS”
were searched using keywords such as “Protein,” “Misconceptions in Biolo-
gy,” and “Misconceptions.” Those related to protein and genetic concepts
were selected first among the articles accessed. Then, articles that directly or
also included protein-related misconceptions address protein-related miscon-
ceptions were selected. As a result of this, thirty-four articles from different
countries were reached, and misconceptions about protein and protein-
related concepts were reviewed. Simultaneously with this stage, essential
sources (Nelson & Cox, 2016; Sadava et al., 2011; Simon et al., 2016) were
examined. In this way, the conceptual framework of PCI and the list of mis-
conceptions defined in various studies have been reached. Thanks to this list,
multiple choice items began to be written to form the PCI.

Forming of Protein Concept Inventory
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The researcher wrote items in a conventional MC format using the list of
misconceptions area. The MC questions are about these misconceptions, and
their options contain the misconceptions. The researcher initially wrote 28
MC questions. Then, validation interviews were conducted to examine these
MC questions according to participants’ thinking and wording. The partici-
pants’ thoughts and explanations about protein were investigated with these
items. To do this, participants solved the questions by thinking aloud about
the questions and making explanations about their answers. The data of the
participants from different education levels who participated in this process
enabled testing the misconceptions determined with the support of the litera-
ture, revealing the students’ understandings, and improving the items. These
validity interviews with the participants were conducted interactively with
question development in individual and group interviews. Based on this pro-
cess, minor improvements were made to eight questions written at the begin-
ning, significant improvements were made to 20 questions (total changing
item roots or options), and seven new questions were written. As a result, 25
MC items were obtained through revisions carried out in three stages.

After creating the draft PCI, we conducted comprehensive interviews
with two experts. First, the expert with a doctorate in biochemistry conclud-
ed that the items were related to the measured misconception, the keyed op-
tions were appropriate, and the conceptual framework for protein was suffi-
cient. Then, the appropriateness of the form was reviewed by the researcher
in terms of assessment and measurement according to the related literature
(Haladyna & Downing, 1989; Haladyna & Steven, 1989; Nolen et al., 1992).
Afterward, it was discussed with a field expert with a doctorate in education-
al sciences. The expert suggested some improvements for the items, such as
making the expressions of item roots similar, avoiding two negative expres-
sions, condensing lengthy option statements, having similar option lengths,
and creating meaningful propositions with the question statement. The ex-
perts also expressed positive opinions about the test’s presentation and re-
sponse instructions. Twenty-five candidate items formed the PCI for a large
sample application.

Design Response Instruction and Item-Scoring Rules

In scoring the participants’ response patterns, scoring rules and their mean-
ings were determined under the literature. The scorings of the response (cog-
nitive) patterns are shown in Table 2.

Furthermore, these scores were compared with the number-right item
scoring methods. Per the response instruction, each distracter (misconception)
marked was given minus one (-1) point, and the correct option was given
four (4) points; the sum of them formed the item scores. By scoring in this
way, the highest score that can be obtained from an item is four (4) points,
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Table 2. Comparison of Rules for Item Scoring and Levels of Understanding.

Item Scores
Levels of Understanding Response combinations Indices ggogrglstlve pattern ls\l:on:gser-nght
Scientific Conceptions The only TO | 4 1
(E19) !
A WO with TO I 3 0
Partial Understanding Two WO with TO Is 2 0
(PU) Three WO with TO ls 1 0
All of the options Is 0 0
Do not know lo 0 0
Lack of Knowledge (LK) Do not know with TO or
lox 0 0
WO
Only awo M -1 0
) Two WOs M, 2 0
Not Understanding (M) Thiee WOs ™ 3 o
Four WOs M. -4 0

TO: true option; WO: wrong option

and it indicates scientific conception (SC) level (11), namely, complete com-
prehension. Other positive scores (I—14) are called the level of partial under-
standing (PU). These scores suggest a cognitive structure in which the re-
spondent has combined scientific conception with different misconceptions.
Marking all options (Is) is scored as zero (0) points in both scoring methods.
This pattern is classified as PU because the respondents in test items are also
given the option “I do not know.” Furthermore, if the participant only
marked the distracters, the item scores became a minus point (M;—My,), indi-
cating a complete misconception or lack of understanding (M).

Statistical Analysis
Validity

Factor Analysis

The hypothesis on the structure of the items, which has been reached based
on qualitative results, was tested using factor analysis. Exploratory factor
analysis (EFA) was used to test the structure to be measured based on the
relationship matrix between the participants’ responses. The goodness of fit
indices related to this structure was examined with confirmatory factor anal-
ysis (CFA). For this, the minimum residual (unweighted least square) meth-
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od and Promax rotation, one of the oblique rotation techniques, were used
for EFA. Both eigenvalue (> 1) and parallel analysis were performed to de-
termine the number of dimensions. Finally, the PCI’s construct was con-
firmed with CFA using JASP software (JASP Team, 2022). This stage was
performed resampling using the bootstrap: 5000 and 95% confidence inter-
val (95% ClI) criteria.

Groups Comparisons

In high school education, students learn about proteins in various units
throughout different educational periods. This means that their understand-
ing of proteins is expected to increase over time. An analysis of variance
(ANOVA) was conducted to test the statistical significance of the differences
in PCI scores among high school participants from different educational pe-
riods. Owing to this analysis another piece of evidence for construct validity
was provided based on the significance of the differentiation between groups
in test scores.

Reliability and Item Analysis

For reliability, which is also related to validity, indices for internal con-
sistency were calculated considering the construct validity findings. Firstly,
Cronbach’s alpha as an internal consistency criterion was calculated for reli-
ability estimates compatible with the PCI factor structure. Additionally, item
factor loads and error variance values produced by EFA and CFA were used
in reliability estimation. Based on this, Guttman’s lambda 6 and McDonald’s
Omega were calculated (Revelle & Zinbarg, 2009; Yurdugul, 2005). In addi-
tion, an item analysis was performed to evaluate the psychometric properties
of the items. Item difficulty index, item discrimination (in the lower and up-
per 27% segments), and item-total correlation were calculated using under-
standing scores for item statistics. In these calculations, positive scores rang-
ing from O to 8 were used by adding four to the cognitive pattern (under-
standing) scores (-4/4). The difficulty indices were calculated by the ratio of
the item average to the maximum score that the item could get (Tan, 2016;
p243). However, cognitive pattern scores (-4/4) were used in other statistical
procedures.

Results

Results of Literature Review
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Table 3. Descriptive Statistics of Articles in the Literature Review.

Sample of Studies f Methods f Type of article f Topics f

Middle School 7 Experimental 3 Literature Review 2 Atom 1

Highschool 4 Document Analysis 5 Review 2 The plants 2

University 16  Mixed 3 Thesis 1 General biology 5
concepts

Mixed 2 Cl Development 2 Article 29 Circulation Systems 1

Biology Teacher _—

In high school 1 Qualitative 5 Enzyme 5

Survey 12 Digestive system 1

Genetics and 10
Genetics Concepts
Protein structure 8
and synthesis
Cell Physiology 1

Previous studies on the misconceptions about protein or related concepts
were selected to describe the misconceptions area regarding protein. Table 3
presents the descriptive information about these articles.

In this way, 34 articles from different countries were reviewed in the
literature analysis. The articles reviewed were published between the years
1985 and 2018. The samples of investigated research articles cover 6574
people from different education levels, and the book review studies include
19 national biology books from different countries. Especially review arti-
cles on misconceptions regarding the concept of protein (Robic, 2010) and
general biology concepts (Vogel, 2000) were included. A part of the exam-
ined articles was on genetics and genetics concepts (f = 10), general biology
concepts (f = 5), and enzymes (f = 5). In addition to this, articles directly re-
lated to protein structure and protein synthesis were found in eight studies.
The cases of misconception reached by systematic literature analysis and
their distribution according to subject areas are presented in Table 4.

Table 4 outlines the conceptual framework and misunderstandings
related to proteins. These misunderstandings have been verified by analyzing
various general biology and biochemistry resources. Based on these findings,
the areas of study that form the conceptual framework of PCI, as well as the
framework of misconceptions identified in the literature, have been obtained.
This conceptual framework has been utilized to create test specifications for
PCI questions. When the content of the test was formed, two main criteria
were considered: protein topics and misconceptions. Accordingly, Table 5
shows the distribution of the questions selected for PCI from the developed
items according to topics and misconceptions about protein.
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Table 4. The Subject Framework and Misconceptions about Protein.

Sut_)Ject Do- Misconceptions Area
main Source
Amino acid Misconceptions about the structure, synthesis, types
of amino acids, and relationships among amino Vogel (2000); Fisher, (1985)
acids and genetic concepts
Protein Misconceptions about the structural levels of the Villafafie et al., (2011); Vogel
structure protein, its folding mechanism, the bonds in its struc-  (2000);
ture, its formation in the cell, its 3-dimensional for- Smith & Knight (2012); Robic
mations, denaturation, and its classification and (2010); Lewis et al., (2000); Harle &
specificity. Towns (2013)
Functions Tekkaya et al.,(2000);
of the . . . Yip (1998a); Couch et al., (2015);
s e o e e ™ P Linenerger & s (014)
Hershey (2004); Dikmenli et al.,
(2009)
Protein Misconceptions about “The Central Dogma” infor- e .
synthesis mation flow, Transcription, Translation, start and Cho et.al. (1985); Smith & W|Il|am.s
h . (2007); Guzman & Bartlett (2012);
stop mechanisms, code, gene, codon, mRNA, anti- Kasapoglu (2011)
codon, tRNA, and polysome. pog
Genetic . . ) Smith & Knight (2012); Cho et al.
concepts The misconceptions regarding gene, DNA, genotype (1985); Gericke & Wahlberg (2013)

and mutation

to be protein, the role of the genetic codes in protein
synthesis, and the effect of mutation.

Temelli (2006); Marbach-Ad (2001);
Lewis et al., (2000)

Nutrient — ) ) . ) Lewis et al. (2000); Yip, (1998b);

Digestion — Mlsconceptlpns r'egardlng th_e protein content of' Yilmaz et al.(2017): Mak et al.
foods, the digestive mechanism, the state of their

Cell - Metabo- use in ener roduction, and that protein synthesis (1999)

lism ayp ! P Y! Wynn et al. (2017); Herrmann-Abell

occurs only in eukaryotic cells.

et al. (2016)

Results of VValidation Interviews

With the validity-interviews analysis, 681 codes regarding different topics
misconceptions. According to these findings, misconceptions about protein
structure have the highest frequency (34.5%), followed by protein synthesis
(21.29%) and genetic concepts (12.78%). Accordingly, it can be said that the
misconceptions determined in the literature can be detected in the partici-
pants with the prepared items. Although the small number of participants in
the validation interview and the absence of a quantitative sampling did not
allow interpretations regarding the prevalence of the misconceptions, it indi-
cates that the common misconceptions defined in the literature can be meas-
ured in these participants. However, it is critical to determine whether the
options containing the misconceptions in the response patterns provided by
the participants with multiple markings reflect their cognitive status. Thus,
the consistency between the participants’ response patterns and explanations
has been investigated thanks to their marked options and explanations. Table
6 presents some of these findings.

Table 6 shows the options containing the misconceptions selected by
participants for the MC items. The explanations for these answers also in-
clude these misconceptions. Item 18 asked which of the following does not
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Table 5. Distribution of Protein Concept Inventory Items by Topic and Subtop-

Peptide bond

Chemical bonds

Types of protein

Features of protein structure

Formation of the original structure

Distinctive feature

Denaturation

ics.
Topics Misconception Area f Item No
Genetic Concepts Protein synthesis 1 3
Protein diversity 1 12
Mutation 1 17
Genotype-phenotype protein relationship 1 18
Protein-containing 1 23
Metabolism Protein metabolism 1 6
Protein Functionality Structure-function relationship 1 5
Protein activity 1 11
Specific binding 1 16
Protein Synthesis Cell types 1 4
Protein synthesis process 2 10-14
Cell 1 15
Functions of the protein Cellular functions 2 9-19
Structure of Protein Amino acid 2 1-7
1
1
1
1
1
1
1
1

Structural levels

Table 6. Marked Options and Related Explanation.

Marked options (code of partici- The reason (code of participants/question number)

pants/question number)

“Amino acids synthesize in the “Ribosomes synthesize protein; therefore, they are the source of amino

ribosome” (13/Question 2) acids.” (13/Question 2)

“Amino acids are formed by the “Amino acids are formed as a result of transcription. Encoded as reading

translation” (11/Question 2) (by translation)” (11/Question 2)

“Amino acid is produced by tRNA. “(Answer is) 2 (tRNA) and 3 (translation) because there is a production”

Amino acid synthesized in the (5/Question 2; 12).

ribosome” (5/Question 2) “Because the ribosome is a protein-specific organelle and synthesizes
amino acids.” (21/Question 2)

“Neuron, fungal cell, digestive “Protein is produced in the ribosome. The ribosome is found in prokary-

tract, plant cell” (3/Question 18) otes and eukaryotes in all living things. Bacteria produce protein. The

neuron, fungal, plant cells, and digestive tract contain proteins, but these
do not produce it.” (3/Question 18)

“Neuron, digestive tract” “For a protein-producing, it must have a ribosome organelle. It is absent
(1/Question 18) in the neuron and digestive tract.” (1/Question 18)
“Neuron” (4/Question 18) “Neurons cannot reproduce, they cannot renew themselves (therefore)

they cannot produce a protein (my answer) Neuron (nerve cell)”
(4/Question 18)
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realize protein synthesis. This question measures the misconception that
some organisms or cell types cannot realize protein synthesis. According to
their explanation in quotations, some participants (1, 3, and 4) believe that
because neurons cannot divide or do not have ribosomes, they cannot pro-
duce protein. Similarly, the second question, which measures the misconcep-
tions that amino acids are not synthesized in metabolic pathways in the cell,
reveals the participants’ misconception of the protein synthesis mechanism.
These findings lead to the result that the response patterns formed by the de-
veloped questions are compatible with the cognitive structures of the partici-
pants.

Findings Regarding the Validity and Reliability
EFA Findings

The Kaiser—Meyer—Olkin value (0.939) in the EFA results is greater than
0.80, and Bartlett’s test (Chi-square value = 2301.348. p < 0.001) is statisti-
cally significant. These findings show that the dataset is suitable for factor
analysis in terms of sample size and correlation between items. Based on
these findings, the scree plot was created for both a parallel analysis and ei-
genvalues.

Figure 1 shows that only one data point in the graph has an eigen-
value greater than the simulation data (triangle). The values indicate that the
one-dimensional model developed by parallel analysis is acceptable. The
variance explained by one dimension is 0.309, and the sum of the squares of
the factor loads is 7.736. Based on this, the model has been accepted as one-
dimensional.

Modification indices were obtained using CFA for the single-factor
structure obtained by EFA. The goodness-of-fit criteria (X7df: 1.386; com-
parative fit index: 0.949; Tucker—Lewis Index: 0.944 root-mean-square error
of approximation: 0.036; goodness-of-fit index: 0.907) were found to have a
good level of fit in the CFA assessment of the one-dimensional structure ob-
tained with the EFA result model (Hu & Bentler, 1999; Kline, 2005). Table
7 shows the factor loads of the items calculated with CFA and EFA.

The CFA results (bootstrap 5000 and 95% CI) show that the predict-
ed values for the items are significant within the confidence intervals. The
factor loads calculated by CFA ranged from 0.346 to 0.655, and the EFA re-
sults were close. These results show that PCI has a one-dimensional factor
structure.
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Figure 1. Scree Plot of the Eigenvalues and Parallel Analysis.

Table 7. Results for EFA and CFA.

CFA EFA
95% CI

ltems Estimate SE z-value* LL UL Std. Factor loads Factor loads Uniqueness
S1 1.000 0.000 1.000 1.000 0.404 0.403 0.838
S2 1.083 0.176 6.152 0.809 1.527 0.584 0.585 0.658
S3 1.331 0.222 6.004 0.981 1.915 0.552 0.554 0.693
S4 1.295 0.213 6.067 0.961 1.872 0.565 0.561 0.685
S5 1.144 0.202 5.667 0.815 1.680 0.488 0.489 0.761
S6 0.744 0.161 4.630 0.451 1.149 0.346 0.348 0.879
S7 1.281 0.205 6.236 0.933 1.875 0.604 0.603 0.637
S8 1.161 0.207 5.607 0.848 1.657 0.478 0.480 0.769
S9 1.339 0.223 6.013 0.967 1.955 0.554 0.553 0.694
S10 1.603 0.257 6.237 1.190 2.288 0.604 0.606 0.633
S11 1.119 0.201 5.561 0.793 1.619 0.471 0.473 0.776
S12 1.585 0.249 6.378 1.222 2.229 0.641 0.639 0.592
S13 1.371 0.230 5.960 1.017 1.965 0.543 0.543 0.705
S14 1.673 0.260 6.428 1.279 2.356 0.655 0.653 0.574
S15 1.286 0.210 6.133 0.942 1.851 0.580 0.578 0.666
S16 1.663 0.263 6.332 1.252 2.371 0.628 0.631 0.602
S17 1.477 0.230 6.409 1.115 2.084 0.649 0.649 0.579
S18 0.769 0.142 5.420 0.513 1.111 0.448 0.450 0.797
S19 1.195 0.202 5.925 0.860 1.718 0.536 0.537 0.711
S20 1.496 0.247 6.047 1.102 2.142 0.561 0.562 0.685
S21 1.597 0.259 6.170 1.192 2.268 0.588 0.586 0.656
S22 1.587 0.253 6.283 1.211 2.226 0.616 0.616 0.621
S23 1.409 0.225 6.276 1.047 2.006 0.614 0.613 0.624
S24 1.403 0.224 6.259 1.060 1.966 0.610 0.610 0.627
S25 0.960 0.177 5.408 0.633 1.454 0.447 0.445 0.802
*p <0.001
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Findings Related To Group Comparisons

Table 8 shows the ANOVA test results regarding the differences in the mean
scores of the high school participants based on their grade levels.

Table 8 shows a significant difference in grade levels (F(3; 138) =
8.083, p = 0.000). Multiple comparison results show the source of this dif-
ference. The difference between the ninth grade and other grades—210th
grade (MD = —10.00; SE = 2.8), 11th grade (MD = —11.85; SE = 3.741), and
12th grade (MD =—17.51; SE = 3.405)—Iis statistically significant at 95% CI.
The mean score of ninth-grade classes (M = 0.19; SD = 10.38) is significant-
ly lower than those of other grade levels. Although no significant difference
was found between the averages of understanding scores of other grade lev-
els (10-12), it is observed that the mean increases as the grade level increas-
es.

Item Analysis and Reliability

The item statistics and reliability were calculated using the data’s item scores.
Table 9 shows the results of the item analysis.

It can be seen that the item difficulty values range from 0.22 to 0.63.
These values show that the PCI includes items with acceptable difficulty
levels (0.20 < p < 0.80; Crocker & Algina, 1986, p98; Fisseni, 1997, as cited
in Bthner, 2006, p140). When the correlational item discrimination indexes
(ric) are examined, it is found that while they are low (< 0.30) for item six,
they are medium to high (> 0.50) for the remaining items. The discrimination
index (D, 27%) changed between 0.25 and 0.67. These findings indicate that
the item discriminations are acceptable (> 0.20; Crocker & Algina, 1986,
p315). With these data, the internal consistency criterion for reliability esti-
mate was determined and is shown in Table 10.

When the table is evaluated, the reliability estimates calculated with
different internal consistency measures of the developed PCI show that the
test has a significant internal consistency and structural reliability.

Discussion

Validity and Reliability

The study was carried out the standards used in developing the CI and the
criteria for measurement and evaluation by considering the relevant literature
(Adams & Wieman, 2011; Crocker & Algina, 1986, pp217-218; Bihner,
2006, p36). Accordingly, concept domain determination comes first among
the applications used for content validity (Crocker & Algina, 1986, pp217-
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Table 8. One-Way ANOVA Results for the Grade Levels of High School Level

Participants.

High School Grades Mean SD n F(3, 138) n?

9 0.19 10.38 31

10 10.20 14.17 46

11 12.05 14.86 21 8.083* 0.149
12 17.70 18.90 44

Total 10.61 16.34 142

*p < 0.05.

Table 9. Item Analysis Results in Understanding Scores.

Item Mea Std. Item Total correlations Index of Discrimination Item Difficulties
s n Dev. (Titc) (D) (p)
S1 4.96 3.58 0.40 0.44 0.62
S2 3.27 2.70 0.60 0.42 0.41
S3 3.31 3.43 0.52 0.44 0.41
S4 4.46 3.29 0.53 0.53 0.56
S5 2.92 3.33 0.50 0.46 0.37
S6 4.55 3.04 0.22 0.25 0.57
S7 3.19 3.03 0.58 0.43 0.40
S8 5.01 3.49 0.47 0.49 0.63
S9 4.59 3.47 0.54 0.55 0.57
S10 2.74 3.77 0.59 0.54 0.34
S11 2.73 3.40 0.45 0.47 0.34
S12 3.92 3.54 0.60 0.55 0.49
S13 4.21 3.61 0.53 0.53 0.53
S14 4.09 3.67 0.65 0.67 0.51
S15 3.84 3.18 0.57 0.48 0.48
S16 2.98 3.77 0.61 0.57 0.37
S17 3.36 3.26 0.62 0.47 0.42
S18 3.34 2.48 0.44 0.29 0.42
S19 3.08 3.20 0.52 0.43 0.38
S20 3.44 3.80 0.54 0.54 0.43
S21 3.99 3.86 0.57 0.58 0.50
S22 3.70 3.68 0.58 0.65 0.46
S23 3.74 3.29 0.61 0.50 0.47
S24 3.32 3.27 0.58 0.48 0.41
S25 1.76 3.05 0.45 0.29 0.22

Note: n = 291; Test Mean: 90.485; Test Variance: 1885.954; Test Std. Dev: 43.428
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Table 10. Frequentist Scale Reliability Statistics.

Estimate McDonald’s w Cronbach’s a Guttman’s As Average Inter-item Correlation
Point estimate 0.916 0.914 0.921 0.298
95% Cl lower bound  0.902 0.899 0.912 0.256
95% CI upper bound  0.930 0.927 0.940 0.341

218; Bihner, 2006, p36; Lindell et al., 2007). Adams and Wieman (2011),
for example, described the structure and purpose of the field to measure as a
standard. The content of the PCI was determined with systematic literature
reviews. This content includes the subject, subtopic, and related misconcep-
tions in a comprehensive framework from high school to higher education.
Furthermore, qualitative interviews obtained the proposed expert opinions on
content validity (Crocker & Algina, 1986).

The study provided evidence for construct validity in ways compati-
ble with the literature (Adams & Wieman, 2011; Briggs et al., 2017; Kalas et
al., 2013; Smith & Knight, 2012). These qualitative findings showed that
item roots and options were first appropriately understood according to their
wording participants, and second, the candidate items of the inventory re-
vealed the participants’ common misconceptions. The findings also showed
that respondents’ responses reflected their understanding and cognitive struc-
ture (Table 6).

In addition, the literature suggested that factor analysis techniques
and differentiation between-group techniques effectively provided statistical
evidence for construct validity (Crocker & Algina, 1986, p. 231; Kummer et
al., 2019; Ramlo, 2008). Accordingly, the one-dimensionality of the EFA
results was supported by the theoretical expectation and verified by CFA.
The factor loads were within the desired values (> 0.30; Table 7) in the liter-
ature (Floyd & Widaman, 1995; Kline, 1994). Another proof of construct
validity is the statistical significance of the difference among educational
levels regarding PCI scores. While education levels include a wider interval
for teaching the concept of protein, there are minor teaching differences be-
tween high school classes, including more similar age groups. Therefore, a
significant difference in understanding of protein was expected in favor of
the groups that received more education. The result provides evidence that
the PCI discriminates between groups with and without more education
about protein, consistent with theoretical expectations.

Internal consistency indices were calculated using different tech-
niques for the reliability evidence of the developed PCI. Shevlin et al. (2000,
as cited in Bthner, 2006, p134) recommend performing CFA to ensure one-
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dimensionality and calculating Cronbach’s a accordingly. In addition to
Cronbach’s a coefficient, McDonald’s ® and Guttman’s A6 coefficients were
determined. These reliability coefficients are indices more sensitive to test
structure, namely, dimensionality. In this context, McDonald’s ® has been
reported as an important index for structure reliability (Revelle & Zinbarg,
2009; Yurdugd, 2005). The high level of internal consistency coefficients (>
0.90) calculated in this way (Table 10) indicates that the developed invento-
ry has a high internal consistency. According to the item analysis results
(Table 9), the items were by the reference ranges requested in the measure-
ment literature (Crocker & Algina, 1986; Bthner, 2006) and the CI devel-
opment studies (Kalas et al., 2013; Paustian et al., 2017; Jarrett et al., 2012).
The findings summarized are strong evidence for important psychometric
properties of the PCI for measurement instruments.

Features of the PCI

The item score is the sum of the patterns for each option with a misconcep-
tion score of minus one and a scientific conceptualization score of four
points. In this way, PCI can produce scores for each item between —4 and 4
and for total of —100 and 100 points. In this study’s scoring approach,
whether or not there is a misconception in the response patterns is an im-
portant criterion. This criterion is commonly used in the literature for rubrics
regarding understanding measurement (Naah, 2015). This situation supports
our operational definition and PCI’s scoring system (Table 2). The scoring
properly matches the study’s operational definition of conceptual under-
standing and allows us to evaluate in a broader range than classical scoring
(0-1). When examining understanding scores, as these scores increase from
negative to positive, comprehension improves, decreasing misconceptions in
the cognitive structure. This condition leads to a more sensitive quantitative
measurement and evaluation of participant differences. Furthermore, the PCI
has provided a limited representation of cognitive structure thanks to the
multiple markings. In this way, the participants’ response patterns qualita-
tively show misconceptions. Thus, processing the data collected with the PCI
using data analytics approaches (MS Excel, Power Pivot, or Dashboards) can
quickly provide qualitative and quantitative information about the students’
levels of understanding individually or at the class level to teachers.

Conclusions

Qualitative research findings and, in line with this, large sample research
findings show that PCI measures protein-related misconceptions. In addition,
the statistical analysis provided evidence regarding the validity and reliabil-
ity of PCI. Accordingly, the PCI developed under the basic principles of the
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literature measures the level of understanding of the protein concept (Adams
& Wieman, 2011; Briggs et al., 2017; Garvin-Doxas et al., 2007; Kalas et al.,
2013; Libarkin, 2008). This study contributes to studies on CI development
with the distracter-driven items presented in the literature and quantitative
and qualitative analyses of cognitive pattern scores based on free-choice
(multiple marking). Obtaining both quantitative and qualitative results with
MC items, which are preferred due to their rapid, objective, and quantitative
scoring features in the literature, contribute significantly to the evaluation of
conceptual understanding both individually and as a group. PCI is an effec-
tive tool for researchers and teachers to measure understanding. PCI can help
identify areas that require further teaching by analyzing the conceptual pat-
terns that lead to misconceptions. Teachers can also use PCI to assess their
students’ prior knowledge and adjust their teaching accordingly. Additional-
ly, PCI will be helpful for formative assessment purposes.
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Biology Teacher Candidates Drawings
about Circulatory System

Esra Ozay Kdse

Ataturk University, Erzurum, Turkey

Abstract: The purpose of the drawing method is to reveal the hid-
den beliefs, attitudes, knowledge and understanding of students
without being dependent on words. It is more useful than other
techniques in that it is easy to apply and a lot of data can be ob-
tained with a drawing. Some misconceptions can be revealed by
asking students to describe or illustrate some objects or phenome-
na. Biology is mostly concerned with the diagnosis of structures,
their interrelationships and their functions. For this reason, it is
very important to draw the biological structures correctly. Human
circulatory system’ comprehension is a major point in biology edu-
cation. Because understanding this system is a basis for learning
the transport and exchange of substances in the human body, the
lymphatic system, gas exchange, and other important biological
concepts. The aim of this study is to examine the cognitive struc-
tures of biology teacher candidates about the “circulatory system”
with the drawing technique. In this study, a case study was con-
ducted to reveal the biology teacher candidates’ drawings in detail.
In order to explore biology teacher candidates’ drawing of the cir-
culatory system in detail, their drawings were collected as data
through 32 high school students (teacher candidates) in biology
education faculty from Turkey. After the drawings were completed,
each drawing was effectively scored for the presence or absence of
at least one organ/structure in circulatory system. In addition, the
drawings were further reclassified, taking into account the pattern
of the path of pulmonary and systemic circulations. According to
the findings obtained from the drawings of the biology teacher can-
didates about the circulatory system, it was revealed that the teach-
er candidates had many misconceptions, mistakes and incomplete
information.
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Introduction

students’ understanding that conflicts with what is accepted scientifi-

cally, named as misconceptions, naive beliefs, alternative concepts
and so forth (Behrendt et al., 2001; Matthews, 1998; Reiss & Tunnicliffe,
2021). Yip (1998) explains misconceptions as thoughts and ideas put for-
ward by students that are inconsistent with scientific knowledge. Misconcep-
tion can also be defined as students’ thinking about a subject differently from
the experts on that subject (Driver & Easley, 1978). It is possible to define
misconception as the way in which a person understands a concept is used
significantly different from its commonly accepted scientific meaning
(Marioni, 1989; Riche, 2000; Stepans, 1996).

Misconceptions can be observed in many subject areas (Science,
Physics, Chemistry, Biology, Mathematics, Geography) and at age level
(preschool, primary education, secondary education, university and later).
The claim that misconceptions can be found in all subjects involving peo-
ple’s mental activities seems appropriate or corrects (Baysen et al., 2012). As
a result of research conducted in recent years, it has been determined that
students in the field of biology, as in other science fields, encounter difficul-
ties in learning many biology subjects and develop misconceptions about
these biology subjects. The nature and complexity of biological concepts and
the abstract or hidden aspects of natural phenomena make biology a particu-
larly difficult field to teach and learn (Bennett, 2003; Brown & Schwartz,
2009; Rotbain et al., 2008). Students’ misconceptions may be caused by their
experiences, the language they use in daily communication, the content
knowledge of their teachers and textbooks (King, 2009). Students form con-
cepts at an early age as they explore their physical and social worlds. That is,
children’s misconceptions about natural events usually develop before they
start school (Driver, 1988).

One of the most important goals of science education is to enable
students to learn and apply science concepts correctly. For this reason, be-
fore teaching science subjects, it is necessary to reveal the concepts that stu-
dents have about the subject. Because students’ prior knowledge must be re-
search to remove that students have misconceptions about many science
concepts (Yagbasan & Giilgigek, 2003). These misconceptions are valuable
and indispensable for students as they are developed by their individual ex-
periences. Therefore, students are reluctant to correct their misconceptions.
In order to make science teaching effective with the developed strategies,
first of all, students” misconceptions about science concepts should be identi-
fied and eliminated. As a result of this, many researchers have focused on
the diagnosis and treatment of misconceptions that students have (Kumandas
et al., 2019; Riche, 2000).
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Results from other studies reveal how the strategies listed can help

students uncover their misconceptions: concept mapping (Novak & Gowin,
1984), stories and explanations that challenge misconceptions (Novak &
Musonda, 1991), predict-observe-explain activities (Liew & Treagust, 1995),
and drawing activities (Dempsey & Betz, 2001; Gul & Ozay Kose, 2021;
Patrick and Tunnicliffe, 2010; Reis et al., 2002).
The purpose of the drawing method is to reveal the hidden beliefs, attitudes,
knowledge and understanding of students without being dependent on words
(Pridmore & Bendelow, 1995). Drawings are useful in determining the stu-
dent’s mind and level of understanding for his/her answer. It is more useful
than other techniques in that it is easy to apply and a lot of data can be ob-
tained with a drawing. Some misconceptions can be revealed by asking stu-
dents to illustrate some objects or phenomena.

An important part of biological studies is to capture the architectural
structures of living things. The drawing process is a pictorial record of ob-
servation and interpretation. Use the drawing helps to describe the complex
relationships of biological structures. Biology deals with the determination
of structures, functions and relations with each other. For this reason, it is
important to be able to draw biological structures. Biology is mostly con-
cerned with the diagnosis of structures, their interrelationships and their
functions. For this reason, it is very important to draw the biological struc-
tures correctly. The correct presentation of the biological structures in the
drawings is achieved by the correct naming of the structures. The correct re-
lations between the structures and their functions are provided with short ex-
planations written next to the figures.

Drawing is an educational/teaching activity frequently done by stu-
dents of all levels in schools. Biologists consider the drawing activity useful
and use it frequently in the laboratory, anatomical and microscopic studies,
and in the field (Dempsey & Betz, 2001). Biology concepts are not repre-
sented in print by words alone. They are also visually represented as differ-
ent diagrams (Cheng & Gilbert, 2014). In the biology lesson, drawing is
mostly used to record the things observed and to reveal student understand-
ing of the subject such as organism’s cells, tissues, organs and organism
specimens. In addition, drawing is an important tool for many educational
researchers to help students understand basic biological concepts. However,
students can show a wide variety of ideas with drawings. In other words,
drawings are different from classical written texts, which students remember
what they have learned and understood in the classroom without explanation
(Nugraha, 2016).

It is important to learn the human circulatory system in biology. It is
important not only because it is a basic human physiological system, but also
because it plays a key role in learning the transport and exchange of sub-
stances in the human body, gas exchange, lymphatic system and other im-
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portant biological concepts. In addition, understanding cardiovascular dis-
ease and its treatment is related to knowing the concepts related to the circu-
latory system well (Cheng & Gilbert, 2015).

The understanding of the circulatory system seems to pose a major
conceptual difficulty (L&ez-Manj&n & Angdn, 2009). Learning the human
circulatory system is quite difficult. Because at the system level, students
should know the main functions of the whole system, namely the transport
and exchange of blood. At the organ level, students have to relate the struc-
tures and functions of individual organs. Meanwhile, they also need to know
how the different functions and structures of individual organs/tissues are
arranged to serve system functions (Cheng & Gilbert, 2015).

A number of studies were carried out in which young people were
asked to draw on the organ systems of what was inside them:

Conceptual understanding through drawing was investigated in a
study conducted with 116 pre-service teachers at a university in Turkey. As a
result of the research, it was revealed that 50.9% of the pre-service teachers
partially depicted the human digestive system (partial understanding) and
only 19.8% understood it fully (Cardak & Dikmenli, 2018). In another study,
it was revealed that students had deficiencies in understanding organ systems
and most of the students had knowledge about the organ but could not estab-
lish a detailed relationship between organ systems, for example, students
knew bones but could not draw skeletal systems (Reiss & Tunnicliffe, 2001).
In another study, information about the location, shape and function of hu-
man internal organs was investigated and it was revealed that more than 50%
of the students had problems in drawing the shape of human internal organs
and determining their correct location (Prokop & Fanéoviéova, 2006). In
another study, it was revealed that eighth grade students had extensive
knowledge about internal organs, but had a poor understanding of how or-
gans work (Ozsevgeg 2007).

Arnaudin and Mintzes (1985, 1986) analyzed issues related to the
circulatory system, such as the structure and function of the blood and heart,
the circulatory system, the relationships between the circulatory and respira-
tory systems, and the nature of the closed circulatory system. To determine
the type of circulatory pathway, they asked students to choose from a variety
of drawings showing the pathways of a drop of blood from the heart to the
toe. According to the results obtained, it was observed that the students had
difficulties in understanding the blood circulation path. In a study investigat-
ing conceptual understanding through circulatory system, students were
asked to draw and explain the circulation path of blood on the human body.
According to the results obtained, it was seen that 29% of the students did
not have a scientific model of the circulatory system following the instruc-
tion (Chi, 2005). Reiss, Tunnicliffe et al. (2002), asked students of different
ages to draw what is inside their own bodies. According to the analyzes, it
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was determined that the students showed very little the related structures of
the organs within the organ systems and most of them still had very little un-
derstanding of the organ systems. Patrick and Tunnicliffe (2010), in their
study in which science teachers revealed their understanding of the internal
structures of the human body; they found that teachers could draw organs
one by one, but they could not draw the relationship between organs and or-
gan systems.

Learning the circulatory system also requires understanding the vari-
ous diagrams involved, as well as reading and understanding the relevant
text. It has been reported that some students only use their verbal memory
while learning some scientific concepts. While their verbal recall was scien-
tifically correct, when asked to transcribe their verbal descriptions, their
drawings were unscientific translations of verbal recall. That is, students
memorized scientifically acceptable verbal information. Since learning many
biological processes and functions requires the correct spatiality of structures,
it will be useful to have students draw the structure and function of biologi-
cal components (Cheng & Gilbert, 2015).

Existing research has reported pre-service biology teachers’ concepts
of human binary circulation. This study explored pre-service biology teach-
ers’ knowledge of circulatory system structures and organs and how they
could visualize the blood flow between them and some of their drawings that
show the blood flow path through the circulatory system. The aim of this
study is to examine the cognitive structures of biology teacher candidates
about the “circulatory system” with the drawing technique. For this purpose,
biology teacher candidates were asked to make the following drawings.

1. Draw the structures and organs of the circulatory system and write
their parts on the drawing. It doesn’t matter if the drawing is artistic.
If you wish, you can write the details of the organs and structures
you have drawn next to them.

2. Draw the blood flow in the pulmonary and systemic circulations in
the circulatory system. Write their parts on the drawing. It doesn’t
matter if the drawing is artistic. If you want, you can write down the
steps of the path you have drawn.

Method

In order to reveal a more detailed understanding of biology teacher candi-
dates’ drawings, a case study was used in this study.

Participants

In order to reveal a more detailed understanding of biology teacher candi-
dates’ drawing of the circulatory system, their drawings were collected as
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data through 32 biology teacher candidates in education faculty from Turkey.
Their ages were between 20 and 21. They were taught the topic human circu-
latory system during the previous year.

Procedure

In order to draw the circulatory systems, pre-service biology teachers were
given 20 minutes to complete their drawings. Before of drawing session, it
was expressed that “You won 't get any points from this work, so please don 't
copy each other’s drawings. We are only interested in your knowledge of the
human circulatory system. Also, it doesn 't matter if the drawing is artistic”.
After the drawings were completed, each drawing was effectively scored for
the presence or absence of at least one organ/structure in circulatory system.
In addition, the drawings were classified, taking into account the pattern of
the path of pulmonary and systemic circulations.

Analysis Criteria

Each drawing was effectively scored for the presence or absence of at least
one organ/structure in circulatory system. Each drawing was scored inde-
pendently by two biology teacher. The structures in the drawings have been
digitized and given as a list. Each organ/structure in the list is presented in
Table 1. In addition, the codes and categories of each structure were created
by examining the drawings one by one, and the findings were presented with
numerical values. In the display of numerical values, the number of biology
teacher candidates (f) and the biology teacher candidates’ ratio (%) indicat-
ing the organ/structure/section in the research are given in separate columns
in the table (Table 2).

In addition, the drawings were classified, taking into account the path
of pulmonary and systemic circulations. Drawings were classified using the
same stages Biology of Campbell et al. (2016) (Figure 1). In this figure,
there are 11 stages that 4 of them are pulmonary circulate stages and 7 of
them are systemic circulate stages. Biology teacher candidates received
points for each stage drawn (Table 3).

Pulmonary Circulate

1. It begins with contraction of the right ventricle of the heart.

2. The blood is pumped into the pulmonary arteries, which are the ar-
teries that bring oxygen-poor blood to the left and right lungs.

3. This oxygen-poor blood then enters into a dense network of capil-
laries that blankets the entire respiratory surface of the lung. It is
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Table 1. Descriptive Statistics of Biology Teacher Candidates’ Drawings.

Organ/Structure f %
Heart 30 94
Lungs 14 44
Arteries 26 81
Venules 26 81
Capillaries 8 25
Blood 12 38

Table 2. Findings of Drawings for The Circulatory System.

Structure Section f %

Heart Atriums 24 75
Ventricules 24 75
Semilunar Valve 8 25
Atrioventricular Valve 8 25
Heart walls 4 13
S.A. Node 2 6
A.V Node 2 6
Purkinje Fibers 2 6
Bundle Branches 2

Lungs Bronchus 8 25
Bronchiole 8 25
Alveoli 4 13

Blood 02-Rich Blood 18 56
CO2- Rich Blood 18 56
Leukocytes
Erithrocytes

Venules Pulmonary Vein 24 75
Superior Vena Cava 12 38
Inferior Vena Cava 10 31

Arteries Aorta 28 88
Pulmonary Artery 20 63

Capillaries Endothelium 4 13
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Overview of Mammalian Cardiovascular System

Capillaries of
abdominal organs

and hind limbs
Campbei et 81 - Figure 42.6

Figure 1. The Pulmonary and Systemic Circulations in the Circulatory System.

Table 3. Percentage of Biology Teacher Candidates’ Drawing for Blood Circu-

lation.

Stages f %
1 20 62
2 24 75
3 0 0

4 24 75
5 20 62
6 24 75
7 6 18
8 20 62
9 6 18
10 20 62
11 20 62
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here where the blood releases carbon dioxide into the lungs and ab-
sorbs oxygen.

4. The oxygen-rich blood enters the pulmonary veins, which are the
veins that bring oxygenated blood from the lungs back to the heart.

Systemic Circulate

1. From the pulmonary veins, blood enters the left side of the heart and
is pumped into the aorta, which is the main artery that leads directly
out of the left side of the heart.

2. The aorta is the largest blood vessel in the human body, and branch-
es off into many smaller arteries that bring oxygenated blood to the
various tissues of the body.

3. The blood then enters capillaries that distribute the blood to every
cell in upper parts of the body, oxygen is released into the tissues
and carbon dioxide is picked up by the blood.

4. The blood then enters capillaries that distribute the blood to every

cell in lower parts of the body, oxygen is released into the tissues

and carbon dioxide is picked up by the blood of the body

The blood is then collected back into veins (superior vena cava),

The blood is then collected back into veins (inferior vena cava),

7. Oxygen-poor blood returns to the right atrium of the heart and the
cycle is ready to repeat itself (Campbell et al., 2016).

oo

Findings and Discussion

In the process of analyzing the data obtained from the biology teacher candi-
dates drawings in the research, the extent to which the organs/structures that
make up the circulatory system are included for the first research problem
were examined in detail. Each organ/structure is presented in Table 1. In the
display of numerical values, the number of biology teacher candidates indi-
cating the organ/structure in the research (f) and the ratio of biology teacher
candidates indicating the organ/structure (%) are given in separate columns
in the tables.

According to Table 1, the most frequently drawn organs/structures
are the heart (94%), arteries (81%) and venules (81%), while the less fre-
quently drawn organs/structures are lungs (41%), Blood (38%) and Capillar-
ies (25%). Learning the human circulatory system, like learning many other
biological concepts, is challenging. (Arnaudin & Mintzes, 1985; Sungur &
Tekkaya, 2003).

As seen in Appendix 1-2, while most of the biology teacher candi-
dates who were asked to draw the organs and structures of the circulatory
system included the heart, arteries and veins in their drawings, they gave
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very little space to the lungs, capillaries and blood. Also, the shape of the
heart is mostly drawn in the form of love.

Borazan (2008), Cobanoglu and Bektas (2012), analyzed students’
drawings on subjects such as the shape of the heart, the location of the veins
in our body, the location of the heart in our body, the function of the heart,
the meaning of clean and dirty blood, the purpose and place of large and
small blood circulation, blood circulation. It has been determined that there
are misconceptions about the subject. It has been stated that the majority of
these misconceptions in students are due to the fact that the subject of the
circulatory system includes abstract concepts, while some misconceptions
arise from their teachers, textbooks and education programs. Again, since the
names and functions of the organs of other systems were not learned scientif-
ically correctly, it was stated that there may have been misconceptions about
the organs in the circulatory system and their functions. Bahar et al. (2008),
revealed the level of understanding of science teacher candidates about the
internal structure of the heart by having them draw. When the drawings of
the science teacher candidates were analyzed, it was revealed that most of
them had misconceptions in terms of the internal structure of the heart and
they also had insufficient knowledge.

In addition to the above, each drawing made by the biology teacher
candidates was examined in detail in terms of structural features and the
findings are presented below (Table 2).

Looking at Table 2, it is seen that the most frequent atrium and ven-
tricle structures of the heart are drawn (75%), the pulmonary veins (75%) are
the most drawn in the veins, and the aorta (88%) is the most drawn in the
arteries, and the O2-rich blood and CO2- rich blood (56%) is drawn in the
blood. It is seen that bronchi and bronchioles (25%) are drawn in the lungs.
S.A. Node, A.V. Node, Purkinje Fibers and Bundle Branches (6%) are
drawn in the heart.

As seen in Appendices 3, 4, and 5, while most of the biology teacher
candidates who were asked to draw in detail in terms of the organs and struc-
tures of the circulatory system included the atriums, ventricules, aorta, pul-
monary vein and pulmonary artery in their drawings, they gave very little
space to the capillaries, lungs, blood cells and impulse generation structures.
They drew the circulatory system, but they did not consider the role of the
lungs, but only the heart. Also, there are incorrect drawings in the places of
organs and structures of the circulatory system. Another teacher candidate
confused the left and right parts of the heart (Appendix 4).

GU (2011) asked the following question to her students in her study
“What are the structures that produce impulses in the heart?” In response to
the question asked, students; “neurotransmitter substances (12.82%)”, “sen-
sory nerves, somatic nerves, parasympathetic nerves (2.56%)”, “brain
(3.85%)”, “caffeine, nicotine, etc. substances (3.85%)” and “neuron, synapse
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gap etc. (2.56%)” and they reflected the misconceptions that had settled in
their minds. Michael et al. (2002) and Sungur et al. (2001) also stated in their
study that the majority of students gave the answer “brain” to this question.
These answers reveal students’ misconceptions by relating the subject to the
subject with their knowledge about the nervous system, rather than stating
that the impulse in the heart is produced by the SA node (sinoatrial node).
Gd (2011), Michael et al. (2002) and Sungur et al. (2001) concluded in their
studies that students do not have enough knowledge about the circulatory
system. In their study on the circulatory system, Arnaudin and Mintzes
(1985) determined that students have misconceptions about blood circulation
at all levels of the education system. In addition, they found that they did not
understand concepts such as the structure of the blood and the circulatory
system, the direction of blood flow, and they did not have enough infor-
mation about how the lungs supply oxygen to the blood.

For the second research problem, the blood flow order presented,
drawings were classified by using the same stages Biolgy of Campbell et al.
(2016). It was determined how well the biology teacher candidates comply
according to this stage, their percentages were taken in terms of each stages
(Table 3).

Teacher candidates are responsible to drawing how blood circulated
in the pulmonary and systemic circulations and how blood flows from artery
through the arteriole, to the capillaries, return to venule to vein, and then
back to the heart. Prospective biology teachers have demonstrated that the
function of the heart pumps blood in two separate ways, and some partici-
pants have drawings of a correct relationship between the heart and lungs.
We can conclude that the participants who drew the circulatory system in
this way truly understood the heart as a pump. Many people know that the
heart’s function is to pump blood; however, some did not perceive that the
heart was pumping blood in two separate ways. In fact, pre-service teachers
tried to make sense of the circulation of blood throughout the body by draw-
ing a circular path. However, most participants also have a drawing that in-
cludes an incorrect relationship between the heart and lungs. This drawing is
inconsistent with a real understanding of the heart’s role as a pump. Since
the lungs cannot pump blood, blood cannot go from the lungs to the toe; only
the heart has this capacity (Lpez-Manjn & Postigo, 2005). However, the
participants in this study were not aware of this error. The study by Chi et al.
(1989) revealed that students had difficulty in stating the purpose of the lung
and the number of circulation cycles. Pelaez et al. (2005) found that pre-
service teachers had difficulties in perceiving some concepts. 70% of prima-
ry school teacher candidates could not understand large and small blood cir-
culation, 30% were confused about blood vessels, 55% had misconceptions
about gas exchange, and 19% had difficulty understanding gas conduction
and 20% lung functions. Arnaudin and Mintzes (1985, 1986) asked students,
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“What path does blood follow when leaving the heart?”” Only 7-15% of stu-
dents chose the scientific model: heart-foot-heart-lung-heart. These students
largely incorporated the lungs into the circulatory system as their age and
teaching level increased, but they got it wrong.

The four-chambered human heart, containing all blood vessels, works
according to a ‘double circulatory system’. The pulmonary circulation sepa-
rates clean blood from polluted blood through the lungs. Systemic circula-
tion is the blood circulating throughout the body, taking the clean blood and
returning the dirty blood to the heart (Cheng & Gilbert, 2015). However, it
can be seen that the all of participants who drew lungs had a representation
in which the capillaries covering the entire respiratory surface of the lung
were not included (Appendices 6 and 7). This is where the blood delivers
carbon dioxide to the lungs and takes up oxygen. At the system level, pre-
service teachers are aware of the main function of the circulatory system,
namely the transport and exchange of blood. However, at the organ level,
pre-service teachers’ associations with the structures of the lungs are lacking.
Previous studies have revealed that students’ understanding of the human
circulatory system can be problematic. For example, by looking at students’
drawings, it has been found that some believe the blood contains a drop of
blood that circulates throughout the body before returning to the heart. They
failed to grasp the importance of the pulmonary circulation (Arnaudin &
Mintzes, 1985; Pelaez et al., 2005).

Moreover, it can be seen that the most of participants had a represen-
tation in which blood goes from the heart to the body lower parts and then
returns to the heart. However, the very few of participants had a representa-
tion in which blood goes from the heart to the body upper parts and then re-
turns to the heart. As if the candidates thought that the heart only pumps
blood to the lower part of the body and did not draw the path of blood flow
to the upper part of the body. In addition, it has been drawn that the blood
does not follow a direct path from the heart to the target organ; on the con-
trary, it follows a circular path to other parts of the body before returning to
the heart when leaving the heart (Appendix 8-9). An incorrect association
has been established between the heart and lungs. This means a misconcep-
tion about the heart’s role as a pump. Borazan (2008) had students make
drawings about the circulatory system and the following situations were ob-
served: Systemic circulation was drawn below the heart and pulmonary cir-
culation was above the heart. Systemic circulation was only drawn on the
body. Systemic circulation and pulmonary circulation are drawn everywhere
except arms, legs and head. The veins are drawn without being distributed all
over the body.

In the drawings obtained from OzgUr (2013)’ study; the systemic and
pulmonary circulation are independent of each other and occur in different
parts of the body. Pulmonary circulation takes place in the upper part of the
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body and systemic circulation takes place in the lower part of the body. All
structures of the human circulatory system should show very clearly the spa-
tial position and gross appearance of the heart, lungs, and some blood vessels
leading to the upper and lower parts of the body (Cheng & Gilbert, 2015).
The scientific path where an artery leaves the heart and divides into second-
ary pathways, reaches the capillaries of the target organ and returns to the
heart via the veins can be called the central model. However, some partici-
pants drew a different route, where blood did not follow a direct route from
the heart to the target organ and returned to the heart.

Given the differences in ways the teacher candidates drew the blood
flow diagram, perhaps not surprisingly, participants connected the pulmo-
nary artery carrying dirty blood only to the right lung, and they connected
the pulmonary vein carrying clean blood only to the left lung. It’s as if the
right lung is getting dirty blood and the left lung is sending clean blood to
the heart (Appendices 10 and 11). In this case, a parallel running of an artery
and a vein was drawn in the blood flow chart, and arteries and veins were
connected to the heart and extended to other parts of the body. In fact, con-
traction of the right ventricle pumps blood to the lungs through the pulmo-
nary arteries. The blood comes from the capillary beds in the left and right
lungs to the left atrium of the heart through the pulmonary veins to the left
atrium. Ozgir (2013) observed in student drawings that while clean blood
circulates on the right side of the body, clean blood circulates on the left side
of the body. Clean blood circulates on the left side of the body, and unclean
blood circulates on the right side of the body. In reality, clean and unclean
blood is everywhere in the body. For this reason, it is wrong to show dirty
blood only on the right side and clean blood only on the left side (GingG &
Ozgir, 2009). Genghay (2016) examined and compared the pre- and post-
education misconceptions of 6th grade students about the concept of blood
circulation and found that the students could not adequately comprehend the
content of clean and dirty blood, could not visualize where and how the dirty
blood was cleaned in their minds, experienced various imbalances and re-
ported some phenomena showed that they were misconfigured.

One reason for difficulty is the necessity of an integrated understand-
ing of the different representations of the system when learning about the
circulatory system. These include diagrams representing, for example, the
four-chambered heart, the blood vessel system in the human body, the blood
flow in the pulmonary and systemic circulation, the differences of arteries,
veins, and capillaries. Arnaudin and Mintzes (1985, 1986) concluded that of
all the different concepts of the circulatory system analyzed, the circulatory
model is one of the most difficult to change. In this study, a diagram in sci-
ence course textbooks was used and it was seen that many students’ interpre-
tations of this diagram contradicted scientific knowledge. Although the sam-
ple of the research consists of biology teacher candidates, it is seen that all
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misconceptions of the students are reinforced with the help of such materials
in the science textbooks.

The teacher candidates could show with arrows that the blood com-
ing from the lungs and aorta artery first passes from the atria to the ventricles
and then disperses to the whole body but the drawings showed that the pul-
monary artery of the candidates carried clean blood, and the pulmonary veins
carried dirty blood (Appendix 12). Some of the misconceptions identified on
this subject are “clean blood is carried in the pulmonary artery”. Here, it is
seen that the teacher candidates confuse the vessels that bring blood to and
from the heart, and generally think that the arteries carry clean blood and the
veins carry dirty blood. These misconceptions were also revealed in the stud-
ies of Kete (2006), Sezen and Cimer (2009), which showed that very few
teacher candidates have knowledge about the functions of pulmonary arteries
and veins, which are exceptional cases in arteries and veins. It was empha-
sized by Canpolat et al. (2004) that this might be due to the over-
generalization of concepts by students.

Conclusion and Recommendations

Understanding the human circulatory system is more difficult than teachers
and education researchers think. Given the difficulty of learning, it is not
surprising that students and even pre-service teachers advocate structures
and blood flow that do not support the functions of the circulatory system.
This research is a study that reveals how pre-service teachers might have
drawn the structures and organs related to the circulatory system and the
blood flow between them. In the light of the findings obtained from this re-
search, it is seen that pre-service teachers have some deficiencies and mis-
conceptions about the blood circulation system. Although this result is not
different from those found in previous studies, it supports what has been re-
ported in the literature about students’ understanding of the human circulato-
ry system.

This study reported teacher candidates’ conceptions of the human
double circulation. While teacher candidates are learning new information
and concepts, they have difficulties in combining them with their mental
structures. Sometimes erroneous combinations were seen; because of some-
times learning by rote occurs. This leads to misconceptions. One of the im-
portant reasons why meaningful learning does not occur is the learning and
teaching methods used.

In order to understand scientific ideas such as how the circulatory
system facilitates the exchange of substances in organs such as the lungs,
pre-service teachers should be encouraged to use pictures when appropriate.
Drawing can form the basis for teachers and trainee teachers to assess their
understanding. More research should be done to inform science teachers
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about how to have better practice in drawing. Specifically, teachers may
want to help trainees understand that parallel work of arteries and veins does
not exactly replicate the location of veins in the human body in teaching
blood flow charts. In addition, pre-service teachers should learn how the ide-
as represented in the diagram relate to blood flow in the human body or body
organs.

While textbooks are specifically pointed out as the cause of miscon-
ceptions in students, teachers, who are the source of information transfer, are
also cited as the most important reason for misconceptions in students. In
particular, identifying the current misconceptions in teachers will perhaps
ensure that these misconceptions are minimized during their training, and
therefore, when they become teachers, they will be able to educate their stu-
dents in a way that will have the least misconceptions. At this point, more
comprehensive studies are needed to identify and eliminate teachers’ mis-
conceptions. In addition, identifying misconceptions in the textbooks and
correcting the textbooks after this detection will prevent book-related mis-
conceptions.

Contemporary teaching techniques to be developed to eliminate mis-
conceptions about the circulatory system are of great importance here. Con-
sidering that the circulatory system contains many abstract concepts, it is ex-
tremely important to present the subjects to students using all kinds of visual
and audio materials during the teaching process and thus provide concrete
learning. Many studies supporting this result show that concept maps, con-
ceptual change texts, concept networks, meaning analysis tables, audio-
visual tools, etc. can be used in eliminating students’ misconceptions show-
ing that its use positively affects learning. Therefore, if biology teachers pri-
oritize the use of such materials in their lesson plans, they can minimize stu-
dents’ misconceptions.
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Abstract: Comprehensive practice education is an integral part of
the basic education curriculum, aiming to train students to connect
textbook knowledge with real-world life through hands-on manipu-
lations and in-person experiences in off-campus settings. In re-
sponse to the challenges arising in the current enactment of the
comprehensive practice curriculum in Chinese county-level
schools, the Tianfu New District Educational Science Institute of
China’s Sichuan Province developed the “cloud-based study tour”
model to leverage local cultural and social resources to advance
comprehensive practice education. Strategies, such as digital em-
powerment and curriculum development partnerships, were adopt-
ed. This article focuses on expounding on the positive roles of the
“cloud-based study tour” in supporting regionally balanced, high-
quality practical education by fully utilizing digital technologies
and partnerships in curriculum development.
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Standards 2022 emphasize the importance of incorporating labor

education and social practice into the curriculum framework, giving
students the opportunity to learn by doing, applying, and creating, and help-
ing them experience the complete learning cycle of discovering issues, solv-
ing problems, constructing knowledge, and applying knowledge (State
Council of China, 2022). The school’s comprehensive practice (CP) curricu-
lum is the main avenue for children’s practical education, which is of vital
importance for their all-round development (Xue, 2023). Nevertheless, CP
education in current China faces challenges regarding the popular conception
of its significance, resource availability, and technological backing. The is-
sue of how to utilize social resources, especially local cultural resources, and
orderly incorporate them into school curricula to aid students in realizing
knowledge transfer in real-world and open education settings is pending
more practical explorations.

The study tour is a meaningful form of CP education activity that al-
lows primary and secondary school students the opportunity to experience
the beauties of nature and the attractions of traditional cultures (Luo, 2023).
The Tianfu New District Educational Science Institute in China’s Sichuan
Province developed a technology-enabled modality of practical instruction
dubbed the “cloud-based study tour.” It is a paradigmatic practice of fully
leveraging natural resources, cultural relics, and technological innovations to
support the holistic development of students and the regionally balanced,
high-quality development of education. This article lays out the issues with
the implementation of the CP curriculum in Chinese county-level schools
and expounds on the roles of the cloud-based study tour in enacting CP edu-
cation, as well as delineating its educational outcomes using a genuine ex-
ample.

CHINA’S Compulsory Education Curriculum Program and Course

Challenges in the Implementation of the Comprehen-
sive Practice Curriculum in Chinese County-Level
Schools

According to the Ministry of Education of China (2024), Chinese basic edu-
cation is currently undergoing a transition from the expansion of education
scale to high-quality development. Educators at all levels have the responsi-
bility to contribute to building a high-quality education system to support the
sustainable socioeconomic development of the nation. The high-quality de-
velopment of county-level education as the grassroots component of Chinese
basic education is of extraordinary significance for the overall advancement
of the system. In The Modernization of Chinese Education 2035, the State
Council of China (2019) announced the goal of realizing balanced, high-
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quality compulsory education in at least 95% of Chinese county regions by
the year 2035. To reach this goal, it is imperative to ensure the successful
implementation of the national curriculum program and enhance the instruc-
tion level of non-standardized courses like “comprehensive practice” in
county-level schools, in addition to promoting a balanced allocation of edu-
cational resources (Li, 2022). Practical education plays a crucial role in fos-
tering students’ manipulation skills and creative ability (Xue, 2023); a com-
plete practical education curriculum is a precondition for student all-round
development. Nonetheless, the enactment of the CP curriculum in county-
level schools is less smooth than expected. A survey of CP education in the
Tianfu New District of Sichuan Province finds that:

1 There are considerable disparities in CP education standards be-
tween urban and rural schools within the county region. Urban
schoolteachers have easier access to a wide range of educational re-
sources, enjoy ample training opportunities, and are more experi-
enced in carrying out CP instruction. Conversely, their rural coun-
terparts have limited exposure to practical education resources; as a
result, they tend to be less proficient in activity design, the selection
of instructional methods, and the use of modern technology in CP
education (Yang & Lei, 2023). These disparities result in a signifi-
cant gap in the quality of CP education between urban and rural
schools, working against rural students in their development of
practical skills.

2  There are also stark inter-school differences in attitudes towards CP
education. Schools that give equal weight to traditional core sub-
jects and the practical education curriculum typically offer students
a wide variety of practical courses, which significantly boost stu-
dents’ overall competence. Others may undervalue the significance
of the CP curriculum and neglect the investment in student practical
education, leading to a lack of teaching staff specializing in practi-
cal education, a scarcity of necessary equipment, and the absence of
practical training bases (Guo, 2023). Such inter-school divides are a
severe impediment to the popularization of practical education.

The Significance of the “Cloud-Based Study Tour” for

Addressing the Issues with CP Curriculum Imple-
mentation

The “cloud-based study tour” is a modality of technology-enabled practical
instruction developed under the strategies of “technology empowerment”
and “curriculum development partnership.” By removing temporal and spa-
tial constraints through the online and offline blended teaching method, the
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cloud-based study tour can integrate the resources of multiple stakeholders
and convert diverse extra-curriculum materials, such as the local cultures,
into engaging and educative curriculum subject matter. Its practice of lever-
aging natural resources, cultural relics, and technological innovations to sup-
port student holistic development is an innovative experiment in addressing
the issues with the enactment of the CP curriculum.

Technological Empowerment for Supporting Balanced,
High-Quality Development of Regional Education

Integration of Technology and Cultural Resources

The Tianfu New District Educational Science Institute set about experiment-
ing with educational technologies in CP education in 2020. An educational
technology research team of 30 teachers was established to explore the ap-
plication of technologies, such as the network, live streaming, filming, digi-
tal editing, program directing, and software platforms, in practical education.
After that, the environmental education group, humanities education group,
and science and technology education group were set up, all together form-
ing a regional CP education project team. Ten sessions of live STEM lessons
were provided to students, free of charge, in 2020. Later, nearly 400 teachers
joined to form a research team for the “cloud-based study tour” program and
develop professional research mechanisms (Figure 1).

In 2021, the research team began to produce off-campus programs
and make them public to more students through online platforms. So far, 10
sessions of outdoor lessons on popular science have been successfully
broadcast live, including “Cloud-Based Bird Watching,” “the Campus Plant
Map,” and “Clever Hands,” among others. Particularly, the livestreaming
lesson “Cloud-Based Bird Watching” in February 2021 engaged approxi-
mately 9000 students in the online interactive learning activity. In 2022, after
consulting literature and experts in relevant fields, the research team made
improvements to the curricular design of “online real-scenario-based tour
plus offline inquiry-based autonomous learning,” and this multi-terminal dis-
tance learning paradigm was officially named the “cloud-based study tour.”
Subsequently, the research team launched a series of CP lessons, including
the “cloud-based study tour of Du Fu’s Thatched Cottage” and “cloud-based
study tour of Sanxingdui Museum,” successfully engaging in the program
more than 20 schools from Chengdu, Deyang, Meishan, and Ziyang Cities
and Ganzi, Aba, and Liangshan Autonomous Prefectures and serving thou-
sands of students, particularly in remote rural and ethnic minority areas.

In the context of digital transformation in education, the integration
of technology and cultural resources has the potential to significantly ad-

SIEF, Vol.23, No.2, 2024 3803



Figure 1. The Tianfu New District Educational Science Institute’s Research Mechanism for the “Cloud-Based Study Tour” Pro-

gram.

Yang. (China). Comprehensive Practice Education via “Cloud-Based Study Tours”.

Research Framework for the “Cloud-

Based Study Tour” Program

Research

Environmental
Education

Providing teacher fraining
and teaching research
programs for the
implementation ofthe CP
curriculum in collaboration
with educational
administration agencies
and educational research
institutions to support
teacher professional
development.

e

Teacher Teaching
Development Research

Teaching
Demonstrations.

Theme-Based
Lectures

Qutcomes
Exthibitions

Developing environmental
education activities, such as
on-site explorations, writing
journals on Nature, and writing
scientific papers, in
collaboration with the Forestry
and Environmental Protection
Departments

Joumals en
Nature

Scientific Observations of

Phenomena Planting
Sounds of Scientific
Natur Experiments
TED Ecological
Speeches Explorations.

Carrying out design-
focused CP education
activities, such as science
&technology interest
classes, innovations, and
competitions, in
collaboration with the
Science Association,
Educational Technology
Centre, and relevant
competition organizers

Maker Creative Model
Invention Frogramming Design
Human-Machine Maker hirplane
Gombats Greation Programming Models
Robat Invention & Fythan ]
Mking Innovation Frogramming Dranes
Energy 30 Frinting

Categaration

Humanity

Education

Educational
Technologies

Implementing CP
education in the forms of
social service and
research-focused study
tour in collaboration with
cultural venues, tourist
agencies, and social
science research

Integrating educational
technologies into curricular
resource building and serving
teaching, administration, and
publicity in the educational
community in collaboration with
the Science Association,
equipment centers for
educational technologies,

institutions educational science
academies, and media
platforms.
" Resource Platform
Traditional Revolutionary Tesouree :
Culture Culture Construction Operation
Muszums Memaral Teaching
Mussums Flatforms
Folklore Revolutionary Resource
Mussums Relics Piatiorms
Balleries Martyrs' Pubicity
Cemeteries Platforms

SIEF, Vol.23, No.2, 2024




Yang. (China). Comprehensive Practice Education via “Cloud-Based Study Tours”.

vance the balanced, high-quality development of education. The develop-
ment and implementation of the “cloud-based study tour” program in Si-
chuan’s Tianfu New District is an exemplary practice of this integration, giv-
ing full play to the educational roles of natural attractions and cultural herit-
ages. This learning pattern not only exhibits the power of technology but al-
so highlights the value of the cultural heritage in the region. By employing
educational technologies, the Tianfu New District provides high-quality CP
education for all students in urban, rural, and ethnic minority areas, success-
fully mitigating the uneven distribution of educational resources.

Blending Online and Offline Learning

Online and offline blended learning, as an instructional strategy, is of vital
importance in the digital transformation of education. Practical education
encourages students’ transcending the time and space constraints of class-
room learning and making their inquiry in-depth, boundless, and real-life-
based (Liu, 2022). The online and offline blended learning method can well
serve this purpose by combining real scenarios with virtual reality and “pres-
ence” with “distance,” providing students with opportunities for boundless,
mutually inspiring learning.

The “cloud-based study tour” program research team created a design
that consists of three chief components in the sequence of “offline pre-class
autonomous study,” “online interactive study in a virtual classroom,” and
“offline artifact making.” The student’s “cloud-based study tour” is task-
driven and will be assessed by their presentation of creative artifacts as
learning products. The program design was developed into a practical learn-
ing platform, dubbed the “Center for Cloud-Based Study Tour,” which pro-
vides generally applicable technological solutions, explicit learning proce-
dures, and easy manipulation. The platform has become a paradigmatic pat-
tern of CP education and an integrative tool that blends teaching, learning,
and assessment.

Curriculum Development Partnership for Thorough
Exploitation of Local Cultural Resources

In the past few years, the Tianfu New District Educational Science Institute
has worked to establish a practical education community in collaboration
with all stakeholders concerned, including environmental departments at all
levels and cultural venues as well as urban, rural, and ethnic minority
schools. This practical education community has placed high value on cross-
agency partnerships in the development and implementation of the practical
education curriculum, creating mechanisms for the sharing of resources and
research outcomes. In partnership with all actors involved, the “cloud-based
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Figure 2. A Theme-Based Activity Framework for the “Cloud-Based Study
Tour” Program.

study tour” research team of the Institute has developed a theme-based activ-
ity framework (Figure 2) for practical education activities that are in line
with the requirements of the national CP curriculum at the basic education
level.

In the said framework, the section on “cloud-based tours of nature”
focuses on the environmental resources available in the Tianfu New District,
which is projected to develop into a state-level “garden city,” and in Sichuan
Province, which has been historically acclaimed as a “blessed land.” With
“cloud-based tours of nature,” students can easily access natural attractions
such as Xinglong Lake, Luxi River, and Jinjiang Conservation Zone and vis-
it landmark places like the National Giant Panda Park and Dagu Glacier. The
livestreaming and recorded lessons enable them to experience, explore, and
develop knowledge about nature. The program developers borrow learning
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substances from the geological and biological environments in these natural
areas as students’ research topics. After the “cloud-based tours of nature,”
junior students at primary schools must hand in their observation journals on
nature, senior students at primary schools their research essays, and second-
ary school students their artifacts with environmental themes; regular selec-
tions and exhibitions are conducted based on students’ study outcomes.

The section on “cloud-based tours of cultural venues” includes out-
standing practical education projects like the “cloud-based study tour of Du
Fu’s Thatched Cottage: transcending temporal and spatial boundaries” and
the “cloud-based study tour of Sanxingdui Museum: delving into the secrets
of the ancient Shu Kingdom.” Du Fu’s thatched cottage and the Sanxingdui
Museum’s restoration workshop act as the classrooms for the enactment of
these projects. More than 20 schools from the Tianfu New District have been
engaged in them, and their students are required to go through the structured
process of offline pre-class autonomous study, online livestreaming study
tour, and offline extended research. This makes it possible for all remote
terminal classes to take part in theme-based exploratory learning. In addition,
each cultural study tour is guided by three teachers, who are the museum do-
cent, the on-site teacher host, and the teacher at the terminal classroom. The
“triple-teacher classroom” ensures that the practical education process is pro-
fessional, engaging, and full of effective interactions.

The Cloud-Based Study Tour of Sanxingdui Museum:
An Exemplary Practice of CP Education

To develop 2024’s “cloud-based study tour of Sanxingdui Museum,” the
Tianfu New District Educational Science Institute’s “cloud-based study tour”
research team tapped into local cultural resources with the goal of fostering
students’ knowledge of ancient Shu civilization and traditional Chinese cul-
ture. There were 15 local schools contributing to the five-month develop-
ment of the project.

For their “offline pre-class autonomous study,” students from partici-
pating schools were provided with uniform handouts and required to com-
plete pre-class assignments and hand them in on the “Center for Cloud-
Based Study Tour” platform. In addition, practical education tutors at each
school also created their own teaching materials to help students develop
preliminary knowledge of the Sanxingdui civilization.

For the central stage of “online interactive study in a virtual class-
room,” Qing Li, head of the Qing Li Anchor Teachers Studio, and Junmin
He, the leading docent at Sanxingdui Museum, co-designed the online teach-
ing and co-hosted the lecture on site. Thus, the lecture combined the exper-
tise of a museum specialist with that of a professional educator. In order to
enable students to have an in-depth understanding of the significance of the
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historical archaeological discovery, the project team chose the restoration
workshop of the museum as the livestreaming classroom. There were many
online-offline interactive activities in the livestream, such as the “virtual
simulation of archaeological excavation” and “naming cultural relics.” Stu-
dents from 15 schools experienced a collective classroom full of vitality,
where the online interactions, such as the random selection of actors and
Q&A, were embedded into the process and the teacher-student communica-
tion was seamless.

In the last stage of “offline artifact making,” student participants, un-
der the guidance of their respective teachers, worked to produce Sanxingdui-
themed artifacts and presented them for online and offline exhibitions and
selection. For instance, the 2019 class students at Tianfu No.7 Primary
School made an artifact, dubbed “The Dream-Like Ancient Shu Kingdom,”
for their participation in the exhibition of “Sanxingdui Cultural Experience
Space.” They converted what they had learned in the preceding stages of the
study tour into a tangible product, which represented an interactive space for
a Sanxingdui cultural tour. This work won them a special prize in the Tianfu
New District-based selection and was sent to the exhibition of “Chengdu
City’s Comprehensive Practice Education Achievements,” where it was
awarded a special prize again.

The “cloud-based study tour of Sanxingdui Museum,” a paradigmatic
project in the “cloud-based study tour” program, drew heavily on the Ba-Shu
culture and generated significant practical education outcomes with its
unique teaching design and marvelous content. By integrating online and
offline learning, the project considerably enriched practical experiences and
enhanced the exploratory capacities of the students. The smooth communica-
tion and resource sharing among the students from the 15 schools evidenced
the role of CP education collaboration in alleviating educational inequality.

Conclusion

The “cloud-based study tour” program is a meaningful, innovative experi-
ment in popularizing CP education in China’s county regions. As a new
practical education paradigm, it needs multifaceted support from all stake-
holders, increased input of manpower and material resources, and intensified
multi-agency partnerships in curriculum development. Furthermore, more
theoretical and practical explorations of CP curricula in academia are neces-
sitated, and research on the technological application in practical education
should be strengthened to perfect programs like the “cloud-based study tour”
to support balanced, high-quality development of education in China.
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Abstract: Amidst ongoing educational reform around the world, the
leadership qualities of primary and secondary principals have cap-
tured the increased interest of researchers. This article aims to ex-
plore the essential components of principal leadership by conduct-
ing a literature review of relevant research both in China and other
countries. The survey finds that despite the variations in the defini-
tions of principal leadership in different regions and at different
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Introduction

opment of basic education has garnered special attention in academia as

well as among the general public. Primary and secondary principals, who
play a central role in the development of their respective schools, have been
required to take on increased responsibilities. Whether they can meet the ev-
er-intensifying challenges is contingent on their leadership qualities (Yan,
2022). Principal leadership is a critical component of school governance,
mediating institutional factors, such as the organizational structure, rules and
regulations, and resource allocation, as well as cultural factors, such as
school culture, values, and teacher-student relationships within the school
(Wang, 2015). It can have significant influences on the efficiency of school
management, teacher professional development, and student academic
achievements (Veleti et al., 2023; Karadag et al., 2015; He et al., 2024).

The study of principal leadership began in late 20th-century America.
In the following decades, researchers have conducted multi-faceted investi-
gations in this area. Walker and Hallinger (2015) synthesized five systematic
literature reviews on principal leadership in East Asia and discerned three
content patterns via thematic analysis: influences on principalship, principal
leadership practices, and principal development. Goldring et al. (2016) con-
ducted a comprehensive review of principal leadership assessment practices
in the United States for a thorough understanding of the distinct practices of
principal leadership assessment in various states. Arar et al. (2022) systemat-
ically surveyed research on Islamic-based educational leadership published
between 1990 and 2021 to present the main themes incorporated in these
studies and to reveal the developments in research on educational leadership
and policy in the Islamic world. In addition to studies examining country- or
territory-specific principal leadership, there have also been academic efforts
to promote principal leadership research in a certain country by drawing on
research results from foreign countries (Zhao & Zhou, 2017; Xu & Zhu,
2019). For example, to provide recommendations on enhancing Chinese
principal leadership practices and school governance capability, Yan (2022)
surveyed the theoretical constructs, structural models, and research methods
in principal leadership studies in Western countries and explored the key el-
ements and application scenarios of excellent principal leadership.

More in-depth research into and extensive practical explorations of
principal leadership necessitate a clear definition of its essential components.
Particularly, to evaluate the effects of principal leadership on other educa-
tional factors, it is necessary to develop appropriate assessment instruments
to ensure the reliability and validity of research. Some researchers discov-
ered that the practices of leadership assessment often lacked justification and
documentation in terms of the utility, psychometric properties, and accuracy

I N THE CONTEXT of ongoing reform in the education world, the devel-
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of the instruments, and that the main difficulty in assessing principal leader-
ship was the identification of the dimensions that needed to be assessed
(Goldring et al., 2016). At the same time, principal leadership is highly con-
textual (Arar et al., 2022), with its development being influenced by multiple
factors, such as the social system, policies, and culture (Walker & Hallinger,
2015). As a result, it is challenging to unify the definition of principal lead-
ership dimensions for different regions. Also, due to the continual evolution
in the educational landscape and national policies across the years, the con-
notations of principal leadership are constantly changing. Recent years have
witnessed the emergence of various conceptual frameworks or models for
principal leadership. Each of them has its own features regarding the defini-
tion of dimensions and the model structure. Yet, they are not completely mu-
tually exclusive but instead share some commonalities (Wang, 2015). There-
fore, we contend that principal leadership in different contexts may have var-
ied components but is bound to bear some common essential elements that
deserve thorough exploration for further advancing the development of basic
education.

Research Purpose and Questions

The present study aims to extract essential qualities of principal leadership
from the existing body of literature to provide reference for researchers who
are working to develop principal leadership assessment tools, for education
administrators who are accountable for the planning of principal training and
for primary and secondary school leaders who are committed to continuously
improving their leadership capacity. Specifically, it addresses the following
research questions:

RQ 1: What are the justifications for the definition of components of princi-
pal leadership by researchers from various regions?

RQ 2: What is the evolution trajectory of principal leadership amid the
changes in times and education climates?

RQ 3: What are the commonalities shared by different studies in their judg-
ment of the core qualities of principal leadership?

Research Methods and Process

We sourced literature from the Web of Science and China National
Knowledge Infrastructure (CNKI), using “principal leadership,” “educational
leadership,” “principal,” “models,” “indications,” and “qualities” as search
terms. To ensure the academic quality of the included literature from the

SIEF, Vol.23, No.2, 2024 3814



Chen & Chen. (China). Essential Elements of Principal Leadership.

CNKI, only articles published by journals listed in “A Guide to the Core
Journals of China” and the “Chinese Social Science Citation Index” were
included. All papers are from peer-reviewed journals. In order to retrieve
studies of principal leadership from different periods, there were no time
limits set for the publications. By the deadline of June 25th, 2024, 271 arti-
cles in Chinese and 403 ones in English had been obtained.

After removing duplicate articles, we further excluded those with (1)
a focus on non-basic education principal leadership; (2) a lack of clear defi-
nition of components of principal leadership; (3) a discussion concentrating
on the leadership of ordinary teachers and educational authorities; and (4)
full text unavailable. The application of Rayyan was adopted in the screening
and analysis of the articles retrieved. After selecting literature that was high-
ly relevant to the topic in discussion, we also adopted the method of snow-
balling for literature complementation. Finally, 60 articles were included in
our literature review, with 27 in Chinese and 33 in English.

A Comparison of the Definitions of Principal Leader-
ship by Chinese and Foreign Researchers

Our review shows that there are differences in the definition of the compo-
nents of principal leadership between Chinese and foreign researchers. First
off, prominent is the influence of Confucianism-dominated traditional Chi-
nese culture and values on Chinese researchers’ conception of principal
leadership. For instance, Ai and Zhao (2019) drew on traditional Chinese
ideological notions, such as “prioritizing righteousness over personal inter-
ests,” “moral integrity,” “serving the public,” and “alignment between
knowledge and action,” in constructing a principal leadership model that
highlights three major components: value leadership that emphasizes benev-
olence and righteousness, moral leadership that requires both spiritual and
behavioral integrity, and instructional leadership based on personal expertise
and aspirations. Zhang (2023), drawing inspiration from the Confucian Ana-
lects, argued that principal leadership should incorporate self-development
ability, the capacity to guide, and social skills. In the meantime, Chinese re-
searchers are susceptible to the impact of running governmental policy when
conceptualizing principal leadership. In response to the new requirements for
the teacher’s roles under the “competence-focused education” policy, Li et al.
(2012) advanced a teacher development-centered principal leadership style,
which prioritizes teacher professional development, pays attention to the
teachers’ emotional and attitudinal changes, and seeks a balance between
normalizing teachers’ educational behavior and stimulating their motivation
for innovation. In addition, it is possible that certain research on principal
leadership has been affected by both traditional culture and current education
policies. For example, in the context of the Chinese government’s advocacy
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of building a high-quality education system, Liu (2023) emphasized the tra-
ditional Chinese management concept of “serving as a role model for one’s
subordinates” in defining the roles of the school leader, who, in her mind,
must act as an excellent example for ordinary teachers and provide profes-
sional guidance for them.

More often than not, researchers from outside China choose to justify
their definition of the components of principal leadership with a certain lead-
ership theory. For example, the theory of principal instructional leadership is
frequently adopted in research on the core qualities of principal leadership
(Emmanuel & Valley, 2021). Some researchers proposed evaluating the in-
structional leadership capability of principals in three dimensions: establish-
ing the school mission, managing teaching plans, and creating a positive
learning atmosphere (Hallinger & Murphy, 1985; Antoniou & Lu, 2018).
Others opted to look at principal instructional leadership in five dimensions:
developing the school’s education specialties, raising the curriculum and
teaching quality, promoting teacher professional development, improving the
effects of adaptive learning, and optimizing teaching support (Lai & Lien,
2023; Aldighrir, 2024). Ahmad et al. (2023) added counseling skills to the
conventional model of principal instructional leadership, arguing that the
principal must have adequate communication skills in addition to education-
al expertise. Furthermore, other leadership theories, such as transactional
leadership and context-based leadership, have also been employed in discus-
sions about the dimensions of principal leadership (Bass et al., 2003; Kutz,
2008; Noman et al., 2017; Leithwood et al., 2019). In addition to the said
leadership theories from the education world, some researchers have tried to
draw on theories in the domain of business management (Berkovich & Has-
san, 2023). For instance, Da’as (2016) discussed principal leadership in the
dimensions of interpersonal communication skills, strategic capability, and
cognitive ability on the basis of Mumford et al.’s (2007) leadership skills
model.

Nevertheless, our review spotted a common research method adopted
by domestic and foreign studies on principal leadership qualities: to gather
information on distinguished principals through direct or indirect channels
and extract valuable leadership skills from their specific practices (Chen &
Yang, 2020; Kramer, 2023; Zeinabadi, 2023). Using research results from
the International Successful School Principals Program (ISSPP), Hu (2022),
a Chinese researcher, summarized key qualities for being a successful prin-
cipal, such as the capacity to assist school members in reaching an agreed
vision, to promote teacher professional development, to build constructive
relationships with stakeholders, and to discern the development opportunities
for the school. Norman et al. (2016) conducted a case study of a Malaysian
school, which reveals that potent interpersonal skills, people-centered leader-
ship, clear communication of visions and goals, focusing on student academ-
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ic achievement, co-curricular activities, developing people, and creating a
positive work environment are all vital constituents of successful principal
leadership.

To sum up, the education policies, national culture, relevant leader-
ship theories, and practical experiences of principals are all possible consid-
erations for the definition of components of principal leadership. Chinese
researchers are more likely to establish the dimensions of principal leader-
ship from the standpoints of traditional culture and education policies, while
their foreign counterparts show preferences for specific leadership theories
as the justifications for their definition of principal leadership. Some studies
have also pointed out that the same leadership theory may result in varied
definitions of principal leadership dimensions in different countries or terri-
tories due to the disparities in the expected roles of the principal in differen-
tial places (Zhang, 2013; Zheng et al., 2017). In other words, principal lead-
ership is highly contingent on its specific context.

The Evolutionary Trajectory of the Components of
Principal Leadership

Our survey finds that the expected qualities of principal leadership vary as
time changes and educational reform advances. In China, the recent socioec-
onomic transformation and education policy shifts find their expression in
researchers’ varying conceptions of principal leadership. Zhang (2007, 2009)
argued that the early constructs of principal leadership typically included
three aspects: directing organizational development, improving team efficacy,
and building the bi-partite relationship between the principal and staff. In the
context of the introduction of the “Double Reduction Policy” in recent years,
which emphasizes the reduction of students’ academic burden, the bi-partite
relationship gives way to a tri-partite one that stresses the importance of the
principal’s attention to students’ competence development in addition to that
of the teaching staff and middle-level school cadres (Cheng & Zhang, 2023).
Earlier, Shen and Sun (2014) defined principal leadership as the ability to
use organizational resources to create an education environment that facili-
tates professional community-based cooperation, meaningful teacher-student
interaction, and improvement of teaching quality, with the ultimate goal of
enhancing students’ academic achievement. Later, as China’s urbanization
advanced, Shen (2018) proposed that principal leadership should include sit-
uation-adaptive ability in response to the challenges of the expanded school
size and teaching force brought on by urbanization. Likewise, Zhao (2009)
first introduced into the Chinese education community Sergiovanni’s (1984)
principal leadership framework, which highlighted five aspects of leadership:
technical, human, educational, symbolic, and cultural. When the Chinese
government released the national developmental strategy of rural revitaliza-
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tion, Yang et al. (2023) worked to adapt this theoretical framework to the
actual circumstances of Chinese rural schools by rephrasing the five leader-
ship forces as cultural leadership that integrates leadership into rural cultural
revitalization; symbolic leadership that responds to rural revitalization advo-
cacy; educational leadership that demonstrates professional support; human
leadership that harnesses home-school co-education resources; and technical
leadership that strives for the retention of rural teachers.

As a result of the advances in information technology and the impli-
cations of the COVID-19 pandemic for educational organizations, research-
ers across the globe have realized the significance of digital leadership and
the use of digital technologies for the improvement of school management
(Neyisci & SARI, 2023; Gao et al., 2024; Zhao et al., 2024). Berkovich and
Hassan (2023) investigated the impact of digital transformational leadership
on school management outcomes in Bahraini schools. Deploying digital
communication and collaboration tools to support teachers’ remote instruc-
tion was a paramount indicator of the digital transformation leadership of the
principal in their evaluation. According to Zhou et al. (2023), to adapt to the
new ecology of smart education built on technologies such as human-
machine collaboration, primary and secondary principals must hold a growth
mindset and continuously develop crucial capabilities such as intelligent
technology literacy, ethical judgment on intelligent education, digital com-
munication, and intelligent education foresight. In addition, some studies
have rated agility as an important quality of principal leadership in the new
era (Buffone, 2021). In the meantime, new leadership models have been es-
tablished in reaction to emerging education modalities. For example, Geiger
et al. (2023) proposed a principal leadership model for STEM education,
which evaluates the principal’s leadership in supporting STEM education in
multiple dimensions, including interdisciplinary knowledge and practice,
STEM intention, the adoption of instruments, and more.

In summary, the new-generation principal leadership exhibits fresh
qualities as the result of the incorporation of new factors as well as the modi-
fication of prior elements. Also, some decades-old principal leadership mod-
els remain in use among current researchers, such as the multifactor leader-
ship model developed by Bass and Avolio (1997), which has implications for
the development of principal leadership in the Singaporean educational con-
text (Wang et al., 2023).

Essential Qualities of Primary and Secondary Princi-
pal Leadership

Principal leadership is a multifaceted and complicated construct. Some re-
searchers may describe it as the ability to influence (Ying, 2009), a capacity
of the principal to motivate school members with their visions and support-
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ive behavior and to make best use of resources, laying a solid foundation for
further changes (Higgs & Rowland, 2000; Ahmad et al., 2023). Some may
argue that principal leadership is an integration process (Rayner, 2009), in
which the principal integrates the forces of teachers, students, and other
stakeholders (Danids, 2019). However, the majority of them defined princi-
pal leadership as a combination of core abilities a principal must possess to
play the role of a school leader (Sun, 2012; Musthan, 2019; Liu, 2023) and
to achieve school development goals in collaboration with people under their
leadership (Zhang, 2007). In this study, we seek to summarize the essential
qualities of principal leadership in the dimensions of personal traits, the ca-
pacity to influence people, and the ability to make ongoing organizational
improvements on the basis of our analysis of existing literature.

Among the personal traits related to educational leadership, excellent
communication skills, agility, and an open mindset are the most crucial for
the principal’s fulfillment of their leadership roles. First, the importance of
effective communication skills for principal leadership has been highly em-
phasized in existing research (e.g., Dai & Wan, 2011; Xu, 2012; Da’as, 2016;
Ahmad et al., 2023). Aside from maintaining effective communication with
school members, the principal also has the responsibility to establish smooth
communication channels with external individuals or organizations. Ineffi-
cient or ineffective communication is detrimental to interpersonal relation-
ships both inside and outside the school (Danids et al., 2019), which has a
negative impact on its management outcomes. Therefore, skillful communi-
cation is an integral part of principal leadership. Second, agility (Buffone,
2021) is a relatively newly advanced concept in principal leadership research,
encompassing a variety of leadership elements such as insightful evaluation
of the time (Cao, 2023), contextual intelligence (Noman et al., 2018; Shen,
2018; Yusof & Ariffin, 2023), and foresight (Dou, 2007; Wang, 2011;
Musthan, 2019). Agile school leaders can not only accurately identify the
development needs of the school but also successfully perceive the opportu-
nities and challenges brought by shifts in the external educational landscape
to the school’s development. To be agile, the principal must be alert to im-
minent changes in education while also being perceptive to the current oper-
ational state of the school, including its strengths and weaknesses. Third,
having an open mindset ensures that the principal can continuously increase
their level of professionalism (Zhang, 2023). A lifelong-learning attitude and
awareness of constantly updating educational concepts can help them avoid
professional stagnation (Zhang, 2023) and embrace new requirements for
principal leadership in the digital era (Cao, 2023).

In the dimension of the capacity to influence people, a successful
principal is distinguished by their commitments to improving instructional
quality, assisting teacher professional development, and serving as a role
model for school members. First off, there is a consensus among researchers
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(e.g., Zhang et al., 2014; Antoniou & Lu, 2018; Aldighrir, 2024) that, as a
school manager, the principal must focus on improving the quality of teach-
ing and meeting students’ diverse needs for learning, since teaching and
learning are the two chief activities in a school setting. Second, the principal
should also pay attention to the building of a potent teaching force and the
professional development of teachers (e.g., Zhang, 2007; Hu, 2022;
Zeinabadi, 2023). Recommendations for the principal in this regard include
providing ample training opportunities for teachers to increase their profes-
sional expertise and competences (e.g. Shen & Sun, 2014; Cheng & Zhang,
2023); setting goals for teacher performance (Leithwood, 2005) and giving
them timely feedback and rewards (Daniés et al., 2019); striking a balance
between regulating educational behavior and motivating instructional inno-
vation in teachers (Li et al., 2012); reaching out with empathy and concern to
the staff (Guo, 2022; Kramer, 2023) and guiding them to nuture positive
emotions, attitudes, and values for their jobs (Li et al., 2012). Third, re-
searchers agreed that the best way for the principal to influence their staff is
to be a good role model for them (Gkolia et al., 2021; Liu, 2023), particular-
ly in professional advancement (Xu, 2012).

Additionally, to advance the overall development of the school, the
principal should have the ability to set shared development visions and goals
for the school, create positive and inclusive educational atmospheres, and
manage the school in collaboration with the staff. First, explicitly defining
the development vision and mission of the school on the part of the school
leader is generally rated as an effective means for enhancing the school’s
management efficiency in prior studies (e.g., Ying, 2009; Norman, 2016;
Emmanuel & Valle, 2021; Guo, 2022). Second, the principal can unite the
staff members to make joint efforts to advance the development of the school
by creating a positive and inclusive school climate (Hallinger & Murphy,
1985; Yusof & Ariffin, 2023), for which respect for individual differences,
trust between school members, and a healthy campus culture are the most
vital factors (Leithwood, 2005; Zeinabadi, 2023). Third, teamwork aware-
ness and coordination ability of the principal are regarded as fundamental to
ensuring highly efficient school operation and optimal school resource utili-
zation in the literature (Xu, 2012; Cheng & Zhang, 2023).

Conclusion

Based on relevant literature on principal leadership, our survey seeks to iden-
tify crucial components of principal leadership at the basic education level
while also looking into the variations in its definition between Chinese and
overseas researchers. Research results show that these variations are attribut-
able to plural factors, including educational reform, education policy adjust-
ment, and cultural diversity, as well as specific theoretical underpinnings.
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We suggest that when looking at different principal leadership theories and
models, researchers should focus more on spotting commonalities among
them than on judging which of them are superior or inferior.

After analyzing 60 journal articles on principal leadership published
globally, we extracted the essential qualities of principal leadership as fol-
lows: excellent communication skills, agility, and an open mind set in the
dimension of personal character; focusing on the instructional quality, being
supportive of teacher professional development, and acting as a role model
for school members in the dimension of the capacity to influence people; es-
tablishing shared developmental visions for the school; creating a positive
and inclusive educational climate; and managing the school in collaboration
with the staff in the dimension of driving the ongoing development of the
school. These key elements reflect the basic understanding of the roles of
primary and secondary principals among global researchers at different times.
A thorough discussion of these elements is beneficial for designing legiti-
mate principal training programs, heightening the leadership capacity of
primary and secondary principals, and consequently, advancing the devel-
opment of basic education across the board.

It should be acknowledged that this survey has its limitations. Con-
strained by the scope of databases used, search keywords, and screening cri-
teria, the review may not be sufficiently exhaustive to cover all significant
research on the leadership of basic education school principals. Nonetheless,
it can still serve as a steppingstone to further research on the interactions be-
tween the said essential leadership qualities and their potential impacts on
instruction, as well as future explorations of practical issues such as the de-
velopment of principal leadership assessment scales and the formulation of
principal leadership education and training programs.
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