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Abstract
In response to global demands for digitally competent citizens, it is crucial to examine how science teachers integrate 
technology into their teaching practices through technological pedagogical and content knowledge (TPACK). This study 
employs the TPACK-Practical (TPACK-P) framework, which emphasizes assessing teachers’ proficiency in authentic 
classroom settings, to investigate two complementary aspects: (1) evaluate the proficiency of in-service science teachers 
with respect to assessment, planning, design, and enactment dimensions, and (2) explore the interactions among the five 
TPACK-P components. A multiple case study of four in-service science teachers teaching force and energy topics was 
conducted utilizing classroom observations and semi-structured interviews. Findings revealed varying proficiency levels 
across the dimensions, from lack of use to infusive application. Furthermore, five key assertions emerged: (i) central role 
of assessment in shaping practices, (ii) the uniqueness of each teacher’s TPACK-P map, (iii) predominance of assessment-
focused integration, (iv) underuse of ICT for subject content delivery, and (v) dynamic nature of TPACK-P. This study 
highlights both the complexity and need for context-sensitive support of ICT integration in science education.
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al., 2020). However, realizing these benefits also requires 
effective utilization of technology within classrooms (Dil-
worth et al., 2012). In science education, this role becomes 
particularly critical, as technology supports the visualiza-
tion of abstract concepts, enables simulations of otherwise 
inaccessible experiments, and creates authentic contexts for 
inquiry-based learning (Jimoyiannis, 2010; Szymkowiak 
et al., 2021). Unlike in other subject areas, science instruc-
tion frequently deals with highly abstract and counterintui-
tive concepts where misconceptions are widespread, and 
laboratory investigations are often constrained by safety or 
resource limitations. Digital tools such as simulations, mod-
eling environments, and virtual labs thus become essential, 
requiring science teachers to possess specialized techno-
logical competencies (Megalakaki & Thibaut, 2016; Sulli-
van et al., 2017). Assessing these competencies is vital as 
ineffective or superficial uses of technology risk reinforcing 
misconceptions rather than addressing them (Dinçer, 2024; 
Lin & Hsu, 2015). Thus, technology integration directly 
strengthens both students’ conceptual understanding and 
teachers’ competence in orchestrating complex learning 
environments.

Introduction

In recent years, widespread adoption and dissemination 
of technology have prompted reevaluation of educational 
practices globally. This has led educators and policymak-
ers to put forth more efforts to prepare students for evolv-
ing technology-infused learning environments (Escueta et 
al., 2020). As The Council of The European Union (2018) 
underlines, teachers must be confident and responsible in 
using digital technologies for learning while facilitating 
students’ digital literacy. Integration of technology in edu-
cation enhances comprehension, critical thinking, and prob-
lem-solving skills (Evawati & Susilowati, 2023; Ismajli et 
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Integrating technology into classrooms challenges teach-
ers’ technological competency. Yeh et al. (2014) indicates 
ongoing difficulties and lack of a comprehensive model to 
define this competency. Since Mishra and Koehler (2006) 
introduced the Technological Pedagogical Content Knowl-
edge (TPACK) framework, various alternative TPACK 
models have emerged such as TPACK-Practical (TPACK-P) 
by Yeh et al. (2014). TPACK-P differs from earlier TPACK 
frameworks in that it strongly emphasizes the evaluation of 
teachers’ proficiency in actual teaching rather than solely 
discussing the composition of their pedagogical, content, 
and technological knowledge (Yeh et al., 2015a).

Incorporation of technology in school has emerged as a 
driving force while teaching science (Szymkowiak et al. 2021) 
but science teachers must integrate technology smoothly 
while mastering subject knowledge. Teaching topics like force 
and energy lends opportunity for innovative technology-based 
approaches to science teaching. Because force and energy 
concepts are abstract, prone to misconceptions, and underex-
plored in prior TPACK research, making them a meaningful 
context for examining technology integration (Megalakaki 
& Thibaut, 2016; Setiawan et al., 2019). Thus, investigating 
TPACK in this area informs effective teaching and addresses 
the gap between theory and practice. This research study pro-
vides some insights toward improving teaching practice in 
these particular areas and toward the bridge between theory in 
education and practice in science education.

Therefore, this study intends to determine the proficiency 
levels of in-service science teachers in terms of assessment, 
planning and design, and enactment utilizing the TPACK-P 
framework (Yeh et al., 2014; 2015a). It was also aimed to 
investigate the complex interactions among the components 
of TPACK-P, namely knowledge of learners (KoL), knowl-
edge of subject content (KoSC), knowledge of curriculum 
design (KoCD), knowledge of practices in teaching (KoPiT), 
and knowledge of assessment (KoA). More specifically, the 
following research questions guided the present study:

1)	 How do in-service science teachers show their TPACK-
P proficiency when teaching topics related to force and 
energy?

2)	 In what ways do the TPACK-P components interact with 
each other while teaching force and energy topics?

Theoretical Framework and Literature 
Review

TPACK-P Framework

Unlike the original TPACK framework (Mishra & Koehler, 
2006), which mainly conceptualizes knowledge domains, 

TPACK-P explicitly emphasizes practical knowledge and 
teachers’ enacted practices in classrooms. This responds 
to long-standing critiques that self-report surveys, often 
used in earlier TPACK studies, capture teachers’ confi-
dence rather than their actual competences (Lawless & 
Pellegrino, 2007; Fisser et al., 2015). By prioritizing per-
formance-based indicators such as classroom observations 
and triangulated interviews, TPACK-P provides a richer, 
practice-oriented evaluation of teachers’ technology inte-
gration (Voogt et al., 2016; Yeh et al., 2015a). Compared to 
integrative or domain-specific alternatives (e.g., TPASK by 
Jimoyiannis, 2010), TPACK-P represents a transformative 
model, highlighting how technology integration unfolds in 
authentic contexts (Valtonen et al., 2020). These strengths 
make TPACK-P especially suitable for examining science 
teachers’ practices in complex domains such as force and 
energy instruction.

The TPACK-P framework is depicted by concentric 
circles to indicate interconnections among its components 
(Fig. 1). Within this framework, each component represents 
a distinct but interconnected knowledge domain. Knowl-
edge of Assessment (KoA) refers to teachers’ knowledge 
of utilizing ICT for formative and product-based student 
assessment. Knowledge of Learners (KoL) involves under-
standing students’ learning needs, preferences, and difficul-
ties through ICT-supported practices. Knowledge of Subject 
Content (KoSC) reflects teachers’ expertise in leveraging 
ICT to enhance conceptual understanding of science top-
ics, particularly those that are abstract or challenging. 
Knowledge of Curriculum Design (KoCD) encompasses 
the systematic planning and orchestration of technology-
infused instructional strategies aligned with curriculum 
goals. Knowledge of Practices in Teaching (KoPiT) refers 
to teachers’ ability to effectively enact technology-inte-
grated instruction, including guiding students’ ICT use, 
managing instructional processes, and addressing technical 
challenges. The label KoPiT is used here to highlight the 
knowledge-oriented nature of this component, correspond-
ing conceptually to the “Practical Teaching” dimension in 
the original TPACK-P framework (Yeh et al., 2014).

TPACK-P Proficiency

TPACK proficiency needs to be estimated by teachers’ 
actual pedagogical actions and strategies as proposed by 
Yeh et al. (2015a). These authors identified five levels of 
TPACK proficiency referred as no idea, lack of use, simple 
adoption, infusive application, and reflective application. 
Usual behaviors and inclinations corresponding to each dif-
ferent level of proficiency in TPACK-P were also specified. 
To illustrate, at the no idea level, there is a total absence of 
behavior and knowledge about technology. At lack of use 
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level, teachers seldom use ICT tools or may be even doubt-
ful about the use of e-assessments. Teachers representing 
simple adoption level recognize ICT tools and believe they 
enhance student success. Infusive application level reflects 
that teachers strategically and systematically employ ICT 
tools (e.g., for formative assessments, visualizations, or dif-
ferentiated support for struggling students) in ways that are 
consistently embedded in their teaching practices. However, 
they rarely engage in explicit reflection on the effectiveness 
of these practices. Reflective application level, by contrast, 
goes beyond systematic use: teachers critically evaluate 

how ICT integration influences learning, adapt strategies 
based on student responses, and refine their approaches over 
time. In this sense, reflective application emphasizes ongo-
ing critical self-assessment and deliberate adaptation (Yeh 
et al., 2015b).

Early debates concerning the assessment of TPACK have 
largely revolved around the use of self-reported survey 
tools, and it has remained a controversial topic to all con-
cerned (Akyüz, 2018). Most importantly, reliability issues 
concerning these surveys have generated an upsurge inter-
est in investigating other tools, such as performance-based 

Fig. 1  Visual representation of TPACK-Practical model (Reprinted from Yeh et al., 2014)
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assessment, interview, and observation reports (Santos 
& Castro, 2021). In contrast, research regarding teach-
ers’ TPACK carried out with a framework TPACK-P often 
assesses teachers’ competencies by examining their perfor-
mances in authentic teaching contexts (Yeh et al., 2015a). 
Besides TPACK-P, other frameworks and methods add to 
understanding TPACK proficiency levels in the complex 
interaction between technology, pedagogy, and content 
knowledge which constitute teachers’ instructional practices 
(Deng et al., 2023; Ogegbo, 2023; Saubern et al., 2020).

Complexity on Interplay among TPACK Components

Understanding of complexity regarding TPACK means navi-
gating the complex interrelationships among its components: 
technology, pedagogy, and content knowledge. Previous 
studies emphasize that these interplays are context-depen-
dent and transformative, showing how technology, peda-
gogy, and content continually reshape each other in practice 
(Celik et al., 2014; Koh et al., 2013; Pamuk et al., 2015). This 
is also evident in research on preservice teachers and contex-
tual factors (Kaplon-Schilis & Lyublinskaya, 2020; Koh et 
al., 2014). Thus, it prompts context-specific approaches to 
assist teachers in integrating technology into their teaching.

Although earlier studies emphasize the interrelation and 
transformation of TPACK components, a significant gap 
remains in understanding the interplay among them (Ay et al., 
2015). Specifically, how these components inform one another 
in dynamic and context-sensitive ways is yet to be fully uncov-
ered. Addressing this issue can provide a deeper perspective 
on the complexity of TPACK and its practical implications for 
teaching and learning. From another perspective, the complex 
nature of TPACK is required to be translated into observable 
patterns of practice (Nguyen et al., 2025; Voogt et al., 2016). 
In line with this perspective, this research addresses the related 
challenges through the use of the TPACK-P framework and 
TPACK-P maps, which operationalize complexity by trans-
forming the intricate relationships among knowledge compo-
nents into observable, quantifiable interactions. Accordingly, 
such an approach makes component interplays visible in 
authentic classroom contexts. Thus, complexity is not sim-
plified into a linear model but is instead made interpretable 
through a practical framework that allows its dynamic nature 
to be traced and understood in situ.

Method

Research Design

This qualitative study aimed to explore the practices 
related to in-service science teachers’ TPACK-P. Unlike 

quantitative methods that focus on predictions through sta-
tistical relationships (Merriam & Tisdell, 2016), qualitative 
research allowed for rich descriptions of actions, opinions, 
and contextual influences related to teachers’ TPACK-P. 
Considering the focus of the research mainly on exploring 
proficiency in TPACK-P along with component interactions, 
a multiple case study design was selected as the research 
design. Accordingly, the study followed a clear chrono-
logical sequence: (i) preliminary contacts and eligibility 
screening, (ii) classroom observations during the Force 
and Energy unit, (iii) post-observation and semi-structured 
interviews, (iv) transcription and deductive coding aligned 
with the TPACK-P rubric, and (v) cross-case analysis with 
TPACK-P mapping.

Participants and Subject Matter Selection

A two-stage sampling technique (Merriam & Tisdell, 2016) 
was employed for purposeful selection of the participants in 
this study. For convenience sampling, one urban center was 
determined in southeast region of Türkiye due to easy reach 
to schools. In consultation with educational authorities, four 
public schools were identified where science teachers were 
likely teaching the Force and Energy unit with technology-
based strategies for seventh graders. Subsequently, possible 
participants were informally interviewed about their inte-
gration of ICT into teaching and learning activities to judge 
their suitability for the study. A short protocol with four 
questions was used to determine whether candidates utilized 
technology for planning, assessment, and in-class activities. 
The protocol asked teachers (i) whether they generally use 
ICT in their classes, (ii) whether they employ ICT in lesson 
planning, (iii) whether they integrate ICT in assessment, and 
(iv) whether they use ICT in classroom instruction. Only 
teachers who responded positively and consistently across 
all these areas were considered eligible. This ensured that 
the selected participants could provide sufficient evidence 
of technology integration practices, which were central to 
the research focus. Teachers who reported no use of ICT in 
their practices were not included, since the study aimed to 
investigate technology integration rather than its absence. 
While this criterion ensured alignment with the research 
focus, it also means the sample may lean toward teachers 
with relatively higher proficiency levels compared to ‘no 
idea’ level.

Ultimately, four teachers from a public middle school 
meeting those criteria were selected as a criterion-based 
convenience sampling technique. The participants included 
one female (Esin) and three male teachers (Asaf, Bora, and 
Cenk), aged between 29 and 46, as shown in Table 1. The 
table also features pseudonyms, demographic details, fields 
of graduation, and teaching experience for each participant. 
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Notably, the participant Bora and Asaf stand out for their 
extensive professional experience while Esin holds both 
undergraduate and graduate degrees in science education. 
Participant Cenk is distinctive for having teaching experi-
ence in both private and public schools, reflecting varied 
professional contexts among the selected participants.

The study also deliberately focused on the “Force and 
Energy” unit, which is widely recognized as abstract and 
challenging for students. Prior research shows that ICT 
tools such as simulations and animations can enhance com-
prehension of these topics (Adams, 2010; Jaakkola et al., 
2011; Yildirim & Sensoy, 2018). Moreover, compared to 
biology or chemistry, physics topics remain underexplored 
in TPACK studies (Setiawan et al., 2019). Thus, investigat-
ing teachers’ TPACK-P practices in this unit provides both 
pedagogical relevance and a contribution to the literature.

Data Collection Tools

The techniques used in the study include semi-structured 
interviews and non-participating observations of the teach-
ing sessions. The interviews were set to reveal how the 
teachers integrated ICT tools in their practices—under-
standing and assessment of the students, lesson planning 
and design, and actual classroom implementations—along 
the lines of the established framework. An interview proto-
col of 18 questions was prepared based on TPACK-P litera-
ture. Pilot study and subsequent refinements were done to 
ensure the clarity and relevance of the questions to collect 
such deep insights into the practices and beliefs as provided 
by the participants. Each interview was organized face to 
face and audio recorded.

For observations, teachers’ actions and smartboard con-
tent were recorded through video recordings and supple-
mented with observational notes. The observation period 
lasted nine weeks, during which each of the four teachers 
was observed in approximately 10 to 15 lessons (40  min 
per lesson). Such a systematic approach granted sufficient 
insight into the use of technology in practice across all 
observed sessions aligned with the TPACK-P framework. 
Prior to data collection, ethical approval was obtained from 
the relevant institutional committee. Informed consent was 

secured from all participating teachers, and pseudonyms 
were used to preserve anonymity.

Data Analysis

To assess the level of TPACK-P of in-service science 
teachers, interview data and classroom observations were 
evaluated using a deductive coding approach (Merriam 
& Tisdell, 2016). Both researcher and an external coder 
independently analyzed the transcripts of interview and 
observation in order to find evidence related to assessment, 
planning and designing, and enactment. They then used a 
rubric adapted and extended from Yeh et al. (2015b; 2015c) 
to rate participants’ proficiency. The adaptation involved 
two key modifications. First, several items were slightly 
reworded (e.g., replacing “interactive response system” 
with “learning management systems”) to align with the 
digital tools commonly available in the study context, 
ensuring clarity and contextual relevance. Second, build-
ing upon the conceptualization of ICT infusion proposed 
by Yeh et al. (2015c), a new subdimension, Infusing ICTs 
into Teaching Contexts, was incorporated under the enact-
ment dimension. This addition addressed the gap in Yeh et 
al.’s (2015b) rubric, which did not explicitly capture how 
teachers manage, adapt, and flexibly reorganize classroom 
instruction through ICT integration (e.g., using smart-
boards or interactive visual tools to scaffold student under-
standing). Including this subdimension enabled a more 
holistic and contextually grounded evaluation of enact-
ment, reflecting the dynamic nature of teachers’ TPACK-P 
practices. The final adapted rubric (Appendix A) therefore 
provided a comprehensive and contextually appropriate 
framework for evaluating and reporting TPACK-P profi-
ciency levels across assessment, planning/designing, and 
enactment. Although grounded in the TPACK-P profi-
ciency framework proposed by Yeh and colleagues, the 
rubric was further operationalized for this qualitative case 
study. In particular, subdimensions synthesized from ear-
lier TPACK-P proficiency framework studies by Yeh and 
colleagues were integrated, and performance descriptors 
were reformulated to reflect observable science teaching 
practices involving ICT integration.

Teacher 
pseudonym

Gender Age Field and level of education Total teaching 
experience

ASAF Male 46 B.S. in chemistry education 24 years (public schools)
BORA Male 45 B.S. in chemistry education 24 years (public schools)
CENK Male 31 B.S. in science education 7 years (public and 

private schools)
ESIN Female 29 B.S. and M.S. in science 

education
5 years (public schools)

Table 1  The participants’ demo-
graphic characteristics
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The study was also designed to explore how TPACK-P 
components interact by going through structured analysis 
in three phases. First, TPACK- episodes that are instances 
where more than one component of TPACK intersect in 
teaching practices were located and analyzed through in-
depth analysis (Park & Chen, 2012) of explicit TPACK. 
Second, the interactions among TPACK components were 
measured with enumerative approach (LeCompte & Pre-
issle, 1993). In this approach, TPACK-P maps were formed 
to determine how often and in what ways TPACK-P com-
ponents connect with each other. Following the identifica-
tion of TPACK episodes and the construction of the map, 
constant-comparative method (Glaser & Strauss, 1967) was 
applied for the analysis of interactions. In this inductive pro-
cedure episodes and maps were compared in order to extract 
assertions about the nature of in-service science teachers’ 
TPACK-P.

Trustworthiness of the Study

To minimize potential biases in data collection and analy-
sis, several strategies were employed. First, triangulation 
of data sources (interviews and observations) ensured a 
more comprehensive perspective. Second, member check-
ing was conducted by sharing transcripts and summaries 
with participants for validation. Third, the involvement of 
an external coder—who independently analyzed both pilot 
study data and main study transcripts using the adapted 
rubric—helped reduce individual researcher bias. Differ-
ences were discussed and resolved collaboratively, which 
strengthened the consistency of scoring teachers’ TPACK-
P proficiency. Additionally, peer debriefing was carried out 
with colleagues, including external experts in the TPACK 
field and science education, who provided critical feedback 
on the coding scheme and overall research design. These 
strategies collectively enhanced the credibility, dependabil-
ity, and overall trustworthiness of the study.

Results

TPACK-P Proficiency Levels with Respect to 
Assessment, Planning and Designing, and 
Enactment

While classroom observation data constituted the primary 
basis for assessing in-service science teachers’ TPACK-P 
proficiency, interview data were used to provide comple-
mentary explanatory insights and contextual clarification. 
Accordingly, observational evidence was used to identify 
enacted practices, whereas interview data mainly supported 
the interpretation of teachers’ instructional intentions and 

reflections. Figure 2 depicts the TPACK proficiency levels 
for each teacher in relation to the educational dimensions 
and subdimensions.

In the assessment dimension, the two subdimensions are 
understanding students’ needs and assessment practices. 
Proficiency ranges from basic ICT use to sophisticated 
applications for addressing misconceptions. In practice, 
the focus was on the use of ICT for formative assessments 
and comprehensive ICT tools for evaluating student learn-
ing. The results indicated a predominant trend, with three 
teachers (Asaf, Bora, and Cenk) displaying proficiency at 
the simple adoption level. They used ICT tools primarily for 
identifying misconceptions but not extensively for assess-
ing student learning needs. In contrast, Esin demonstrated 
a higher proficiency level, labelled as infusive application 
that refers to effective employment of various ICT tools to 
assess students’ learning progress and adapt her instruc-
tional approach accordingly as she explained as follows:

Actually, it is not difficult to realize whether students 
understand a topic or an example. In my class, students are 
often rushed and excited to attend. If they don’t understand 
a point, I notice it from their silence, even if they don’t say 
anything. I suggest solving a few questions first, then we’ll 
discuss it again. I leave it to them to solve the questions. If 
I still do not see as much participation and signs of learning 
as I would like, I try to find a different explanation or dem-
onstration from a new source. I usually use YouTube videos 
for this. Sometimes I use animations from different sources.

Esin’s ability to adapt her teaching based on students’ 
responses exemplifies her infusive application proficiency. 
During classroom observations, she was seen pausing 
ongoing explanations, inviting students to solve questions 
individually on the smartboard, and subsequently introduc-
ing alternative digital resources (e.g., short videos or ani-
mations) when participation or conceptual understanding 
appeared limited. She strategically adjusted resources (e.g., 
YouTube videos, animations) according to student reactions 
by demonstrating systematic use of ICT tools to address 
learning difficulties and support diverse student needs, with-
out explicit reflection on her practice.

In the planning and designing dimension, there was a 
noticeable variety of proficiency levels. For example, Asaf 
stayed at a simple adoption level due to his use of repre-
sentations to improve visualization and motivation in the 
classroom. Classroom observations showed that these rep-
resentations were typically presented through teacher-led 
explanations on the smartboard, with limited opportunities 
for student-driven exploration or collaborative task design. 
Therefore, his approach remained largely teacher-centered. 
Bora, in contrast, demonstrated a lack of use level because he 
prioritized traditional goal-setting and teacher-led instruc-
tion. Bora’s teaching style was shaped by the curriculum 
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demands and exam-driven nature of the educational system 
where the emphasis was on delivering content and prepar-
ing students for exams, rather than fostering an interactive 
and student-centered learning environment. He stated,

I preferred the constructivist education model in the class-
rooms. The reason for this is that we provide exam-oriented 
training (…) In cooperative learning; [the student] doesn’t 
actually have to worry about anything, he won’t have much 

test anxiety. It is more important that young people learn by 
making gains there.

This suggests that Bora’s teacher-centered approach 
could restrict students’ opportunities to engage actively and 
build their own understanding. He further explained,

I don’t apply it [cooperative learning] very much, but 
when I make assessments with a constructive education 
model, it can be a little easier for me to notice what they 

Fig. 2  Heatmap of teachers’ TPACK-P proficiency levels across dimensions and subdimensions
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have learned and what they have not learned, since I put the 
students one by one on the smart board while solving ques-
tions from z-books and when solving assessment questions 
with various software in classes.

As a result, Bora’s assessment approach seems to be 
teacher-centered because he concentrated on evaluating 
individual student performance instead of promoting col-
laborative and interactive learning. This interpretation 
was primarily grounded in classroom observation records, 
which consistently indicated a teacher-centered enactment 
of instruction. Bora’s interview accounts, while referring to 
a constructivist orientation, provided contextual explana-
tions for his instructional choices within an exam-driven 
system. Taken together, these data suggest a partial tension 
between reported pedagogical orientation and observed 
classroom practice rather than full alignment. In contrast, 
Cenk demonstrated a high level of proficiency by using ICT 
tools to enhance content and visualization. Observed les-
sons included interactive simulations and real-time prob-
lem-solving activities on the smartboard, where students 
were invited to predict outcomes and test their ideas using 
digital tools. Similarly, classroom observations indicated 
that Esin excelled in engaging students in scientific explo-
ration and concept development through a more student-
centered approach.

The enactment dimension covers the subdimensions of 
ICT guidance, struggling with technical issues, and infus-
ing ICTs into teaching contexts. Proficiency levels in the 
dimension range from basic use and guidance to advanced 
integration and management of ICT tools for enhanced stu-
dent learning experiences. Within the enactment dimension, 
Asaf and Bora demonstrated simple adoption proficiency 
in using ICTs showing an understanding of their positive 
impact on teaching. However, Cenk and Esin displayed 
infusive application proficiency enhancing teaching with 
visually engaging and interactive ICT tools. In particular, 
Esin was categorized at the reflective application level, 
seamlessly managing technical challenges and employing 
ICT tools to engage students and enhance their learning 
experiences. Her practice showed deliberate reflection, as 
she evaluated the impact of ICT use and refined her strate-
gies accordingly. This classification at the reflective appli-
cation level was based not only on Esin’s systematic ICT 
use but also on her explicit adjustment of instructional 
strategies in response to students’ learning difficulties, her 
ongoing evaluation of the effectiveness of technology-sup-
ported instruction, and her deliberate consideration of how 
digital tools could better support conceptual understand-
ing. This reflective orientation is illustrated, for example, 
during a classroom observation of a hands-on experiment 
on kinetic energy, documented in the observation field 
notes and video records, where she engaged students with 

thought-provoking questions and guided them in hypothesis 
formulation and data analysis using various materials. This 
approach not only showcased her ability to integrate ICT 
tools seamlessly but also highlighted her skill in creating 
interactive and meaningful learning experiences.

While interview data suggested a reflective pedagogi-
cal orientation implicitly, classroom observations provided 
clearer evidence of reflective enactment, particularly in 
Esin’s real-time instructional adjustments, flexible ICT 
management, and ongoing evaluation of technology-sup-
ported learning. This convergence between implicit self-
reports and observed classroom practice strengthened the 
basis for classifying her performance at the reflective appli-
cation level.

The analysis revealed a variation in TPACK-P proficiency 
levels among teachers. Esin consistently demonstrates 
advanced or reflective application across all dimensions—
assessment, planning and designing, and enactment, indi-
cating not only her systematic integration of ICT but also 
continuous reflection on its effectiveness. Asaf and Bora sel-
dom reached the level of infusive application, as most of their 
practices remained at the simple adoption or even lack of 
use levels in certain dimensions. Bora, in particular, showed 
the least integration. Cenk showed advanced proficiency in 
planning and designing and enactment but remained at the 
simple adoption level in assessment. This underscores the 
diverse capabilities and approaches to integrating technol-
ogy into teaching among the teachers working in the same 
school and in similar contexts. These patterns were con-
sistently identified across repeated classroom observations 
over the nine-week data collection period and were further 
clarified through interview data, strengthening the credibil-
ity of the proficiency classifications through methodological 
triangulation. Collectively, technology integration profi-
ciency appears to develop unevenly across instructional 
dimensions, as indicated in Fig.  2. Teachers who demon-
strate stronger planning and enactment competencies do not 
necessarily exhibit parallel development in assessment or 
content-focused ICT use. This uneven distribution suggests 
that technology integration is shaped by multiple contextual 
and pedagogical factors rather than a linear progression of 
competence, an issue further discussed in relation to profes-
sional development implications.

The Nature of Interplay among TPACK-P 
Components

This study provided significant insights into the dynamics 
between TPACK-P components. In line with the purpose, 
the initial TPACK episodes were identified, followed by 
an examination of how the TPACK-P components inter-
acted. TPACK-P maps were created for each participant 
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to illustrate these interactions. The interactions were then 
quantified, resulting in four unique TPACK-P maps for each 
teacher. Data from the four cases were compared to identify 
similarities and differences in interactions among TPACK-P 
components. This analysis was instrumental in understand-
ing how in-service science teachers incorporate technology 
in their teaching practices. These interaction patterns were 
identified primarily through systematic classroom observa-
tions and subsequently corroborated with interview data. 
Furthermore, the name of each TPACK-P dimension and its 
associated code name were provided after the related evi-
dence, e.g., [Understanding student learning needs; using 
basic ICT tools].

TPACK-P maps for each teacher (Fig. 3) revealed com-
monalities in their technology integration approaches. The 
maps showed strong interplays between KoPiT and KoA, 
highlighting the central role of ICT guidance and assess-
ment practices. Each teacher’s map had a unique layout 
reflecting their individual teaching context. Assessment-
focused technology integration was a common trend, while 
the limited interplays involving KoSC pointed to under-
utilized potential for enhancing subject content delivery 
with ICT. These patterns were consistently observed across 
multiple classroom sessions and were supported by teach-
ers’ reflective accounts during interviews. These variations 
underscored the dynamic nature of TPACK adaptable to 
individual teaching contexts.

Beyond individual teacher profiles, technology integra-
tion patterns appear to cluster around assessment-related 
practices, while content-focused ICT interactions remain 
comparatively limited, as depicted in Fig. 3. This recurring 
pattern suggests that technology use in science classrooms 
may be more strongly associated with monitoring learn-
ing and engagement than with supporting deeper content 
representation.

The results regarding the interplays among TPACK-P com-
ponents and TPACK-P maps led to several key points: the 
pivotal role of formative assessment in shaping instructional 
practices, the uniqueness of each teacher’s TPACK-P map, 
the trend of assessment-driven technology integration across 
teaching practices, the underutilized potential of ICT in sub-
ject content delivery, and the flexible and evolving nature of 
TPACK. These points or assertions were detailed as follows:

Assertion 1: The Pivotal Role of Formative Assessment in 
Shaping Instructional Practices

The TPACK-P maps demonstrate a consistent and strong link 
between KoPiT and KoA. For example, Asaf’s map reveals 
frequent interactions between these components, reflecting 
his emphasis on integrating ICT guidance into assessment 
practices. During a recorded classroom observation of his 

13th class session, Asaf assigned a project where students 
designed an online model of vehicle that minimized air and 
water resistance. He used a PDF poster to explain the task, 
suggested platforms, and provided tutorial videos. This task 
functioned as a project-based assessment [KoA: assessment 
based on ICT-based product development] to evaluate stu-
dents’ understanding while guiding them on using ICT tools 
to complete it [KoPiT: guiding students to learn using ICT]. 
Asaf’s approach demonstrates how formative assessment 
informs his instructional practices, ensuring students have 
the ICT support needed to complete the assignment.

Cenk’s map also shows a strong connection between 
KoPiT and KoA, emphasizing the role of ICT in formative 
assessment. Cenk shared how he encourages students to use 
ICT tools during both in-class and out-class assessments. 
He said,

This is what I do: I send assignments from EBA. Or I 
send assignments from WhatsApp, BIP groups. These 
[assignments] provide feedback for me. I want them to send 
me over the phone or via e-mail to my computer. I’m check-
ing how many students from the class solved it and how 
many of them solved correctly.

Cenk’s use of platforms such as EBA (Education Infor-
matics Network) and WhatsApp for assigning tasks [KoPiT: 
encouraging student use of ICT] and his subsequent review 
of student work serve as out-class formative assessments 
[KoA: out-class formative assessment using ICT]. In class, 
he checks problem-solving processes and conducts real-
time formative assessments. This method shows a seam-
less interplay between guiding students in the use of ICT 
tools and conducting formative assessments both inside and 
outside the classroom, improving student engagement and 
learning outcomes. This interplay between guidance and 
assessment was evident both in observed classroom prac-
tices and in Cenk’s interview explanations, indicating con-
sistency between enacted and articulated practices.

Assertion 2: The Uniqueness of each Teacher’s TPACK-P Map

Each teacher’s TPACK-P map demonstrates a unique con-
figuration, reflecting their individual approaches to integrat-
ing technology into their teaching. For example, Asaf’s map 
places significant emphasis on ICT guidance and manage-
ment. During his interview, Asaf explained that he regularly 
monitors students’ progress through online platforms like 
EBA, which helps him identify where students face difficul-
ties and adjust his instructional strategies accordingly. This 
focuses on guiding students’ use of ICT tools [KoPiT] and 
understanding their learning difficulties [KoL] shapes the 
central role of ICT management in his TPACK-P map.

In contrast, Esin’s map highlights her emphasis on plan-
ning and designing ICT-based instruction. In classroom 
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observation of a lesson on kinetic energy, she conducted an 
interactive experiment where students formulated hypoth-
eses and made observations [KoCD: using science process 
skills]. This hands-on approach fostered scientific inquiry 
within an ICT-integrated framework [KoPiT: encouraging 
student use of ICT]. Furthermore, she emphasized using 
digital tools like animations for complex topics [KoCD: 
animation]. This implies her strategic use of ICT to enhance 
content understanding [KoSC: facilitating understanding of 
the content].

Although Bora and Cenk’s maps exhibit comprehensive 
connections across all components, Asaf and Esin’s maps 
lack certain interplays and indicate more focused, context-
specific approaches. Asaf prioritizes ICT guidance and man-
agement where he can track and support students through 
technology, whereas Esin concentrates on lesson design, 
particularly for challenging content that benefits from digi-
tal tools.

This variability shows the flexibility of TPACK, as 
each teacher configures the components according to their 

Fig. 3  TPACK-P maps for each teacher 
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context and priorities. Thus, the distinct arrangement of each 
TPACK-P map accentuates not only what makes TPACK 
unique but also how teachers adjust their technology inte-
gration to meet particular educational needs. Building on 
this contextual variability, the uniqueness observed in each 
TPACK-P map also indicates that mapping approaches 
can capture subtle contextual variations that might remain 
invisible in survey-based TPACK assessments. Rather than 
implying inconsistency, this diversity highlights the situated 
nature of technology integration and suggests that perfor-
mance-based mapping provides a nuanced perspective on 
how teachers operationalize TPACK in authentic classroom 
contexts.

Assertion 3: The Trend of Assessment-Driven Technology 
Integration Across Teaching Practices

Assessment plays a central role in the interactions between 
KoPiT and KoA across all TPACK-P maps. Bora’s utiliza-
tion of ICT in formative assessments is an illustration of 
this trend. For example, during a classroom observation of 
his 9th-class session, he presented fill-in-the-blank ques-
tions through EBA in the form of an in-class assessment 
allowing students to engage with the content meaningfully 
[KoA: in-class formative assessment using ICT]. The ques-
tions covered topics like air resistance, the relationship 
between speed and friction in water, and water resistance. 
This interactive approach not only reinforced key physics 
concepts but also provided real-time insights into students’ 
understanding [KoPiT]. Bora explained, “I give every stu-
dent the right to speak, I make sure to put everyone on the 
board at least once a week. Then I can observe the level of 
their learning from their answers and sometimes even from 
their eyes.” This demonstrates how Bora integrates ICT-
based formative assessments with direct observations, gain-
ing insights into student understanding while shaping his 
instructional decisions. It shows technology is being inte-
grated into both assessing learning and adjusting his teach-
ing strategies accordingly.

Similarly, Esin’s use of educational gaming for assess-
ment highlights her approach to formative evaluation. In her 
13th class session, she used an online matching card game 
[KoCD: educational game] to assess students’ understand-
ing of weight and mass [KoA: in-class formative assess-
ment using ICT]. This approach promoted active learning 
through real-time feedback, demonstrating how technology 
enhances student engagement and assessment. Likewise, 
Asaf used EBA to track students’ academic progress and 
thus continuous and responsive assessments were provided 
to students. Cenk, on the other hand, implemented forma-
tive assessments using interactive simulations that helped 
him evaluate students’ conceptual understanding and 

modify teaching strategies accordingly. These examples 
serve to illustrate how all four teachers integrated technol-
ogy into their assessment practices. They adapt the use of 
ICT tools to their unique instructional contexts but show a 
common element in which they all seem clearly to be com-
mitted to improvement in assessment through technology. 
This shared pattern underscores the significant role of tech-
nology in formative assessments.

Assertion 4: The Underutilized Potential of ICT in Subject 
Content Delivery

The TPACK-P maps of the teachers reveal that there are 
limited or absent interactions between KoSC and other 
knowledge components. In Asaf’s teaching, although he 
occasionally uses ICT effectively such as employing videos 
to facilitate students’ understanding of complex concepts, 
these instances of integrating content knowledge with stu-
dent learning needs are sporadic and not consistently pres-
ent throughout his lessons. Similarly, Esin’s TPACK-P map 
also reveals limited interaction between KoSC and other 
knowledge components, suggesting a missed opportunity 
to use ICT for enhancing subject content delivery. While 
Esin recognizes the value of ICT in explaining complex 
topics, and she uses animations and videos to clarify these 
processes (as mentioned in her interview), these instances 
remain isolated. In one of her lessons, she conducted an 
interactive experiment on kinetic energy [KoCD: virtual 
experimenting, interactive experiment, using science pro-
cess skills], which helped students form hypotheses and 
make observations. Although this activity facilitated con-
tent comprehension [KoSC: facilitating understanding of 
the content], similar connections between content knowl-
edge and ICT were not consistently evident in her teaching, 
highlighting the limited integration of content knowledge 
with technology.

Data from systematic classroom observations, trian-
gulated with interview data, show consistent underuse of 
KoSC with other TPACK components, especially KoL and 
KoPiT. While some teachers, like Asaf and Esin, demon-
strate isolated instances of effective ICT use, these exam-
ples lack the continuity and depth needed to fully leverage 
ICT for deeper content understanding.

Assertion 5: The Flexible and Evolving Nature of TPACK

Each teacher’s TPACK-P map reflected a unique configu-
ration, shaped by their teaching style and classroom con-
text. Cenk’s map illustrates the dynamic nature of TPACK 
through his use of the EBA platform for a virtual experi-
ment on force and work [KoCD: virtual experimenting], as 
documented in classroom observation records. Cenk used 
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hypothesis testing [KoCD: using science process skills] to 
help students understand complex scientific ideas [KoSC: 
facilitating understanding of the content], guiding them 
through tests on the smartboard [KoPiT: guiding students 
to learn using ICT]. Through EBA, students explored and 
tested their predictions [KoPiT: encouraging student use of 
ICT], fostering curiosity and deeper understanding [KoSC: 
facilitating understanding of the content] while supporting 
student-centered learning [KoL: adapting to students’ learn-
ing styles with ICT This example highlights Cenk’s flex-
ible and context-sensitive use of TPACK to meet students’ 
learning needs. In line with this, Cenk stated in his interview 
that he adjusts digital tool use based on lesson objectives 
[KoCD: science program goals] and students’ technologi-
cal proficiency [KoL: recognizing ICT-based motivational 
strategies for students], fostering a dynamic, student-cen-
tered learning environment.

Other teachers also demonstrated this flexibility in dif-
ferent ways. To illustrate, Bora combines ICT-based strat-
egies with traditional tools to connect students’ prior 
knowledge [KoL: checking students’ background knowl-
edge using ICT] to new content [KoCD: ICT representation 
used in teaching]. He adapts his approach based on student 
responses [KoPiT: adapting to ICT tools or applications], 
ensuring technology supports rather than overwhelms learn-
ing. This flexibility in using technology based on student 
feedback and content shows TPACK’s adaptability. In 
contrast, Asaf’s map reflected a more controlled approach 
through structured ICT management and guidance. His map 
shows fewer interactions with other TPACK-P components 
compared to Cenk and Bora. This indicates a more rigid 
approach to technology integration, prioritizing efficient 
use of digital tools over flexibility in adapting to students’ 
needs. Similarly, Esin’s responses indicate that she main-
tains structured planning while allowing flexible adjust-
ments based on student progress and needs, using formative 
assessments to refine her approach. These examples high-
light TPACK’s dynamic nature and its adaptability to vari-
ous teaching styles and contexts, showcasing its flexibility 
in meeting diverse instructional needs.

Taken together, the five assertions derived from the 
TPACK-P maps reveal a coherent pattern rather than iso-
lated observations. Across cases, technology integration 
appears to be primarily driven by assessment practices, 
while subject content integration through ICT remains com-
paratively limited. In addition, variations in proficiency 
levels do not necessarily correspond to denser interactions 
among TPACK-P components, suggesting that integration 
quality may depend more on how technology is pedagogi-
cally positioned than on the frequency of its use. These 

combined patterns indicate that TPACK-P maps provide not 
only descriptive representations of teachers’ practices but 
also a lens for identifying structural tendencies in technol-
ogy integration, particularly in science teaching contexts 
involving abstract concepts such as force and energy.

Discussion and Implications

This study reveals that while in-service science teachers 
integrate ICT into their teaching practices, their proficiency 
varies across evaluation, planning/design and enactment. 
Contrary to the claims by Yeh et al. (2015a), in our research, 
the teachers who outperformed in terms of TPACK-P pro-
ficiency were not the ones with more teaching experience. 
Although Jang and Tsai (2013) stated that more teaching 
experience might lead to better TPACK development, the 
findings of this study indicate that adopting student-centered 
approaches plays a more decisive role in achieving higher 
proficiency levels.

To be more specific, regarding TPACK-P proficiency 
in assessment practices, some teachers preferred to use 
advanced ICT tools for formative assessments while others 
employed basic in-class activities. These differences could 
be attributed to teaching style, time constraints, and famil-
iarity with more sophisticated ICT-based assessment tools. 
These results confirm previous studies identifying barriers 
such as time pressure and reluctance to adopt advanced 
assessment devices (Bennett et al., 2017; Loor et al., 2020). 
Furthermore, national exam-driven education system in 
Türkiye often leads teachers to rely on traditional assess-
ment methods (Diken, 2018). Thus, exam pressure and time 
constraints may hinder the reflection of strong TPACK by 
limiting the use of advanced technological tools.

The teachers in this study who demonstrated relatively 
stronger integration of subject content knowledge occasion-
ally used ICT in student-centered lessons that promoted 
critical thinking and concept construction. However, this 
remained a challenge for most teachers. Effective ICT use 
requires aligning lesson design with curricula, instructional 
strategies, and technology. As proposed by Ngao et al. 
(2022), teachers who struggle with curriculum or scheduling 
demands often find it harder to use ICT effectively, whereas 
those who manage curricula more efficiently incorporate 
technology more seamlessly. Variations in ICT proficiency 
may stem from differing exposure to technology-based les-
son design. The novice teachers, who often demonstrated 
higher proficiency in our research, had also pursued recent 
training on ICT use in science education. However, some 
factors such as time constraints, classroom management, 
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and resource availability may influence ICT use (Cakir 
& Yildirim, 2013). Teachers facing such constraints were 
inclined to prioritize ICT for motivation and visualization, 
limiting flexible applications in instruction. Thus, these 
results imply that experience, technology knowledge, and 
other contextual factors contribute to teachers’ planning and 
design practices, which calls for special needs-based profes-
sional development.

The inclusion of the Infusing ICTs into Teaching Con-
texts subdimension within enactment dimension offered 
a clearer understanding of what ICT integration really 
involves in teaching practice. Compared to earlier rubrics 
to assess TPACK-P proficiency (e.g. Yeh et al., 2015b) that 
mainly concentrates on broader aspects of instruction, this 
contextualized addition highlights how technology can be 
seamlessly incorporated into teaching to enhance both peda-
gogical strategies and student engagement. Thus, it refines 
the rubric’s analytical depth and improves its applicability to 
real classroom contexts. Additionally, these findings are also 
similar to previous studies which dealt with the way effec-
tive ICT integration yields meaningful teacher-students’ 
interactions as well as learning outcomes and motivation 
for students (Roy, 2019). Hence, this refinement contributes 
to more contextually grounded evaluation of teachers’ ICT 
efficacy within diverse educational settings.

The distinct TPACK-P maps for each teacher revealed 
key patterns of technology integration through the inter-
actions of TPACK-P components. This demonstrates how 
TPACK-P maps function as descriptive tools that make the 
inherent complexity of TPACK visible in practice, trans-
forming abstract interplays into discernible patterns. For 
instance, a strong KoPiT-KoA connection suggests that 
assessment significantly shapes instruction. This includes 
addressing ICT-related challenges, adapting methodologies 
to meet students’ needs, and supporting them during tech-
nology-enhanced assessments. The frequent use of digital 
tools in formative assessments likely reflects the broader 
trend toward technology integration since they are time-
efficient (Bennett et al. 2017). In several cases, classroom 
observations also indicated only partial alignment between 
teachers’ reported pedagogical orientations and their enacted 
instructional practices, underscoring the importance of per-
formance-based TPACK-P assessment beyond self-report 
measures. This connects the use of technology in assess-
ment not simply to efficient teaching but also to nurturing a 
student’s ICT literacy for the demands of a digital age.

Moreover, TPACK-P maps showed that every teacher 
adopts a different approach towards integrating technol-
ogy into classrooms based on their teaching styles, experi-
ences, and attitudes towards technology. For instance, some 

teachers relied more heavily on formative assessments when 
integrating technology, while others used ICT less system-
atically. Such differences in technology used in teaching 
corroborate general findings in the literature on teacher 
knowledge, particularly that PCK is context-dependent and 
subject-specific —a key factor in explaining variations in 
technology application (Van Driel & Berry, 2012; Park & 
Chen, 2012). The current study supports the idea that any 
teacher’s unique TPACK-P map signifies their own unique 
teaching style shaped by professional, personal, or contex-
tual factors like PCK development (Tuithof, 2017; Van Driel 
& Berry, 2012). Thus, this seems to help in understanding 
the nature of teachers’ TPACK nature and how they per-
sonalize learning by adjusting their content, the context in 
which they teach as well as the technology they use.

The findings also revealed that there is an assessment-
focused technology integration in all the classes of par-
ticipant science teachers. As such, these teachers mostly 
seemed to prefer using ICT tools for formative assessments 
and used these tools to track student performance. More-
over, most of them also used digital games and other inter-
active tools to enhance student engagement and attention 
during learning. Previous studies (Dini et al., 2020; Lopez-
Lozano et al., 2018) highlighted positive impact of technol-
ogy on assessment and enhancing students’ comprehension 
of science concepts. This shift signals a broader transfor-
mation in science education, where technology not only 
modernizes assessment but also reshapes teaching content 
and methodologies (Cheremisin et al., 2022). Professional 
development may therefore benefit from explicitly refram-
ing ICT not merely as an assessment or engagement tool but 
as a medium for representing complex scientific concepts, 
particularly in abstract domains such as force and energy.

Limited KoSC interplays point to missed opportunities 
for ICT-enhanced content delivery. As emphasized by Har-
ish et al. (2013), a strong connection between subject con-
tent knowledge and pedagogical practices is essential for 
effective teaching. However, the findings indicate that ICT 
tools are often used without fully integrating them with 
science content, limiting their potential to enhance stu-
dents’ understanding of scientific concepts. The scarcity of 
KoSC interactions may be linked to limited professional 
development opportunities (Helppolainen & Aksela, 2015; 
Kafyulilo et al., 2015) and broader systemic factors, such 
as curriculum constraints, exam-driven teaching tradi-
tions, and gaps in teacher preparation. These factors reduce 
teachers’ intentional selection of ICT tools for subject con-
tent delivery and hinder the effective alignment of con-
tent knowledge with technology use. Thus, the observed 
scarcity of KoSC-related interactions highlights that KoSC 
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remains a less emphasized component within the TPACK-
P framework, suggesting that greater focus on its role is 
needed to effectively align ICT tools with subject content 
and improve technology integration in science education. 
Furthermore, professional development initiatives should 
specifically emphasize strategies for connecting subject 
content delivery with ICT tools, helping teachers move 
beyond visualization toward deeper, content-focused 
integration. For example, targeted workshops could help 
teachers match ICT tools with challenging science topics, 
while training sessions on diversifying assessment (e.g., 
interactive simulations, digital games) would enhance 
both engagement and comprehension. Creating collabora-
tive online platforms where teachers share effective prac-
tices could also strengthen the intentional use of ICT for 
content delivery. This adaptability illustrates the dynamic 
nature of TPACK-P, as teachers adjust technology use to 
fit their teaching contexts and personal preferences (Koh et 
al., 2014; Bibi & Khan, 2016). In the current study, several 
participants demonstrated this adaptability by repurpos-
ing digital materials and flexibly integrating ICT tools to 
overcome contextual limitations. Teacher agency played 
a critical role in these processes, as proactive adjustments 
to repurpose materials and integrate ICT to meet emerg-
ing educational needs are closely linked with their TPACK 
(Albion & Tondeur, 2018; Priestley et al., 2015). Ulti-
mately, the adaptability driven by teacher agency not only 
empowers educators to navigate the evolving educational 
landscape but also enhances the effectiveness of technol-
ogy integration by aligning it with specific instructional 
contexts and goals.

Overall, TPACK-P proficiency influences interaction 
quality rather than quantity. Contrary to earlier studies 
(Aydin-Gunbatar et al., 2023; Celik et al., 2014), which 
suggested that higher proficiency leads to more intricate 
interplays, this study found that proficiency was not neces-
sarily associated with more frequent or complex interplays 
among TPACK-P components. Chantaranima and Yuen-
yong (2017) also noted that higher proficiency in one area 
does not guarantee a more integrated approach across all 
TPACK components. The findings suggest that TPACK pro-
ficiency influences the quality, rather than the quantity, of 
interactions. Thus, the study contributes to the literature by 
operationalizing TPACK complexity into practice-oriented 
representations, allowing component interplays to be sys-
tematically interpreted rather than remaining at a purely 
conceptual level. These findings suggest that future TPACK 
research may benefit from moving beyond proficiency scor-
ing toward examining the structural interaction patterns 
among knowledge components, particularly in authentic 

classroom contexts. Such an approach may provide deeper 
insight into how technology is pedagogically positioned 
rather than merely how frequently it is used.

Although these findings are based on a small number 
of participants and therefore not generalizable, they pro-
vide valuable insights into comparable educational con-
texts. Transferability may also be influenced by contextual 
factors such as cultural norms, exam-driven curricula, 
or institutional policies shaping ICT use in classrooms. 
Beyond individual teachers, the findings also carry impli-
cations for policymakers and teacher educators. Policy-
makers should consider allocating resources for sustained 
professional development, promoting curriculum flexibil-
ity that supports technology integration, and establishing 
incentives that encourage innovative assessment and con-
tent-delivery practices. Likewise, teacher education pro-
grams—both pre-service and in-service—should embed 
practice-oriented TPACK-P training as a core component 
rather than an optional addition. Particularly, professional 
development initiatives should incorporate content-spe-
cific workshops (e.g., physics, chemistry, and biology) 
that demonstrate ICT integration for challenging science 
topics, thereby addressing the underutilization of KoSC. 
Moreover, TPACK-P map analysis can be employed as a 
reflective tool in teacher education, enabling teachers to 
visualize their strengths and weaknesses across compo-
nents and to design more targeted pathways for profes-
sional growth. Such programs, supported by system-level 
policies, should emphasize strategic ICT use in assess-
ment and content delivery as well as reflective practice 
in authentic classroom contexts. In addition, the findings 
indicate that TPACK-P not only illustrates how teach-
ers currently integrate technology but also functions as 
a framework for strengthening teacher competence. By 
making component interplays visible, TPACK-P maps 
can guide professional development efforts that enhance 
teachers’ pedagogical decision-making and subject content 
delivery in ICT-rich contexts. However, the purpose of the 
mapping approach is not statistical generalization but ana-
lytic insight into interaction patterns, which may inform 
similar instructional contexts.

By situating the TPACK-P framework at the intersec-
tion of technology integration, science education, and 
teacher competence, this study contributes a more holistic 
understanding of how these domains reinforce each other. 
Such a perspective underscores that assessing teachers’ 
practical competencies involves not only technological 
fluency but also addressing science-specific pedagogi-
cal challenges and fostering professional growth. Over-
all, the findings contribute to the TPACK-P literature by 
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showing how performance-based mapping can make oth-
erwise abstract component interplays visible in authentic 
science teaching contexts. Beyond describing teachers’ 
ICT practices, the mapping approach allowed us to iden-
tify structural tendencies in how TPACK-P components 
interact, suggesting that technology integration should be 
interpreted not only at the level of proficiency but also 
in terms of interaction patterns. While earlier TPACK-P 
studies, particularly those by Yeh and colleagues (Yeh et 
al., 2014; 2015a; 2015b; 2015c), primarily focused on 
validating proficiency levels and measurement frame-
works, the present study extends this line of research by 
examining how TPACK-P components interact in authen-
tic classroom practices. Whereas earlier TPACK-P studies 
primarily focused on validating proficiency frameworks, 
the present study shifts the focus toward how TPACK-P 
components dynamically interact in authentic classroom 
practice. This practice-oriented perspective highlights not 
only proficiency levels but also the pedagogical position-
ing of technology integration and its implications for pro-
fessional development in science education. In particular, 
the findings suggest that higher TPACK-P proficiency 
does not necessarily correspond to denser component 
interplays, but rather to the quality and pedagogical posi-
tioning of technology integration. The observed empha-
sis on assessment-driven technology integration and the 
relatively weak content-related ICT connections offer new 
directions for professional development and curriculum 
design. These insights move beyond descriptive accounts 
of technology use toward explaining how technology inte-
gration patterns emerge in science teaching practice and 
how they can inform more context-sensitive professional 
development. Taken together, these findings suggest 
that effective technology integration in science teaching 
depends less on technological proficiency alone and more 
on how technology is pedagogically positioned within 
content-specific instructional practices.

Conclusion

This research identifies in-service science teachers’ 
TPACK-P strengths and gaps in force and energy instruc-
tion. In response to the first research question, teachers 
displayed varying proficiency across assessment, plan-
ning/design, and enactment, with novice teachers in 
some cases outperforming more experienced colleagues. 

Regarding the second research question, the analysis of 
TPACK-P maps revealed that interactions among com-
ponents were often unidirectional and assessment-driven, 
with limited integration of content knowledge. Although 
ICT supports instruction, component interactions largely 
remain unidirectional, underscoring the need for more 
dynamic and integrated relations among components to 
optimize technology-enhanced teaching. This pattern indi-
cates that understanding technology integration requires 
attention not only to teachers’ proficiency levels but also 
to the structural configuration of knowledge interactions 
that shape classroom practice.

This constructive engagement calls for professional 
development focused on holistic TPACK-P integration, 
especially in designing and implementing complex learn-
ing environments such as force and energy. For teacher 
educators, embedding TPACK-P map analysis in train-
ing programs could serve as a powerful reflective mech-
anism, guiding teachers toward deeper integration of 
content knowledge and technology. For practitioners, the 
study highlights the need to move beyond visualization 
toward deeper content-focused ICT integration. Policy-
makers and educational leaders should consider allocat-
ing resources for targeted professional development and 
curriculum adjustments that encourage innovative, tech-
nology-rich practices. Researchers may further explore 
how systemic factors shape TPACK-P interplay, partic-
ularly in relation to KoSC integration and disciplinary 
variations.

While these findings offer valuable insights, they are 
bound by the small sample size of four teachers, which 
limits generalizability but enhances transferability to 
comparable contexts. Future research could extend this 
work by including larger and more diverse samples, 
which would provide broader insights into the generaliz-
ability and transferability of TPACK-P practices across 
different educational contexts. Future research could 
also employ longitudinal designs to track how teachers’ 
TPACK-P proficiency develops over time and through 
different stages of professional practice. Comparative 
studies across regions and educational levels would pro-
vide valuable insights into contextual influences on tech-
nology integration. In addition, exploring disciplinary 
variations (e.g., physics, biology, chemistry topics in sci-
ence teaching) could reveal whether TPACK-P develop-
ment is topic-specific or more widely transferable across 
domains.
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