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Abstract: This article is a self-narrative of our 18-year research into the Technological Pedagogical
Content Knowledge (TPACK)-guided professional development of teachers in ICT-enhanced mathe-
matics learning. Using autoethnography as the methodology to elucidate our transformative personal
evolution in implementing the TPACK model, we describe how we conceptualized and enacted the
TPACK framework across three distinct phases of our research trajectory. In the first phase, our efforts
focused on offering afternoon seminars and workshops on using educational software. Mathematics
teachers attended the seminars and workshops voluntarily. In the second phase, we concentrated on
designing programs guided by the principles of adult education, which emphasize the importance
of learner autonomy and relevance, and socio-constructivist views of teacher professional growth,
which stress the role of collaboration and reflection in learning. In the final phase, we adopted a
systemic, school-based approach to investigating and expanding TPACK for mathematics and other
STEM/STEAM teachers. At the end of each phase’s description, we delve into the profound lessons
learned and how these led to a paradigm shift, expanding our perspective on TPACK as practitioners
and researchers. Finally, we present a set of recommendations for future research and practice aimed
at facilitating the sustainability of STEM/STEAM teacher professional learning initiatives.

Keywords: mathematics education; STEM education; TPACK; professional development; autoethnog-
raphy; sustainability; sustainable teacher professional development

1. Introduction

The ascent of novel and evolving technologies and industries, alongside the emergence
of intricate global challenges, such as climate change and aging populations, has brought
into sharp focus the imminent skills gap within the workforce and the need to modernize
educational systems so as to develop human resources able to adapt to the demands of
the rapidly changing labor market and to contribute to sustainable development [1–4].
The development of key competencies related to Science, Technology, Engineering, and
Mathematics (STEM) disciplines plays a direct role in creating an educated population and
well-skilled workforce capable of finding sustainable technical solutions to complex global
issues [2,3,5,6] and is set high on the priority list of educational systems worldwide.

Although the increasing demand for a robust STEM workforce is acknowledged by
academic, non-profit, and governmental entities, formidable challenges persist, imperiling
society’s capacity to attract, educate, and retain such a workforce in ways that are efficacious,
sustainable, and conducive to a culture of innovation [7]. A burgeoning body of evidence
derived from respected international studies of student achievement, such as the Program
for International Student Assessment (PISA) and the Trends in International Mathematics
and Science Study (TIMSS), consistently highlights deficiencies in mathematical and scien-
tific proficiency among a significant portion of the global student population. Moreover,
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well-documented evidence indicates a waning interest in key science and mathematics sub-
jects, as well as in pursuing careers within the STEM fields [8]. This unfortunate situation
poses a serious challenge since mathematical and scientific literacy serve as foundational
areas of knowledge that drive technological advancement in knowledge-based economies.

Traditional instructional methods have been pinpointed as exacerbating students’ low
achievement and declining interest in STEM fields. These methods are often regarded as
unappealing by the majority of students, as they are perceived as outdated and lacking
relevance to their interests and lived experiences [8–10]. Often, concepts are presented in
an excessively theoretical and abstract manner, with limited opportunities for students
to actively engage in problem-solving and experimentation [8]. Accountability pressures
push schools to increasingly emphasize low-level skills and decrease emphasis on val-
ued qualities that are not assessed, such as higher-order thinking, collaboration, and
resilience [11]. Thus, to overcome the phenomenon of the ‘silently excluded’ crisis in school-
ing, where many students complete secondary education without really learning much
about mathematics and science [3], and to equip all learners with the higher-level skills
and competencies required in modern society, an urgency exists for educational systems to
reform their school curricula and methods of instruction in STEM subjects.

Technological advancements present a promising avenue for ameliorating the present
situation by furnishing tools for enhancing STEM instruction. A vast array of power-
ful and easily accessible technological resources provides the potential for a substantial
transformation and enrichment of STEM pedagogy [8,12,13] through the development of
more student-centered, interactive, collaborative, inclusive, inquiry-based learning environ-
ments [14] that are aligned with the 21st century. An expanding body of research literature
demonstrates that the strategic integration of technological tools can yield a beneficial
effect on both student attitudes and learning of mathematical and scientific concepts and
processes [15–17] while at the same time helping students to develop critical thinking,
and the problem-solving and innovation skills required to cope with the demands of the
complex digital era [13,17].

Acknowledging the educational potential of technology, the research of both authors
of this article has always focused on the exploitation of the affordances of new and emerg-
ing technologies for enhancing the learning of statistics and other areas of mathematics
(and, more recently, STEM/STEAM). Recognizing the pivotal role of teachers in facili-
tating change and fostering innovation, we have concentrated our research efforts on
ICT-enhanced teacher professional development. For the past 18 years, our endeavors
have been rooted in Technological Pedagogical Content Knowledge (TPACK), the robust
and influential conceptual framework introduced by [18]. We have employed TPACK in
various capacities: (i) As a framework to delineate the essential knowledge foundation
requisite for teaching mathematics with technology; (ii) as a compass for designing and
implementing professional development initiatives; (iii) as a lens for comprehending how
knowledge about mathematical content, pedagogy, and technology intersect to inform
decisions regarding curriculum and instruction; (iv) and as an evaluative model to gauge
the efficacy of professional development initiatives on enhancing teacher knowledge of
mathematics and its pedagogy [8,17].

In this article, we describe the transformative learning journey we have experienced
in enacting the TPACK model over these past 18 years. We provide a synthesis of the main
insights gained from the TPACK-guided programs we have designed and implemented in
an effort to highlight not only the significant benefits but also the limitations and challenges
of adopting TPACK as a framework for sustainable teacher professional development.
Employing autoethnography as the methodology to think deeply about our experiences [19],
we take a retrospective look at how we have conceptualized and enacted the TPACK
framework at different phases of our research journey and at how this might have impacted
the possibility of long-term sustainability of professional development initiatives. We
discuss the factors that we have identified as potential influences on the sustained use of
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new practices and conclude with recommendations and considerations for future research
and practice in the field of STEM teacher education.

2. Literature Review

Educational systems in many countries have, in recent years, redeveloped their cur-
ricula in mathematics and other STEM disciplines to include new technologies. While the
creation of new curricula, textbooks, or educational materials can facilitate technology-
enhanced reform initiatives, it is essential to recognize that teachers constitute the linchpin
in the process of effecting transformation and ensuring the sustainable implementation of
change [20–22]. Their role is paramount to the successful integration of ICT in educational
settings [4,13,22]. Nevertheless, the research literature underscores that the integration
of ICT has brought new challenges for educators [23], introducing an additional layer of
complexity to their already demanding responsibilities of lesson planning and implemen-
tation. Ample research evidence indicates that harnessing the growing prominence of
digital technologies and their transformative capabilities in instructional settings places
significantly higher demands on teachers than initially envisaged [8]. Furthermore, many
educators remain inadequately prepared to effectively utilize ICT tools in their teaching
practices [8,24,25]. Consequently, there often exists a disparity between curricular initia-
tives and reform efforts and the practical implementation thereof within classroom settings,
leading to the persistence of traditional, teacher-centered approaches [17,26,27]. Research
conducted across educational levels indicates that although most educators hold favorable
attitudes toward incorporating modern technologies into instruction, viewing them as es-
sential elements of the contemporary learning environment, many teachers often fail to fully
appreciate the educational benefits and potential offered by these technologies [8,28–30].
The reported utilization levels of technological tools for educational purposes notably fall
short compared to their widespread use in everyday life or in professional contexts beyond
teaching [31]. Moreover, teachers’ use of technology is often determined by the dominant
interpretation of teaching, concealing the real affordances of technology. There tends to be
a mismatch between tasks and available resources [32].

Undoubtedly, STEM teachers need to expand their technology toolbox to meet the
needs of today’s technologically savvy students. They need to bring inside the classroom
the technology that students use in their daily lives to learn, communicate, and entertain
themselves. Technology should serve to enhance the educational process and extend the
possibilities of traditional learning tools. Educating 21st-century learners entails leverag-
ing technology to facilitate and stimulate student innovation and creativity, as well as to
design and implement personalized and collaborative learning experiences and assess-
ments, exemplify interdisciplinary work and learning in the digital age, and advocate for
equity, digital citizenship, and responsibility [33]. Providing high-quality pre-service and
in-service teacher professional development is pivotal in fostering the requisite changes in
teaching practices that will enable STEM education to fully harness the benefits of technol-
ogy [13,14,17,22,23,28]. However, as the literature indicates, there are significant gaps in
the training of both prospective and practicing teachers on the effective instructional inte-
gration of ICT [17,34], where notable disparities exist in the efficacy of teacher professional
development programs [23,35].

In recent decades, providing professional development to support teachers in integrat-
ing new technologies into STEM teaching and learning has emerged as a significant area
of research [36]. Various frameworks for teacher professional development in technology
integration have been proposed in the literature. One such framework is Technological
Pedagogical Content Knowledge (TPACK), proposed by [18] as a response to the lack
of guiding theory in technology integration within education. The TPACK framework,
which extends Shulman’s concept of Pedagogical Content Knowledge [37], underscores
the significance of cultivating an integrated and interconnected understanding of three
core forms of knowledge: technology, pedagogy, and content. Central to this framework is
the premise that effective technology integration in pedagogy, particularly within specific



Educ. Sci. 2024, 14, 402 4 of 16

subject domains, necessitates a nuanced comprehension of the dynamic interplay among
all three knowledge components. Thus, ICT training should not be conducted in isolation;
rather, it should be accompanied by a focus on the interrelations between technology, peda-
gogy, and content [8,17]. The aim is to guide teachers beyond technocentric approaches that
solely emphasize technology and instead foster their critical reflection on the educational
uses of technology [8,17,38].

In recent years, TPACK has emerged as a focal point in research on technology educa-
tion and teacher professional development across various disciplines [8,39–42]. In the area
of STEM education, numerous studies targeting both prospective and in-service teachers
have been anchored in the TPACK framework [28,43–51]. These studies demonstrate the
efficacy of TPACK as a research framework for promoting and evaluating teachers’ profes-
sional development in the use of ICT in STEM education. As indicated by the literature,
the cultivation of TPACK among teachers facilitates the integration of technology into
their STEM teaching practices, consequently leading to potential improvements in student
motivation and learning outcomes [52].

Although teacher professional development on ICT-enhanced pedagogy and research
about it using TPACK or other frameworks is a growing field internationally, there is still
little knowledge on how to escalate teachers’ capabilities in a systematic and sustainable
manner. Research on sustainable impact within educational disciplines is generally lack-
ing [22,53,54]. The sustainability of a teacher professional development program refers to
the durability of the initiative beyond its initial timeframe [23]. Ensuring that a program’s
impact can be discerned at a sufficiently distant point in time following the conclusion of
the program [55] is core to establishing the coherence and improvement of learning out-
comes [23]. As highlighted by [54], the anticipated outcomes of professional development
initiatives should not solely focus on the short-term effects occurring during or immediately
after the program but also on the long-term effects that manifest post-program completion.
While short-term effects are essential to build stakeholders’ trust [56], establishing long-
term capacity for improvement is also vital since it will ensure the continuation of achieved
benefits and effects by empowering individuals and/or institutions to react autonomously
to the changing conditions and to foster innovation and change [54].

3. Methodology

The methodology of autoethnography that we have utilized to explicate our transfor-
mative personal journey into the enactment of the TPACK model of teacher professional
development is a qualitative narrative approach to research and writing that links the
personal to the cultural, rendering personal experience as a source of knowledge. Through
making oneself the subject of study and critical inquiry, autoethnography strives to com-
prehend the past and present conditions, experiences, and modes of existence within a
given context [57]. It seeks to systematically analyze and describe writing (graphy) per-
sonal (auto) experiences or investigations in order to understand the culture (ethno) in
which they take place [58]. When applied to practice-based research, autoethnography
allows the researcher’s emotions, battles, and failures to be incorporated into the research
narrative [59].

The following research question provided direction for our investigation reported in
the paper: What were the pivotal moments where our perspective/beliefs shifted in relation
to our understanding of teacher professional learning and of how to implement the TPACK
framework? We constructed our research around epiphanies—remembered moments that
have significantly influenced our trajectory of teacher education perspectives and practices.
This forced us to attend to and analyze the experiences and events occurring during the
implementation phase of our research, or that emanated from past experiences that led to a
shifting of our perspective on optimal ways of developing teachers’ TPACK [59,60]. We
framed our analysis around three different phases: (i) Phase 1: building teachers’ TPACK
through afternoon seminars and workshops; (ii) Phase 2: enacting TPACK-guided profes-
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sional development based on the principles of adult education and socio-constructivism;
(ii) Phase 3: adopting a systemic approach to assess and enhance teachers’ TPACK.

Recognizing that teachers’ continuous professional growth is central to the attainment
of high-quality ICT-enhanced teaching and learning [21,36], our analysis paid particular
attention to the issues of sustainability of teacher professional development. Although
none of the TPACK-guided professional development programs included in our analy-
sis was explicitly designed (based on theoretical considerations) to support sustainable
impact, our retrospective analysis examined not only the factors that were critical to the
success of the initial implementation efforts but also what came after the program was
over. We reflected on how specific aspects of the TPACK-guided model of professional
development enacted at each phase might have influenced its long-term impact. We held
several meetings, discussing and critically reflecting on the pivotal moments of our long
journey as practitioners-researchers embracing the TPACK approach. In those meetings,
additionally to our memories, we also used articles we had published to help us recall the
details of our research journey, and the lessons learned at each phase of our transformative
learning journey.

While subjectivity and researcher bias are both unavoidable in autoethnographic
research [60], we have tried to avert ethnocentrism and to make our situatedness as re-
searchers transparent through a full explication of our epistemological stance [61]. We have
situated our developing knowledge, thinking, and educational judgments at each phase
of our journey within the overall social and cultural context of teacher education research
and practices. Rather than being overly self-absorbed, we have maintained a high level
of reflexivity, looking at our research experiences through a self-critical lens and framing
them with relevant research literature and a more structured methodology [62]. This has
hopefully helped to improve the authenticity and credibility of our self-narrative [63].

4. Our Research Journey into TPACK-Guided Professional Development of
Mathematics Teachers
4.1. Phase 1: Building Teachers’ TPACK through One-Shot Seminars and Workshops

Our research journey commenced in 2006, a time when technology was not a central
component of mathematics instruction in most countries, including Cyprus. The results of
a survey study conducted at the time indicated that the vast majority of both elementary
and secondary Cypriot teachers seldom utilized computers in their mathematics class-
rooms [64,65]. When computers were used, their usage typically revolved around basic
tasks such as routine calculations, skill practice, and answer verification. Students rarely, if
ever, employed technology for solving complex problems, exploring mathematical princi-
ples and concepts, processing and analyzing data, producing graphical representations, or
constructing models through simulations [64,65].

A major hindrance to incorporating technology into mathematics instruction stemmed
from the limited availability of professional development opportunities for teachers. In
Cyprus during that period, professional development programs provided to teachers pre-
dominantly concentrated on the acquisition of technical skills. Despite the participation
of a large number of educators in these programs, they primarily enhanced educators’
computer literacy skills rather than equipping them with the necessary tools to effectively
incorporate technology into mathematics teaching and learning [65]. Several other underly-
ing factors contributed to the limited utilization of technology in mathematics education.
One notable factor was the absence of technology integration within the curriculum [65].
While advocating for the utilization of calculators and computers, teacher guides lacked
specific directives on how to incorporate these tools into the instructional process or recom-
mendations regarding suitable software options [65]. In the survey study of elementary
and secondary school teachers conducted by [64], the majority of respondents cited various
factors that significantly impeded the use of computers in mathematics instruction. These
factors included inadequate support from specialists in integrating technology into the
curriculum, an overcrowded curriculum, limited availability of computers, lack of suitable
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software, and limited familiarity with the appropriate software [65]. While these challenges
were not unique to the Cypriot educational context and were indicative of the situation
in numerous educational settings globally during the early 2000s, the fact remained that
technology had yet to be effectively integrated into mathematics classrooms at any level of
K–12 education in Cyprus.

At this initial phase of enacting the TPACK framework, we focused our efforts on
offering afternoon seminars and workshops on the educational use of dynamic mathemat-
ics and statistics software (Cabri Geometry, Geometer’s Sketchpad, Fathom, Tinkerplots)
that were attended by individual teachers on a voluntary basis. We designed each of these
seminars and workshops based on the TPACK model, aiming at enriching the partici-
pants’ technological, pedagogical, and content knowledge of mathematics or statistics by
immersing them in similar learning environments, technologies, and curricula to those
they would encounter in their own classrooms. Through collaborative computer-based
activities and experimentation, such as extensive use of simulations and visualizations
and peer feedback and reflection, we aimed to assist the teachers in gaining a deeper
understanding of how dynamic mathematics or statistics software could be integrated into
the mathematics curriculum. Apart from the computer-based activities, the seminars and
workshops facilitated discussions centered on students’ learning and strategies to actively
engage them in mathematics/statistics learning. We delved into a wide array of topics
relevant to mathematics teachers, encompassing curriculum considerations such as the
role of statistics in national and international mathematics curricula [65]. Additionally, we
explored research in mathematics and statistics education, including the development of
mathematical and statistical reasoning in children and common student misunderstandings.
Teachers actively contributed examples from their own experiences and proposed ways
to enhance their students’ learning through the use of dynamic mathematics or statistics
software [65].

Lessons Learned in Phase 1

Findings from Phase 1 were very encouraging. In [65], for example, we present insights
from a study involving teachers participating in professional development seminars on
statistics teaching using the dynamic statistics software Tinkerplots®

. Through a case-study
approach, we collected and analyzed various forms of data, including video recordings of
group activities and discussions, participant observation, mini-interviews, and samples
of teacher work, to assess the teachers’ confidence and proficiency in teaching statistics
using technology. Analysis of these data indicated that the exposure to Tinkerplots® dur-
ing the seminars led to significant changes in the teachers’ comprehension of statistics
and its pedagogy. The dynamic statistics software’s presence increased the participating
teachers’ enthusiasm for statistical investigation and afforded them novel opportunities
to explore data. The data analysis tools provided by the software also enabled teachers to
prioritize their conceptual understanding and statistical problem-solving over the mere
reliance on computational procedures and formulas. A cohort of highly motivated educa-
tors emerged, enthusiastic about the potential of the software to facilitate in-depth data
analyses. Convinced that the use of Tinkerplots® could enhance students’ comprehension
of statistical concepts, these teachers expressed eagerness to integrate the software into
their own classrooms.

Despite the success of our initiatives in improving educators’ TPACK of ICT-enhanced
mathematics/statistics pedagogy, in retrospect, we recognized several limitations of frag-
mented, one-shot training workshops, leading to a very limited long-term impact on teach-
ing practices: (i) An underlying assumption of a transition of knowledge from “experts”
(teacher educators) to “novices” (teachers); (ii) an individualistic approach to teacher pro-
fessional development; (iii) limited opportunities for collegial interactions and exchanges;
(iv) failure to consider the contextual factors influencing professional development; and
(v) a lack of follow-up classroom experimentation. Similarly to other researchers [21,66,67],
we also concluded that teachers’ need for collaboration, experimentation, and reflection
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cannot be adequately addressed by short-term workshops that solely showcase innovative
technological tools and instructional materials in isolation from teaching contexts. Recog-
nizing the necessity for professional development that supports teachers to apply their
newly acquired knowledge and skills in their own classrooms and to engage in collec-
tive discussions regarding the implementation challenges with supportive colleagues, we
transitioned to Phase 2 of our research journey.

4.2. Phase 2: Enacting TPACK-Guided Professional Development Based on the Principles of Adult
Education and Socio-Constructivism

The experiences and insights we acquired as teacher educators and researchers in
Phase 1 helped us to recognize the need for the mathematics education field to move away
from models of professional development focused on the transmission of knowledge from
experts towards models promoting the building of communities of practice and on work-
place learning [68]. The shortcomings of the workshop-based professional development
model led us to the design of professional development programs, guided by the principles
of adult education and by socio-constructivist views of teacher professional growth.

EarlyStatistics, a three-year EU-funded initiative (Ref. No: 226573-CP-1-2005-1-CY-
COMENIUS-C21), was conceived in response to the imperative of enhancing the quality
of statistics instruction in European schools. This project was meticulously designed to
acknowledge the continuous professional development and learning of teachers as pivotal
factors in promoting instructional innovation and fostering success for their students [69].
Leveraging the capabilities offered by open and distance learning technologies, the project
aimed to provide high-quality statistics education experiences to teachers around Eu-
rope. [70]. A consortium comprising five higher education institutions from four countries
(Cyprus, Greece, Spain, and Norway) collaborated to develop and pilot test an intercultural
online professional development course in statistics education tailored for European ele-
mentary and middle school mathematics teachers. The course objectives were to augment
teachers’ (i) knowledge of statistics, (ii) understanding of technology-enhanced statistics
teaching and learning, and (iii) practical knowledge [70]. Guided again by the TPACK
model, the professional development approach in this project departed from the previous ef-
forts, adopting ‘learning’ and ‘community’ models instead of ‘instructional’ models [71–73].
The participants actively engaged in constructing their own knowledge through collabora-
tive and participatory activities, such as projects, experiments, and computer explorations,
using real and simulated data. Additionally, they participated in group work, discussions,
and a cross-cultural exchange of experiences and ideas. These activities facilitated the en-
hancement of participants’ TPACK in statistics. As active practitioners, they subsequently
applied their newfound knowledge and skills in real classroom settings [70].

The course followed a hybrid format, commencing with local teachers in each country
who convened for a one-week intensive seminar. During this seminar, they were intro-
duced to the course objectives and pedagogical framework, became familiar with the
e-learning environment, and engaged in interactions with fellow teachers in their country.
This in-person gathering helped mitigate issues of trust and social presence in the online
environment [70]. The remainder of the course was conducted at-distance, using the project
information base for teaching, support, and coordination purposes. Aside from delivering
course content, the online platform granted access to a range of links and supplemen-
tary resources [70]. Moderated online discussions facilitated the exchange of ideas and
instructional strategies among teachers, creating an environment conducive to addressing
the intricacies of teaching statistics and applying educational theory to practice [74]. Syn-
chronous communication was facilitated through technologies such as video-conferencing
and audio/video streaming. Furthermore, one-way informational postings such as articles
and videos served as supplementary resources to support interaction [70].

A follow-up classroom experimentation was conducted to assess the applicability
and effectiveness of the course. The participating teachers designed and implemented
teaching episodes that integrated the tools and resources provided in the course. Various
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assessment methods were employed to gather evidence of changes in teachers’ TPACK
of statistics, their attitudes toward the subject, and their teaching practices resulting from
participation in the professional development course [70]. These assessments included pre-
and post-questionnaires, video recordings of classroom sessions, interviews with teachers
and students, samples of student work, and statistical data automatically generated by
the online information base. The analysis of the collected data guided the refinement of
the course pedagogical framework, instructional materials, and curriculum, along with
enhancements to the tools and resources available in the course platform [70].

Lessons Learned in Phase 2

The EarlyStatistics project facilitated the cultivation of intercultural awareness and the
exchange of experiences and ideas among European educators. It provided a conducive
environment wherein participants could collectively generate knowledge relevant to their
professional lives. Through collaborative activities and discussions, educators not only
engaged in the learning process but also reciprocally enriched each other’s understanding
of statistics while sharing effective pedagogical strategies. These interactions fostered
the establishment of robust relationships and the formation of a supportive community
dedicated to advancing best practices and innovation in statistical instruction. EarlyStatis-
tics successfully achieved its objectives by enhancing educators’ TPACK of statistics. It
achieved this by offering interactive, technology-rich instructional resources and services
that augmented the teaching and learning dynamics. Additionally, the program afforded
participants the opportunity to collaborate with peers, laying the groundwork for the de-
velopment of a community of practice. Furthermore, analysis of the multiple forms of data
obtained from the teaching interventions in the participants’ classrooms indicated notable
improvements in both student learning outcomes and attitudes toward statistics [70,75].

Despite the overall success of EarlyStatistics, several shortcomings surfaced during the
initial implementation of the course. The main challenge encountered by the consortium
pertained to the establishment of a lively online community of teaching practitioners [70,75].
The participants’ busy schedules and the diverse array of their cultural and professional
backgrounds posed significant hurdles to the creation of a cohesive online community of
practice. The EarlyStatistics team encountered analogous obstacles to those documented
in [76], witnessing a notably lower level of learner-to-learner interaction than originally
anticipated (for further elaboration, refer to [75]). An in-depth investigation of the col-
laborative endeavors and knowledge-sharing initiatives among teachers participating in
the first delivery of EarlyStatistics enabled the identification of various factors that poten-
tially hindered our efforts in online community cultivation. Leveraging these insights, we
proceeded to revise the course by incorporating the design considerations and strategies
tailored to foster the establishment of a vibrant online community conducive to professional
growth among teachers. These revisions resulted in markedly improved outcomes in online
community development in the subsequent iterations of the course (as detailed in [77]).

In summary, our implementation of EarlyStatistics yielded predominantly positive
experiences and successful project outcomes, which culminated in the program receiving
the 2009 Best Cooperative Project Award in Statistical Literacy, a distinction conferred
biennially by the International Association of Statistics Education (IASE). However, despite
the program’s overall success, insights from the Phase 2 studies highlighted a limitation of
the individual-oriented focus of the TPACK model guiding EarlyStatistics. Specifically, the
model overlooked the social, organizational, and cultural factors influencing professional
development, with many individual teachers potentially lacking institutional support
to transfer what they learned through the program to their classroom practices. This
realization prompted us to transition to Phase 3 of our research journey, where our focus
has been on the promotion of local, school-based communities of practice.
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4.3. Phase 3: Adopting a Systemic Approach to the Development of Teachers’ TPACK

In our recent studies in mathematics education (e.g., [28,78]) and STEM/STEAM
education (e.g., [79–81]), we have embraced a systemic approach to the exploration and
augmentation of teachers’ TPACK. Central to our approach is a heightened focus on the
socially mediated contexts in which educators cultivate their TPACK skills (as highlighted
in [28]). Phillips’ re-contextualized TPACK has served as a guiding framework for the
development of professional development initiatives in these studies [82]. This model
acknowledges the socio-cultural factors influencing pedagogical technology practices and
identity transformations while emphasizing the pivotal role of the context (such as the
school or educational institution) in which the TPACK framework is applied [77].

Consistent with the revised TPACK model proposed by [82], our investigations dur-
ing Phase 3 have expanded upon the foundational TPACK model by incorporating the
elements of communities of practice [83] and school-based teacher development [84]. We
have embraced a systemic, collaborative approach to professional development anchored
within the school environment. This model emphasizes the comprehensive preparation
and continuous involvement of all key stakeholders, including teachers, students, school
management teams, and parents [28,78–81].

A good example of a study conducted during Phase 3 is the case study described in [28],
which investigated the design and implementation of a two-year professional development
program in a primary school in Cyprus, which was aimed at the seamless integration of
tablet technologies into the mathematics curriculum for students aged 6–12. Employing a
systemic approach to the introduction of tablets within the school environment, the program
endeavored to equip teachers (n = 33) with the necessary knowledge, skills, and support
mechanisms for the effective integration of mobile technologies into the mathematics
curriculum design and instructional practices. Drawing upon the distinctive characteristics
and requirements of the stakeholders and guided by the revised TPACK model [82], a series
of school-based teacher professional development activities took place. These activities
were designed to establish a robust support framework for tablet integration into the
mathematics curriculum, fostering a constructivist social environment where teachers
drove their professional growth amidst an environment rich in challenges, interactions,
and collaborative endeavors. To strengthen the connection between the school and home
environments and ensure secure and efficient tablet use, both on the school premises and at
home, parents were also actively involved in the adoption process, receiving training and
assistance, both prior to the introduction of mobile devices into the school and throughout
the implementation phase. The [28] article describes the initial state of the utilization of
portable devices within the school ecosystem, outlines the tablet integration process, and
explores the self-reported reflections of a core team comprising six teachers (n = 6) on their
professional development experiences within the program.

Lessons Learned in Phase 3

Through our utilization of Phillips’ revised TPACK model across multiple stud-
ies [28,78–81], we have discerned that a community-oriented, school-wide approach to
teacher enhancement yields superior outcomes compared to the more ‘traditional’ formats
of professional development that the majority of teachers participate in, which tend to focus
on individual and/or isolated forms of professional learning. In accord with the research
literature [66], we have found that a systemic, school-based model of teacher professional
learning tends to be more effective in providing a support system that motivates teachers to
actively participate in and sustain their engagement in professional development activities,
irrespective of their prior experience or expertise in the instructional use of technological
tools. The integration of the socio-cultural context into teachers’ professional develop-
ment, coupled with the direct link to teaching practice, enhances the active engagement of
teaching staff and other stakeholders and promotes a culture of dialog and mutual support.

In the [28] study, for example, the adoption of the revised TPACK framework sig-
nificantly aided the smooth incorporation of mobile devices into the school setting and
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supported teachers’ professional learning. Insights from interviews with the core team
of teachers highlighted the pivotal role of Phillips’ revised TPACK framework [82] in the
school’s efforts to effectively integrate mobile devices. School-based professional learning
activities were instrumental in nurturing a flexible, professional learning environment that
encouraged cooperation among teachers with varied levels of expertise in educational tech-
nology and facilitated the exchange of knowledge, experiences, and best practices. Echoing
findings in the existing research literature [85–89], the study underscored the importance
of teachers’ engagement in professional learning activities, such as lesson design and field
experience (e.g., classroom teaching/co-teaching, classroom observation, and action re-
search), for enhancing their teaching skills with ICT and deepening their understanding
of TPACK in ways applicable to their own instructional practices. Aligned with prior
scholarship [55,90,91], the study also affirmed the critical significance of school leadership
in incentivizing teachers to proficiently apply their acquired TPACK competencies into
their teaching practices. Teachers credited the strong support from the school management
team as crucial to the professional development program’s success. They also valued the
specialized guidance provided by academic experts and mentors throughout the process,
emphasizing the valuable role that an ‘expert teacher’ (a ‘knowledgeable other’) can play
in school-based professional development [87]. Moreover, the participants noted that
implementing a systemic approach to innovation, which entailed providing information
and training support to parents as well, promoted parental engagement, thereby enhancing
teachers’ efforts to integrate tablets into mathematics instruction.

At the same time, in line with the findings of other researchers [82,90,92,93], we have
also found that teachers exhibit varied responses to the same professional development
opportunities. While the systemic professional development model we have employed
in Phase 3 appears to be generally effective, not all involved teachers within a school
automatically engage with the program or with each other. In the [28] study, despite unani-
mous positive attitudes towards mobile-enhanced mathematics instruction, actual levels
of teacher participation and commitment varied. While some educators fully embraced
the process, others participated peripherally during the first year of the program and were
hesitant to enact significant changes in their teaching practices. Nevertheless, the school’s
persistent efforts to involve more staff members, which extended into the second year of
program implementation, eventually succeeded. By the program’s conclusion, tablets had
been integrated into every mathematics classroom within the school and were also utilized
in other subjects such as language learning and science.

The first author’s collaboration with the school continued after the conclusion of
the professional development program on mobile mathematics learning described in [28],
albeit in a context outside mathematics education. Specifically, the school participated in
the EU-funded project Living Book (Ref. No: 2016-1-CY01-KA201-017315), coordinated
by the first author, and its ongoing follow-up project Readtwinning (Ref. #: 2019-1-IT02-
KA201-063241). The systemic approach to teacher professional development was also
adopted in Living Book, again with high success. The school’s participation in Living Book
was so successful, and the instructional exploitation of innovative technologies such as
Augmented Reality so exemplary (for more details, see [80]), that the school was selected
to receive the European Innovative Teaching Award in Primary Education in recognition of
their outstanding teaching and learning practices.

In 2020, however, significant changes occurred within the school environment. Most
of the teachers in the core team that had led the projects described in [28,80] relocated to
different schools due to a regulation prohibiting public school teachers in Cyprus from
remaining at the same school unit for more than six years. There was also a change in
the school management team. The onset of the COVID-19 pandemic further exacerbated
the situation, casting a shadow over the school’s culture of innovation. Teachers’ lack of
prior training in online instruction and the substantial time they had to devote to become
familiarized with the e-learning tools/applications employed during emergency remote
teaching discouraged most of them from experimenting with innovative technologies such
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as games, simulations, and virtual laboratories. Throughout the lockdown period, most
teachers in the school reverted to utilizing e-learning resources and practices in a manner
resembling traditional, teacher-centered instructional approaches observed in face-to-face
classrooms, such as limiting technology use to PowerPoint presentations.

5. Discussion and Implications

This paper has explored our transformative learning journey into enacting the TPACK
framework in our professional development initiatives, targeting mathematics teachers ini-
tially and STEM/STEAM teachers more recently. Through self-narrative, we have depicted
our evolving self-awareness as researcher-practitioners who have utilized the TPACK model
for the past 18 years. This insight has been gained through critical reflection, encompassing
not only our successes but also the struggles and challenges we have encountered.

The conduct of retrospective autoethnographic research has deepened our comprehen-
sion of how our positionality has influenced our enactment of the TPACK model in our
teacher professional development initiatives. It has enabled us to reflect on, reinterpret,
and reconceptualize some of our personal and professional experiences and to relate them
to the relevant research literature in mathematics education (and STEM/STEAM education
in recent years). We do not seek to proclaim our emerging knowledge as scientific truth
or a discovery beyond us. Instead, we regard it as a creative construction stemming from
our experiences as practitioners and researchers in the field of teacher education on ICT-
enhanced mathematics learning. Nevertheless, we do believe that our self-narrative offers
useful insights for other researchers and/or practitioners in the STEM fields interested in
adopting the TPACK framework.

Insights from the retrospective analysis align with the findings in the research litera-
ture, indicating that the utilization of a conceptually grounded theoretical framework like
TPACK can significantly enhance teachers’ professional learning [52]. Mishra and Koehler’s
TPACK framework [18] proves invaluable in the development of professional development
programs for several reasons. Firstly, it serves as a useful framework for identifying the
knowledge base required to teach a specific subject with technology. Secondly, it guides
the understanding of the intersection of content, pedagogy, and technology knowledge
domains, informing decisions related to curriculum and instructional practices. Lastly, it
functions as a model to facilitate the evaluation of the impact of professional development
initiatives on teachers’ TPACK [3]. In STEM education, the TPACK framework can be
instrumental in enhancing teachers’ competencies to effectively integrate technological
tools into instruction, thereby fostering students’ mathematical and scientific reasoning as
well as problem-solving skills. Additionally, Phillips’ re-contextualized TPACK model [82],
underscoring the significance of contextual factors, offers a robust framework for study-
ing, developing, and evaluating teacher proficiency in applying newly acquired TPACK
constructs within authentic school settings.

Our commitment to providing teachers with high-quality professional growth oppor-
tunities in ICT-enhanced learning remains ongoing, with our understanding of successful
professional development continually evolving. While both the generic and Phillips’ re-
contextualized TPACK frameworks have proven useful, barriers to sustaining successful
small-scale programs, as described in our retrospective autoethnographic research, have
prompted us to acknowledge the need for the field to adopt further revised TPACK models
of professional development that are tailored to promote school-based sustainability of
educational innovation [55]. The COVID-19 pandemic and subsequent widespread school
closures have heightened our awareness of the need for continuous professional develop-
ment that will empower teachers to navigate uncertainty, adapt to evolving educational
landscapes and technological advancements, respond to crises or emergencies, and effec-
tively manage and drive change [21]. Of course, as stressed by [94], the need for teacher
readiness to adapt to change does not imply that educators bear the sole responsibility
for their professional development [21]. On the contrary, sustainable professional growth
must be a shared responsibility of all key education stakeholders. This includes local
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and national authorities, who must work synergistically to provide ongoing support for
teachers’ development of competencies and professional skills.

An essential step in designing and implementing sustainable professional develop-
ment programs is to meticulously address and facilitate the factors conducive to long-term
impact while mitigating the hindering factors [54]. Additionally, at the initial stage of pro-
fessional development planning, it is imperative to incorporate opportunities for follow-up
support into the program [54].

Much remains to be understood regarding the sustainability of teacher professional
development initiatives, as research designs rarely allow for assessing whether short-term
changes endure over time [66]. Only a small minority of studies on teacher professional
development are longitudinal or include any follow-up after a program’s completion
to examine the long-term effects and changes in teaching practice [23]. As highlighted
by the findings of the present study, future research should place greater emphasis on
sustainability issues. It is imperative to investigate not only the initial implementation
efforts of professional development initiatives but also the long-term impact of new, ICT-
enhanced practices and interventions, along with the factors that facilitate or hinder their
sustained use.

Research on the sustainability of professional development faces significant challenges,
extending to the underlying theoretical concepts [54]. Sustainability, as evidenced in the
literature and our experience, is dynamic and should be studied accordingly [95]. When
assessing the long-term impact of professional development, one should anticipate adapta-
tions, partial continuation, or integration with new environmental conditions rather than
mere endurance [55,95]. It is essential to recognize that even successful initial implemen-
tation efforts may diminish over time due to various factors such as shifts in priorities,
changes in resource availability, or contextual influences like teacher turnover and com-
peting demands. Thus, an analysis of sustainable impact should not only focus on the
effects planned at the program design stage but also explore the unintended consequences
that may emerge over time [54]. Examining the long-term impact of professional develop-
ment at organizational and systemic levels and utilizing models that adopt an ecological
or complex-systems perspective to assess sustainability is crucial [66,95,96]. Despite the
methodological challenges, it is imperative for STEM education researchers to explore
ways to measure this impact, as systemic-level change is vital for fostering widespread
improvements in STEM teaching and learning [96].

There are other important implications of our study for both STEM education prac-
tice and research. As illustrated through our self-narrative, self-reflection can serve as a
valuable tool for the professional growth and development of teacher educators. Continu-
ously engaging in reflective practices throughout all stages of their professional work and
negotiating these experiences through the lens of theory [17,97] can offer STEM educators
opportunities for an in-depth consideration and readdressing of issues of content and
pedagogy with the use of technology [98]. Taking the time to reflect on one’s own research
can also be a meaningful learning process for STEM education researchers, enabling them
to revisit their positions on research and practice, critically and transparently justify their
chosen approach, and recognize how it may evolve over time.

Findings that emerge from autobiographical research can contribute to the wider STEM
education community by providing insights into teacher educators’ epistemologies and
how these might impact their teacher education practices. While extensive research exists
on various facets of teachers’ professional development, very little is currently known about
teacher educators [98]. Our experience from adopting the autobiographical approach to
research has convinced us about the usefulness of autobiography as a research methodology
that can help shed light on mathematics/STEM educators’ knowledge and practices. We
hope that the critical reflection we have presented in this article might invite other scholars
to also engage in autobiographical research, exploring their learning journeys into STEM
education research.
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