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Abstract
Educative curricula support teacher learning as well as the learning of students. High qual-
ity educative curricula contain features that help teachers customize learning opportuni-
ties and environments in ways that meet the needs of their learners. Designing these fea-
tures requires expertise related to subject matter content, pedagogy, teacher and student 
learning, and instructional design. In other words, it requires interdisciplinary team work 
– which is notoriously challenging. To understand and support collaborative interdiscipli-
nary design processes, a retrospective case study was conducted on interdisciplinary design 
team work that yielded a high quality educative curriculum for inquiry-based science 
learning. Design documents and transcripts of interviews with six designers (a cognitive 
psychologist, a practising physicist, and four science educators) were analyzed to identify 
their contributions during the phases of analysis, development, and evaluation to create 
educative features for developing pedagogical content knowledge (PCK). Findings artic-
ulate specific educative features that can contribute to supporting PCK and thereby sup-
porting instructional performance. Findings also reveal the proactive and reactive nature 
of designer contributions, describing different ways in which designers provide specialized 
inputs from a disciplinary perspective. Further, this study shows how designer contribu-
tions intermeshed, with contributions from one discipline shaping the work of colleagues, 
and thereby coordinating varied inputs to yield coherent educative materials. In addition, 
theoretical insights and recommendations for research on the nature of collaborative inter-
disciplinary design processes and implications for practice are given for supporting design-
ers working in interdisciplinary teams to create educative curriculum materials for teacher 
(and student) learning.
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Introduction

Teachers’ knowledge of a subject for teaching and the nature of supportive materials for 
enactment influence the quality of classroom instruction (Hill and Charalambos 2012). 
Materials designed to support both teachers’ and students’ learning simultaneously are 
referred to as educative (Davis et al. 2014). This study focuses on educative features for 
developing teachers’ pedagogical content knowledge (PCK). PCK is knowledge relevant 
to teaching specific topics (Grossman 1990) and comprises components such as knowl-
edge of instructional strategies and student thinking (see Theoretical Framework for more 
details on PCK components). Teachers rely on their PCK to (re)design, customize or curate 
the learning opportunities in their classrooms (McKenney 2017). Indeed, recent research 
shows that teachers’ PCK affects their instructional skills in the act of teaching, such as 
explaining scientific phenomena to students (Kulgemeyer et al. 2020).

The importance of educative materials has been widely recognized in science education 
research (Krajcik and Delen 2017). This is largely because they have been shown to posi-
tively influence both teaching and learning in science (Pareja Roblin et al. 2018; Bismack 
et  al. 2015). For example, educative materials highlighting specific teaching moves and 
language about scientific practices help teachers engage students in key scientific practices, 
such as making observations and predictions (Arias et al. 2016). Similarly, supports fore-
grounding specific strategies and representations help teachers facilitate students’ under-
standing of science content (Schneider and Krajcik 2002). Furthermore, instructional sup-
ports that help teachers understand student thinking enable them to customize classroom 
environments to provide timely, targeted guidance to foster student learning (Matuk et al. 
2015).

Studies on educative materials have focused on heuristics and principles for designing 
such materials (Davis and Krajcik 2005; Davis et al. 2017); specific educative features (e.g. 
Rosemann et al. 2017; Schneider and Krajcik 2002) teachers’ use of educative materials 
during classroom enactment (e.g. Arias et al. 2016) and the impact of the materials on PCK 
(e.g. Marco-Bujosa et  al. 2017; Schneider 2013). Furthermore, the frequency and qual-
ity of supports in existing educative materials have been evaluated, yielding specific rec-
ommendations for facilitating teacher learning (Beyer et al. 2009). However, what is less 
understood are the systematic processes for creating educative materials that can inform 
instructional design in different contexts (Davis et al. 2014).

Problem statement

The literature on curriculum and instructional design points to general processes and mod-
els (e.g., Gustafson and Branch 2002; Thijs and van den Akker 2009), and offers generic 
guidance through case examples for teaching instructional design (Ertmer and Quinn 
2007). A few studies also document design processes for developing educative science 
materials, describing measures taken to yield specific educative features (Davis et al. 2014; 
Kruse et al. 2013; Roseman et al. 2017). Furthermore, collaborative design processes have 
been investigated in the contexts of curriculum (Barber 2015), technology-enabled immer-
sive learning systems (Flood et  al. 2015), and informal science learning spaces (Wang, 
2014). Whereas this line of work offers valuable insights into how designers from differ-
ent backgrounds make specific contributions and tackle shared problems through dialogue 
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and co-constructed artifacts, it does not elucidate their processes for producing educative 
materials. Specifically, what is missing is fine-grained information about processes and 
inputs of designers with different disciplinary backgrounds, clarifying how they contribute 
based on relevant expertise and synthesize their perspectives to create educative science 
materials.

This is an important gap to address because designing educative science materials 
requires simultaneous attention to subject matter, student understandings, and instruc-
tional approaches. To do so, design teams may require the expertise of scientists, educa-
tional psychologists, and those with teaching experience at target grade levels. But how 
can a disparate team of designers coordinate their inputs to create educative science mate-
rials that support the development of multiple PCK components, such as teacher knowl-
edge of student thinking, instructional strategies, and assessments? PCK components are 
interconnected (Magnusson et al. 1999; Park and Chen 2012; see Theoretical Framework 
for details); hence, educative materials must support them together. Research is needed to 
ascertain, for example: How do designers with different expertise contribute to support-
ing specific PCK components? Do all designers attend to the same concerns about PCK 
across phases of the design process? How do designers negotiate differing perspectives, 
and how are designer tasks integrated to yield coherent educative features that can support 
the development of PCK?

Detailed knowledge about interdisciplinary collaboration is important because designers 
tend to approach shared problems and goals with varied knowledge bases (Fischer and Ost-
wald 2005). They may also initially value different and possibly conflicting strategies for 
teaching and learning (Barber 2015). Further, designers often have limited understanding 
of how other designers’ work is pertinent to their own (Arias et al. 2000). Whereas each 
designer domain may offer unique and valuable input, innovative solutions stem from inte-
gration, which is notoriously difficult. Therefore, detailed insights into collaborative inter-
disciplinary processes for designing educative curricula can shed light on how to optimize 
and coordinate varied designer expertise to help teachers support custom learning opportu-
nities for their students.

Goal of the study

The goal of this study was to yield a detailed understanding of collaborative interdisci-
plinary processes of designers geared towards supporting teachers’ PCK. Specifically, the 
study aimed to generate insights on how designers make discipline-based contributions 
and coordinate their contributions to systematically create coherent educative materials. 
Further, based on these theoretical insights, the study also sought to provide practical rec-
ommendations for designers engaging in interdisciplinary curriculum design. In so doing, 
the study aimed to contribute to the knowledge base on designer expertise and processes, 
especially in the context of educative science materials. To that end, the retrospective 
analysis focused on producing a worked example of the interdisciplinary design process 
behind a robust primary school science curriculum* containing many educative supports 
for teachers. Comparable to process-oriented worked examples (see Van Gog et al. 2004), 
this example delineates key activities and specialized inputs of designers with different dis-
ciplinary backgrounds to produce educative features of a high-quality science curriculum. 
The study was guided by the following research question: Throughout the design process 
(analysis, development and evaluation), how do designers create educative materials that 
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support development of PCK, and in so doing, what is the contribution of designers with 
different disciplinary backgrounds?

*NB: In this study, we use Taba’s (1962) classic definition of curriculum as meaning 
“a plan for learning.” This includes broader processes and goals that span larger chunks of 
time (e.g. unit objectives addressed over weeks or months), specific plans for learning and 
instruction that are enacted within smaller chunks of time (e.g. activities lasting several 
minutes to an hour), and information about bringing them into alignment (e.g. instructional 
sequences or lesson structures).

Theoretical framework

Three generic phases of design

Across disciplinary conventions, three phases of (science) curriculum design can be dis-
tinguished. The design process generally commences with an analysis phase in which 
designers work towards defining the problem and range for improvement (Thijs and van 
den Akker 2009). They analyze the contexts where the curriculum will be used and the 
needs of the target teacher and student audience (McKenney and Reeves 2012; Edelson 
2002). Typical activities include reviewing literature to understand how other designers 
have formulated and tackled similar problems (McKenney and Reeves 2012). The review 
may include: learning theories and prior research on curriculum materials to support teach-
ers’ knowledge (Kruse et  al. 2013; Roseman et  al. 2017); science standards frameworks 
to identify what scientific concepts and practices need to be taught (Krajcik et  al. 2008; 
Songer 2006); and policy documents providing evaluation criteria for curriculum materials 
(Roseman et al. 2017). Designers may also analyze the content of existing science mate-
rials to identify instructional requirements and opportunities related to science concepts, 
practices, and assessment of student learning (Davis et al. 2014). Additionally, designers 
collect data to conduct a needs and context analysis (Edelson 2002). Examples of data 
sources include: surveys given to school personnel (McKenney and Reeves 2012); lesson 
observation protocols; teachers’ instructional logs and interviews; and students’ pre-post 
test data to understand teachers’ instructional decisions and challenges in using existing 
curriculum materials (Davis et al. 2014). The analytic activities help designers define the 
problem, derive overall goals, and generate initial design principles and requirements. The 
preliminary design specifications guide designer work: the intended outcomes (the target 
learning objectives to be achieved); their envisioned enactment (what instructional activi-
ties to help achieve the those outcomes look like); and the written curriculum (including 
supports for teachers and students) (McKenney and Reeves 2012; Roseman et al. 2017).

Following analysis, a development phase involves exploring ideas for potential solu-
tions, mapping details and constructing prototype solutions (McKenney and Reeves 2012). 
In this phase, designers take concrete steps to respond to the goals and contextual needs 
identified previously (Edelson 2002). For example, based on content analyses and data 
from teachers’ enactment of existing materials from the preceding phase, designers may 
prepare supports such as content storylines and concept maps (Davis et al. 2014). Notable 
development activities include review of policy documents and prior research to specify 
science learning goals and sequences of instructional activities (Krajcik et al. 2008; Songer 
2006). In so doing, designers may choose a limited set of scientific ideas to create coherent 
content storylines and other supports to depict the storylines (Roseman et al. 2017). The 
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literature review may also focus on students’ difficulties, recommended approaches in the 
field, and strategies for engaging students in scientific practices to create appropriate edu-
cative supports (Davis et al. 2014). Additionally, designers may utilize frameworks-based 
rubrics specifying criteria for designing educative supports to help teachers understand stu-
dents’ conceptions and to assess students’ learning (Roseman et al. 2017). Other activities 
include seeking insights from scientists serving as subject matter experts to identify which 
scientific facts to address (Songer 2006). Based on the activities in this phase, designers 
plan measurable intended outcomes (Gustafson and Branch 2002), identify target content 
(Smith and Ragan 1999), prepare instructional tasks and sequences aligned with those 
outcomes (Krajcik et al. 2008; Songer 2006), and generate written materials according to 
design specifications (McKenney and Reeves 2012).

Finally, designers conduct both formative and summative evaluations – collecting data 
to guide revisions and to determine the impact of the curriculum (Gustafson and Branch 
2002). Key activities include: using criteria in frameworks-based rubrics to assess quality 
and coherence of educative supports (Kruse et al. 2013; Roseman et al. 2017); gathering 
external expert appraisal on matters such as accuracy of scientific ideas presented in the 
materials (Davis et al. 2014; Thijs and van den Akker 2009) and conducting pilots of pre-
liminary prototypes and field tests of more mature versions of the curriculum in classrooms 
(McKenney and Reeves 2012). Designers collect data from varied sources such as observa-
tions of classroom enactments, teachers’ interviews and instructional logs, written tests of 
teachers’ knowledge of science subject matter, curriculum and students’ thinking, and stu-
dents’ work and written tests of students’ learning outcomes (Davis et al. 2014; Kruse et al. 
2013; Roseman et al. 2017). Based on evaluation data, designers make required revisions 
to the key curriculum features (redesign).

Pedagogical content knowledge and educative curriculum materials

When designers perform the above-mentioned systematic, iterative processes to create 
materials that support teacher learning, they typically generate features that support the 
development of teacher PCK, which is broadly conceptualized as “teachers’ understand-
ing of how to help students understand specific subject matter” (Magnusson et al. 1999). 
This knowledge is specific to subjects (e.g., science) and topics within those, and teach-
ers draw on this knowledge both in the act of teaching and in reasoning about and plan-
ning for teaching (Kirschner et  al. 2016). The present study examines interdisciplinary 
designer work in supporting personal PCK, which is knowledge held by individual teach-
ers, and enacted PCK, which is knowledge utilized in the act of teaching (Kulgemeyer et al. 
2020). The study focuses on the following five components of PCK: knowledge of student 
thinking, instructional strategies, curriculum, assessment, and subject matter. This section 
defines each component, describes its importance, and provides examples of relevant edu-
cative materials. The framework on PCK components served as an analytical lens in the 
present study to interpret designer inputs and activities in the context of educative curricu-
lum materials.

Knowledge of student thinking

Knowledge of student thinking is considered to be a central component of teachers’ PCK 
(Van Driel et  al. 1998). This component includes knowledge of students’ typical under-
standings, preconceptions and misconceptions of specific science topics, the reasons 
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behind their thinking, and knowledge of what makes specific topics easy or difficult for 
students to learn (Cochran 1991; Kirschner et al. 2016; Magnusson et al. 1999; Shulman 
1986; Tamir 1988; Veal and MaKinster 1999). This study defines knowledge of student 
thinking in science as the knowledge of students’ typical conceptions (including preconcep-
tions and misconceptions), the reasoning behind their thinking, and their learning needs 
and difficulties in relation to specific science topics.

Knowledge of student thinking is important to understand their students (Magnusson 
et al. 1999) and to select appropriate instructional strategies to support students’ learning 
of specific topics (Gess-Newsome et al. 2017; Park and Chen 2012). To this end, educative 
features include overviews of typical student misconceptions and their instantiations in stu-
dent work (Roseman et al. 2017). Additionally, lesson-embedded notes point to students’ 
preliminary understandings and possible reasons behind their difficulties (Schneider 2013; 
Schneider and Krajcik 2002).

Knowledge of instructional strategies

Knowledge of instructional strategies is also considered to be a central component of 
teachers’ PCK (Van Driel et  al. 1998). This component consists of teachers’ knowledge 
of strategies to represent topics in a subject and to make them comprehensible to students 
(Shulman 1986). It includes knowing about representations (i.e., models, analogies, expla-
nations and examples) and activities (i.e., investigations, experiments and simulations) 
(Magnusson et al. 1999; Park and Oliver 2008; Veal and MaKinster 1999) in relation to 
specific topics. Some conceptualizations of this component also include strategies that are 
applicable to science as a subject compared to other subjects, for example, instructional 
sequences like the learning cycle (e.g. Park and Oliver 2008; Veal and MaKinster 1999), 
and phases of particular kinds of science lessons (Tamir 1988). This study defines knowl-
edge of instructional strategies as the knowledge of subject-specific (general) instructional 
strategies in science like phases of inquiry-based lessons as well as knowledge of topic-
specific strategies like investigations, questions, and explanations to help students under-
stand scientific concepts and practices.

To help teachers understand and enact appropriate instructional strategies, scientific 
practices like argumentation are defined (Marco-Bujosa et al. 2017) and specific strategies 
like modeling are provided to help them engage students in the practices (McNeill 2009). 
Educative features also include rationales of representations and activities (Roseman et al. 
2017); boxed notes indicating key concepts to highlight to students (Arias et al. 2016); and 
short scenarios and questions to model teacher language (Schneider 2013; Schneider and 
Krajcik 2002).

Knowledge of curriculum

Knowledge of curriculum refers to teachers’ knowledge of the learning goals, activities and 
materials of different curricular programs available to teach particular subject matter and 
topics, and knowledge of horizontal and vertical curricula in the subject area (Grossman 
1990; Magnusson et  al. 1999; Park and Oliver, 2008; Shulman 1986). Additionally, this 
component can include knowledge of mandated goals at particular grade levels (Magnus-
son et al. 1999); how topics are organized (Marks 1990); pre-requisite concepts to learn 
particular topics (Tamir 1988); and core concepts of the topic and central and peripheral 
ideas and activities in relation to the overall curriculum (Park and Chen 2012). The present 
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study operationalizes this component as the knowledge of topic organization and core con-
cepts to teach, of overall learning goals and activities, and of concepts addressed vertically 
during prior and successive units of the curriculum.

Knowledge of curriculum guides teachers in adapting activities and eliminating 
peripheral activities or ideas in science instruction (Park and Chen 2012). To develop 
this component, unit overviews clarify topic organization, describing relationships 
between scientific concepts and their development through lessons (Schneider and 
Krajcik, 2002). Overviews prior to sections of lessons also explain how the lessons 
contribute to the unit (Roseman et  al. 2017). Finally, lesson-embedded content sto-
rylines describe how a lesson relates to the overall unit, the intended scientific con-
cepts, and their relevance to subsequent lessons (Arias et al. 2016).

Knowledge of assessment

Fourth, knowledge of assessment consists of knowledge of the aspects of science learn-
ing that are critical to assess in a unit of study (Park and Oliver 2008). It extends 
beyond conceptual understanding to include dimensions of scientific literacy (Magnus-
son et  al. 1999) and particular skills (Tamir 1988). This component further includes 
knowledge of different methods of assessment, including particular activities, pro-
cedures or approaches applicable to a given unit of study (Magnusson et  al. 1999; 
Park and Oliver, 2008); particular instruments (Tamir, 1988); and knowledge of the 
strengths and limitations of the different methods (Magnusson et al. 1999). Topic-spe-
cific pre-tests, different lines of questioning, and student-generated products such as 
journal records, drawings and models are examples of assessment methods. The pre-
sent study operationalizes knowledge of assessment as the topic-specific knowledge of 
key conceptual understandings and scientific disciplinary practices to assess, and of 
various methods (activities or instruments including student-generated products) for 
assessment relevant to the unit of study.

The assessment methods may be used formatively to gather and interpret evidence 
of students’ understanding related to the learning goals and to identify next steps in 
teaching and learning (Harlen 2006). Indeed, formative assessment is critical in sup-
porting scientific inquiry and practices (National Academies of Sciences, Engineering 
and Medicine 2017), and is emphasized in recent research on fostering science teach-
ers’ professional learning (Furtak et al. 2016). This component has implications for the 
two central components of knowledge of student thinking and of instructional strate-
gies. Knowing different formative assessment methods may help teachers identify their 
students’ thinking and modify instruction to better facilitate students’ learning (Park 
and Chen 2012). Educative materials for assessment include pointers at the beginning 
and end of lessons on assessing specific conceptual understandings and skills in stu-
dent-generated artifacts (Schneider and Krajcik 2002), and rubrics and sample student 
work with recommended teacher feedback on students’ understandings (Davis et  al. 
2014).

Finally, while there is little dispute that subject matter knowledge is a crucial com-
ponent of a teacher’s professional knowledge base (Kind 2009; Tobin et  al. 1994; 
Veal and MaKinster 1999), expert opinions differ as to whether or not it should be 
included as a PCK component (Kind 2009; van Driel et al. 1998). The present study 
does not tackle this divergence, but it does include explicit attention to subject matter 
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knowledge because educative curricula must support teachers’ understanding of (sci-
entific) concepts and practices (e.g., Davis and Krajcik 2005).

Subject matter knowledge

Subject matter knowledge includes understanding not only of the major facts and concepts 
of a subject, or their interrelationships, but also of the processes by which those ideas are 
established (Grossman 1990; Shulman 1986; Tamir 1988). It may be topic-specific (Veal 
and MaKinster 1999) and includes understanding the importance of a topic to the disci-
pline (Shulman 1986). This study operationalizes knowledge of subject matter as the topic-
specific knowledge of the meaning of key scientific facts and principles and theoretical 
frameworks, and includes knowledge of the importance of the topic and knowledge of disci-
plinary practices by which the content is established.

Educative supports for subject matter knowledge include overviews with definitions and 
rationales of scientific practices (Bismack et al. 2015; Davis et al. 2014), and explanations 
of scientific concepts at a level beyond the intended student understanding (Schneider and 
Krajcik 2002). Explanations may also appear in content charts and boxed notes in back-
ground material or they may be embedded in the directions for specific lessons (Arias et al. 
2016; Schneider 2013).

Designing in interdisciplinary teams

Curriculum design often involves collaboration among designers of different disciplinary 
backgrounds. Interdisciplinary collaboration is an interpersonal process for efficient attain-
ment of goals that cannot be attained when individual professionals act independently 
(Bronstein 2003; Bruner 1991). It is important because all of the relevant and requisite 
knowledge to yield solutions for long-term, complex design endeavors is not contained 
within a single designer’s contributions but is distributed among designers (Arias et  al. 
2000). Through dialogue and establishment of shared vision and goals, the resultant design 
reflects synergies among designer work, taking advantage of varied expertise to craft solu-
tions that are greater than any individual designer contributions (Barber 2015).

Models of interdisciplinary collaboration highlight specific components of desirable 
interactions (Bronstein 2003). For example, a core component is interdependence among 
professionals to achieve their tasks, in which they communicate formally or informally via 
oral or written means and show respect for colleagues’ contributions. And another core 
component is collective ownership of goals, in which professionals take shared responsibil-
ity throughout the process for collectively formulating and reaching those goals.

The literature also shows how designers make unique contributions based on their 
expertise and how they interact with one another to generate new insights. For example, 
in designing engineering challenges for tinkering in informal learning spaces, science edu-
cators contribute methods of accessible learning, while practising engineers offer inputs 
to make content relevant and authentic (Wang 2014). And in designing virtual tutors, 
computer scientists and learning scientists engage in analysis, communication, and reflec-
tion to understand shared design issues with embodied interactions (Flood et  al. 2015). 
In so doing, studies have shown the importance of designer interactions around bound-
ary objects—shared artifacts to establish common ground (Barber 2015; Fischer and Ost-
wald 2005). This is because collaboratively created artifacts, such as documents of plans or 
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prototypes, externalize designer thinking and provide a basis to communicate and develop 
new understandings (Fischer and Ostwald 2005; Flood et al. 2015). The use of boundary 
objects is especially important in interdisciplinary design teams because these function as 
communities of interest, where members from different fields of practice come together to 
tackle problems of shared interest (Fischer and Ostwald 2005). Whereas multiple back-
grounds offer potential for creative solutions, doing so requires designers to establish 
shared understanding of design tasks, for which boundary objects play a crucial role.

Methods

Case study

To gain insight into how designers with different disciplinary backgrounds contribute to 
creating educative materials that support development of PCK, a qualitative interpretive 
case study (Merriam 1988) was undertaken. This method was deemed suitable because 
the intended outputs were a detailed worked example of a finished curriculum product and 
its design process (Howard et al. 2012). The curriculum was designed at an independent 
STEM educational research and development organization in the USA. First, curriculum 
projects were sought using the following criteria: (i) target audience of K-12 teachers and 
learners; (ii) stand-alone school curriculum (as contrasted with supplementary or out-of-
school curriculum); (iii) intention to support students’ understanding in science; and (iv) 
evidence of positive learning outcomes. This yielded six potential cases. The present case 
was selected for this analysis because it focused on educative supports. The researchers 
did not contribute to developing the written curriculum materials, but for this study they 
were granted access to documentation about the development of the curriculum and oppor-
tunities for in-depth conversations with the designers. This access was critical to gather 
detailed data for the qualitative case study.

This case constituted a stand-alone, inquiry-based longitudinal curriculum for grades 
3–5. As stated in the project’s grant proposal, the curriculum was inspired by research on 
learning progressions on the nature of matter that “is organized around big ideas in science 
and inquiry practices,” “inquiry-based learning and (formative) assessment” (Harlen 2006), 
and an established model of teacher professional learning (Harlen and Altobello 2003). A 
nine-week unit was developed for each of the three grades, involving a coherent sequence 
of investigations with hands-on explorations and discussions to help students gather data 
and to make meaning of the data and scientific principles. The units for Grades 3 and 4 had 
17 investigations each and the Grade 5 unit had 18 investigations. The curriculum materi-
als consisted of a teacher guide, student notebooks, and a hands-on kit.

This curriculum was chosen for its high quality and potential insights into educative 
supports and the collaborative interdisciplinary nature of its design process. Field tests of 
the curriculum revealed positive shifts in teacher understanding of the major concepts or 
topics in the curriculum after teaching it. For example, an external evaluation report for the 
Grade 3 unit stated that “all teachers reported a better understanding [of the content] in at 
least one [section of the curriculum] (materials, weight, standard measure, volume). Where 
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change occurred, all changes were positive, teachers came to a clearer understanding of 
the topic.” Furthermore, observations of their teaching practice during curriculum enact-
ment indicated a greater familiarity with, and ability to implement, inquiry-based instruc-
tion. For example, an external evaluation report for the Grade 4 unit stated that all five 
field test teachers were scored higher on the RTOP1 for the [curriculum] lesson than the 
baseline lesson enacted before the curriculum field test. The ratings increased to 57, 56, 
64, 55 and 56 from 40, 25, 35, 42, and 49 respectively for the five field test teachers. There 
was an increase in teachers’ attempts to engage students in making predictions/estimations 
and/or hypotheses and devising means to test them, and in thought-provoking activity that 
frequently involved the critical assessment of procedures. Furthermore, teachers’ question-
ing strategies changed from the baseline lesson prior to the field test to the curriculum 
lesson. For example, an external evaluation report for the Grade 3 unit mentioned that 
teacher questions changed from eliciting recall and comprehension to probing and guiding 
students’ conceptual understanding. The percentage of questions higher than recall ques-
tions (e.g., asking students to provide evidence for their answers; helping students build on/
refine one another’s responses and understanding) on a sub-section of the INCRE observa-
tion protocol increased to 86%, 29% and 55% from 0%, 0%, and 35% respectively for the 
three field test teachers.

Additionally, as stated in an annual report to the funding agency, field tests tracking pro-
gress of treatment and control group students over three years showed that the curriculum 
helped students make progress in understanding ideas related to a network of concepts, 
including weight, volume, and material things. For instance, statistically significant differ-
ences were found on assessment tasks about properties of tiny things, with the treatment 
group outperforming the control group at all three grade levels. The treatment group also 
made statistically significant progress compared to the control group in understanding that 
tiny invisible things have weight. And on a water displacement task assessing students’ 
understanding of volume, too, the treatment group statistically outperformed the control 
group. Finally, personal communication with the curriculum project’s principal investiga-
tor revealed that the curriculum continues to be in use.

Table 1  Data sources and their corresponding information

Data sources Designers’ disci-
plinary contribu-
tions

Design process phases PCK 
compo-
nents

Educa-
tive 
features

Project documents (grant proposal, pro-
totypes of educative materials, memos, 
classroom testing notes, progress 
reports to funding agency, external 
evaluation reports)

X X X X

Finished educative materials Not applicable Not applicable X X
Interview transcripts X X X X

1 RTOP stands for Reformed Teaching Observation Protocol, a standardized instrument to determine the 
degree of reform in K-20 classroom instruction in science and mathematics. It has a maximum possible 
score of 100. https:// eric. ed. gov/? id= ED447 205.

https://eric.ed.gov/?id=ED447205
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Data sources

Consistent with recommendations for case study research (Guba 1981; Yin 2014), this 
study gathered evidence from multiple data sources, namely project documents, finished 
curriculum materials, and transcripts of interviews with the designers. Table 1 maps the 
sources and their corresponding data.

Participants

Following purposeful and referral sampling techniques, the researchers recruited six 
participants based on their disciplinary backgrounds and stages of work in the curricu-
lum design. The principal investigator of the curriculum project served as informant 
for further sampling (Yin 2014), presenting a preliminary list of candidate participants 
who, in turn, provided subsequent referrals. The list below summarizes information 
about the six participants, stating the alphanumeric codes (used in the results section), 
their disciplinary backgrounds, and relevant experience.

• P1: Science Educator (primary school teaching, design of science curriculum and 
teacher PD)

• P2: Science Educator (engineering, design of science curriculum and teacher PD)
• P3: Science Educator (primary school teaching, design of science curriculum and 

teacher PD)
• P4: Science Educator (engineering, primary school teaching, design of science cur-

riculum and teacher PD)
• P5: Cognitive Psychologist (research on conceptual change and learning progres-

sions in science)
• P6: Practising Physicist (Subject matter knowledge of science)

Owing to commonalities in the backgrounds of P1, P2, P3, and P4, namely their 
experiences with designing science curriculum and teacher PD, and primary school 
teaching in the case of three of the designers, these four designers were treated as a 
single group – “science educators” – for data analysis and presentation of findings. This 
treatment of the four science educators as a single unit in the data analysis was justi-
fied by their overlapping expertise, and by the goal of being able to highlight how the 
science educators’ contributions differed from those of the physicist and the cognitive 
psychologist, and reveal patterns in disciplinary contributions.

Procedures

Researchers prepared an initial project summary and timeline depicting the curricu-
lum, its design activities and outputs. Next, they conducted prolonged interviews with 
each participant (Yin 2014); each interview lasted approximately two hours. The project 
summary and timeline was used to facilitate participants’ recall during the interviews. A 
semi-structured protocol guided the interviews, containing open-ended questions about 
curriculum materials such as, “How did your curriculum support teachers’ and students’ 
understanding of science concepts?”, and “How did your curriculum support teachers 
and students to engage in scientific inquiry?” There were also questions about design 
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process phases. For example, a question for the analysis phase was, “What was your role 
in the project’s activities to learn about the target audience, their needs and abilities, 
and any barriers to teaching and learning science?” Similarly, sample questions for the 
development and evaluation phases were, “What was your approach for designing the 
[specific educative material]?”, and “What was your role in testing the curriculum?” All 
interviews were audiotaped and transcribed.

Data analysis

The data were coded twice, deductively and inductively. The deductive approach was 
undertaken in four phases, namely to examine: (i) designer work at the curriculum level; 
(ii) PCK components in designer work; (iii) educative features in relation to the PCK com-
ponents; and (iv) design process phases related to the PCK components and educative fea-
tures. Across all deductively coded data, inductive analysis was then undertaken. Each of 
these processes is elaborated below.

Deductive analysis: designer work at the curriculum level

In the first phase, the interview transcripts were examined to identify key aspects of 
designer work at the curriculum level (intended outcomes, envisioned enacement, written 
curriculum, and design processes; see Table  2). The first author and another researcher 
independently coded one transcript at a time at the sentence-level. They resolved discrep-
ancies through discussion and established final coding decisions through consensus. This 
process continued until an acceptable level of inter-rater reliability was attained (Cohen’s 
Kappa was 0.792). The first author then coded the remaining dataset.

Deductive analysis: PCK components in designer work

In the second phase, the interview and document data were coded for designer work on the 
different PCK components as defined in the conceptual framework. Specifically, the data 
were analyzed for how designers supported teacher knowledge of student thinking, instruc-
tional strategies, curriculum, assessment, and subject matter. Table 2 gives an overview of 
the codes.

Deductive analysis: educative features in relation to the PCK components

Furthermore, the educative features of the written curriculum were mapped to the PCK 
components. A total of 10 relevant educative features were identified in the teacher guide. 
They were deemed relevant if they were aligned with one or more of the PCK components 
as defined in the conceptual framework of this study. There was a total of 52 lessons and 
14 sections across the three grade-level units of the curriculum. One feature was designed 
to be referred to across the whole curriculum; one feature was designed for use at the unit 
level; two features at the section level; and five features at the lesson levels. Finally, one 

2 The study reported in this paper was part of a larger research project on science curriculum design. The 
Cohen’s Kappa was calculated for a set of 13 codes associated with the larger research project.
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feature was designed for use at multiple levels. The subsequent paragraphs describe each 
feature in more detail.

At the curriculum level, the Curriculum Concepts Chart (C–C) portrayed the three-year 
progression of student understandings of a network of fundamental concepts, consistent 
with the learning progression approach undergirding the curriculum. At the unit level, the 
Curriculum Overviews (C-O) summarized learning activities of the unit. At the section 
level, the Child Essays (ST-CE) and Scientist Essays (SM-SE) clarified typical student 
understandings and important scientific concepts and practices respectively to help teach-
ers prepare prior to enactment. At the lesson level, the Consistent Tripartite Structure (IS-
CTS) provided a broad lesson structure in-the-moment to help teachers facilitate student 
engagement in scientific inquiry practices. The Boxed Notes at the lesson level reminded 
teachers in-the-moment about possible student conceptions (ST-BN), instructional strate-
gies to respond to student ideas (IS-BN), and provided conceptual clarifications respec-
tively (SM-BN). The Formative Assessments (A-OW) at the lesson level pointed teach-
ers to various activities and instruments (including student-generated products) to assess 
students’ understanding of scientific concepts and practices. Finally, the Curriculum Nar-
ratives (C-N) highlighted topic organization and learning goals and activities at the unit, 
section, and lesson levels.

Deductive analysis: design process phases for PCK components and educative features

The design processes behind the PCK components and educative features were also exam-
ined at a fine-grained level in terms of the analysis, development, and evaluation phases 
(see Table  3). Further, inputs and activities of designers were analyzed in light of their 
discipline-based contributions towards particular PCK components and educative features. 
During this process, the project documents helped “corroborate and augment” (Yin 2014, 
p.107) the interview data, confirming and elaborating those with examples and culling 
information not yielded by the interviews.

Inductive analysis

Undertaken across the entire coded data set, the inductive analysis yielded two main 
themes. The first theme pertained to the nature of designer contributions, which can be 
viewed as proactive and reactive. The proactive contributions involved: (i) producing 
outputs for specific PCK components (e.g., essays by the physicist explaining scientists’ 
understanding of target concepts) and/or (ii) undertaking specific design measures (e.g., 
reviewing existing formative assessment frameworks). By contrast, the reactive contribu-
tions involved providing feedback on colleagues’ outputs (e.g., the science educators pro-
viding feedback on drafts of unit outlines based on consideration of children’s capacities). 
The second theme can be characterized as intermeshing, which revealed how an output 
created by designers from a specific disciplinary background was shaped by proactive and/
or reactive input(s) of designers of another disciplinary background (e.g., the science edu-
cators drafted key scientific ideas for teacher knowledge to be highlighted in essays devel-
oped by the physicist and cognitive psychologist respectively). This term was chosen (over 
similar others, such as interlinked or connected) to highlight a certain characteristic of the 
operations of the design team – specifically, that designer inputs from different areas of 
expertise enabled and specified the work such that the varied disciplinary contributions 
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Table 5  Nature of designer contributions across phases

CP Cognitive Psychologist, SE Science Educators, P Physicist; See Table 4 for educative feature codes
Dark grey = proactive contributions
Light grey = reactive contributions
Black = both proactive and reactive contributions
White = no detailed data available/not applicable

Fig. 1  Intermeshing of designer contributions across design process phases and in relation to PCK compo-
nents
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blended together to result in a coherent output. The authors discussed all mapping in the 
data until 100% consensus was reached.

Results

As stated before, the data analysis revealed that designers created 10 educative features 
to support the PCK components. This section presents findings about how designers with 
different disciplinary backgrounds contribute to creating the educative features through-
out phases of the design process (analysis, development, and evaluation). Table 4 depicts 
the educative features, including their descriptions, samples, and the frequency with which 
they appeared in the teacher guide.

The inductive analysis revealed that, with regard to the nature of contributions, design-
ers contributed proactively and reactively to various PCK components and educative fea-
tures. Table 5 presents a synthesis of these contributions.

There was also intermeshing of designer contributions. A synthesis of the intermesh-
ing interactions across the design process phases and in relation to the PCK components is 
depicted in Fig. 1. The circles depict the three areas of designer expertise and the arrows 
indicate the contribution of inputs from designers of one expertise area to those of another 
area towards creating educative features. The direction of the arrows indicates the flow of 
proactive and/or reactive inputs for designing specific educative features. By depicting the 
expertise areas and the flow of inputs between them, the figure provides at once a view 
of the whole team contributions and those of designers from individual expertise areas 
towards various PCK components across phases of the design process.

The design process phases are used to organize the remainder of the findings in this 
section.

Analysis phase

Student thinking

The cognitive psychologist (P5) had previously co-authored a white paper describing a 
hypothetical learning progression for matter, containing research-based insights into young 
children’s common conceptions and misconceptions about matter and the role of instruc-
tion in developing their understanding. P5′s prior research was an important proactive con-
tribution to help the design team understand children’s ideas and to later develop the child 
essays (ST-CE).

Instructional strategies

The science educators contributed proactively by crafting a vision of teaching science 
through inquiry to include in the grant proposal. They were also aware that primary school 
teachers may be unfamiliar with science inquiry practices; therefore, teachers would need 
scaffolding in order to pose questions pertinent to both the science discipline and students’ 
interests; to help students develop testable predictions; to guide students’ observations dur-
ing investigations; and to interpret evidence and articulate ideas through argumentation. 
This vision was later formalized in the consistent tripartite structure (IS-CTS) during eval-
uation and redesign phases. As P2 recalled during the interview,
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We came up with this [lesson] structure of what we thought [scientific practices] 
looked like in investigations, that was going to be repeated again and again, that we 
have that framework of ask the question, do an investigation, and then do the make 
meaning discussion. And so that had to do with our deep sense of how you could 
really engage in [scientific] practices. It was the way that we understood [scientific] 
inquiry, and it was something that we really lived, that we really did that for all those 
activities.

Curriculum

Designer contributions were intermeshed and designers with different backgrounds con-
tributed both proactively and reactively in supporting this component. First, the cognitive 
psychologist’s (P5) white paper mentioned before, which detailed a research-based, hypo-
thetical learning progression on matter for primary and secondary school students, pro-
vided the science educators with the first roadmap for the present curriculum’s goals and 
conceptual focus. In proactively designing this component, the science educators outlined 
a sequence in the grant proposal, beginning with rocks and soil in Grade 3, and proceeding 
to liquids in Grade 4 and finally gases in Grade 5. Drawing on the prior research on learn-
ing progression and related in-house projects, they emphasized introducing the concepts 
through solid materials because these were more familiar, tangible and observable to stu-
dents than liquids and gases. This sequence, manifested in the C–C, diverged from typical 
curricula on matter (involving short investigations of unrelated objects and examples of 
concepts) by supporting inquiry through a sustained six-week study at each grade level. 
Each proposed grade-level sequence also reflected the main conceptual focus of the hypo-
thetical learning progression.

Second, the original learning progressions work by P5 had proposed versions of stand-
ards-based science ideas suitable to teach at broad grade ranges and suggested scientific 
practices for students in those grade ranges. For this curriculum, however, a finer-grained 
progression was needed to help the science educators craft curricular goals and concep-
tual foci for each of grades 3, 4 and 5. At the beginning of the curriculum project, the 
team brainstormed and refined the framework to undergird the science educators’ work for 
developing the present curriculum and to guide P5′s work on the associated research for 
this curriculum. P5 prepared a more detailed map of conceptual understandings for each 
grade within the 3–5 range to help the science educators later develop separate grade level 
units. This output crystallized into the science concepts chart (C–C) to support teachers’ 
understanding of the curricular goals.

Furthermore, while designing the Grade 5 unit, the team revisited the underlying frame-
work to identify which of two parallel directions to pursue: the concept of density or that 
of phase change, where density as a concept was included but the emphasis was on under-
standing gases as a phase of matter. Whereas the cognitive psychologist advocated start-
ing from density, the science educators argued for focusing on phase change, considering 
students’ prior knowledge of mathematics, alignment with the schools’ science curriculum 
and standards, and limited implementation time. This was indeed a crucial point in the 
design process, and the team finally chose the phase change direction. The following inter-
view quotes from science educators P1 and P2 respectively highlight the team’s dilemma, 
negotiation of different perspectives, and their rationale:

The hypothetical [learning] progression addressed both [density and phase change]. 
But we began to realize within the scope of the curriculum. we couldn’t address both 
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of those. One of the things that we saw when we made the decision to focus on phase 
change and transformations in 5th grade, as opposed to density, was that students just 
didn’t have the mathematics to do an in-depth study of density in the 5th grade.

There is a trade-off between the cognitive psychologist’s idea about how [children’s] 
ideas develop, and the scientist’s idea about, what are big, important ideas [in sci-
ence]? And maybe just the realities of the classroom, like how much time do you 
have here? A whole lot of the standards to do with weight, volume, and density, are 
in math, not in science. You begin to realize that if this is something that’s an impor-
tant science concept when you’re thinking about matter, you have to squeeze it in to 
so few hours in the week to get that in.

To resolve this dilemma, the physicist (P6) contributed reactively by clarifying what was 
important to teach from a disciplinary perspective. He identified salient science ideas 
in each strand and explained how the strands related to previous grade units and to the 
schools’ curricular goals. He also reiterated addressing the big science idea that gases are a 
form of matter because it prefigured the particulate model, which was the ultimate student 
learning goal of the present curriculum. His input was reflected in the C–C. Here is how P6 
summarized his perspective:

[The density direction] didn’t match at all the [science] standards and the curricu-
lum in the actual school. And the other major problem I recall we ran into was that 
all the stuff that we’d wanted to begin with about measurement and standard units 
and comparing quantities, and even volume - those were all topics that were under 
the mathematics curriculum in the schools. Another issue was that [the schools’] 
curriculum in [fifth] grade focused heavily on the water cycle. You can’t under-
stand the water cycle if you don’t understand that gases are matter. From my point 
of view, sort of an overarching goal of this was really to prepare students to be 
ready to talk about atoms and molecules in middle school. And it seemed really 
important to me to be able to get there, that you needed to understand that gases 
are matter. Because usually, the first place you want to talk about atoms and mol-
ecules is in the context of gases. You can’t do that if you don’t already believe that 
gases are something.

Reflecting on the team’s decision, P5 stressed its collaborative nature:

That shows you the value of how closely we worked together and thought about 
these. It’s not like [science educators and physicist] were saying [density direction] 
was unimportant. I think we agreed these [directions] are not necessarily either or, 
but they only had time for one. We all agreed this seemed like a good way to go. It 
wasn’t where we were envisioning going, necessarily, at the start, as [cognitive psy-
chology] researchers.

Assessment

Drawing on their own prior work, the science educators emphasized formative assess-
ments in the grant proposal as a core component of the proposed curriculum. In produc-
ing this output, they proposed embedding assessments into students’ learning activities 
(as opposed to providing teachers with a separate set of instruments); in so doing, they 
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stressed assessments about both science content and inquiry practices. Finally, they pro-
posed collecting student work during curriculum implementation to build developmental 
criteria for the learning progression, and to create systematic and less teacher-subjective 
assessments.

To summarize, during the analysis phase, designers contributed in various ways to the 
PCK components of student thinking, instructional strategies, curriculum, and assessment. 
The proactive contributions included preliminary ideas to craft their vision, and the reac-
tive contributions included consideration of possible science content for the curriculum. 
Finally, designer contributions were intermeshed for the curriculum component, as the 
cognitive psychologist’s prior work and feedback on learning and the physicist’s clarifica-
tion of science content to emphasize guided the science educators’ work on subsequent unit 
development (see Fig. 2).3

Fig. 2  Nature of contributions and intermeshing in the analysis phase

3 The up and down arrows in Figs. 2, 3, and 4 indicate intermeshing of designer contributions.
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Development

Student thinking

From a conceptual change perspective, the cognitive psychologist (P5) contributed proac-
tively by explaining how children may hold initial and/or alternative conceptions and expe-
rience difficulties with specific concepts related to matter. These explanations manifested 
in the child essays (ST-CE). Designer contributions were intermeshed as P5 created this 
output based on proactive input provided by science educators P2 and P4, identifying key 
scientific ideas for teachers’ background knowledge. Further, science educator P1 provided 
reactive input through feedback on language and clarity to help revise the essays.

Curriculum

Designer contributions were intermeshed as the cognitive psychologist (P5) stressed a 
learning progressions perspective, which focused on the child’s network of concepts and 
beliefs (as opposed to the experts’). Her proactive input involved identifying intermediate 

Fig. 3  Nature of contributions and intermeshing in the development phase
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steps as targets to move children’s understanding forward instead of destabilizing it. As P5 
explained,

Your goal in a curriculum is to move the network [of concepts] forward, transform-
ing it without destabilizing it. So a lot of traditional science instruction tries to define 
learning goals by the expert understanding. Let’s break it into little pieces. And a 
learning progression’s approach says that’s not how you define the goals. The expert 
pieces are in terms of concepts that are miles away from where the kids are. You 
have to think much more creatively about it, and imagine intermediate steps that are 
targets, that are in terms of their own network of concepts, that aren’t going to just 
match it but are moving it forward.

P5 also offered reactive input by critiquing written plans of grade-level units developed by 
the science educators. In so doing, she attended to the conceptual foci, learning activities, and 
anticipated issues and strategies in students’ learning. The cognitive psychologist’s contribu-
tions were manifested in the science concepts chart (C–C) and the curriculum overviews (C-O).

The science educators’ contributions were manifested in educative features C–C, 
C-O, and the curriculum narratives (C-N). With respect to proactive contributions, they 
developed grids describing sequences of concepts and learning activities for grade-level 
units, aligned with the learning progression framework. They used the grids to also envi-
sion conceptual build across the grades. Further, working reactively in critiquing drafts of 

Fig. 4  Nature of contributions and intermeshing in the evaluation phase
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lesson plans, the science educators drew on their primary school teaching experience and 
their background in science and engineering. They considered target grade-level students’ 
capacities, shedding light on what was reasonable to expect for activities like writing or 
manipulating materials. From a scientific perspective, the science educators pondered suit-
able approaches for developing science ideas within short timeframes of single lessons or 
sequences of lessons. They also critiqued the drafts with a focus on how key scientific 
ideas and inquiry practices may be integrated and played out during classroom enactment. 
P3 and P4 respectively described the science educators’ contributions thus:

So plotting out target understandings and brainstorming possible activities, things 
that we knew that kids of that age could do, and then really brainstorming the con-
tent sequences it might possibly build, making sure that there always was this little 
grid of the progression and some of the ideas that seemed essential to be included. 
And then [P4] would bring his drafts to the meeting and we would go over them and 
critique them, and make suggestions. I think that one of my roles was that I had a lot 
of experience in the classroom at that age level. So I knew what kids typically could 
and couldn’t do when they were 8 years old or 9 years old or 10 years old, so I had a 
pretty good sense of what was reasonable to expect in terms of, for example, manipu-
lating materials or writing. And then P2 would often take what had been done and 
put it into some kind of a grid, more of a conceptual chart.
P2 would say, do you think doing these two [lessons] first is better, or do you think 
doing this first and then doing that—and then she’d say why she thought that was a 
better approach for the science, the development of the science idea.

Assessment

Designer contributions were intermeshed as the cognitive psychologist (P5) worked with 
science educators to develop ‘concept cartoons’—a type of written formative assessment 
(A-OW) in which students respond to scenarios and alternative ideas about scientific con-
cepts presented in cartoon-style drawings (Keogh and Naylor, 1999). The cartoons depict 
characters debating different explanations of scientific phenomena. One character’s explana-
tion is consistent with the scientific perspective, whereas other explanations reflect children’ 
common understanding or confusions. Students are prompted to respond to each character’s 
explanation. See the following excerpt from an external evaluation report of the Grade 4 unit:

One of the strengths [of the curriculum design process] identified by [the design-
ers] was the inter-connectedness among team members. This resulted in several col-
laborations across fields of expertise. For example, a collaboration between one of 
the cognitive [psychologists] and a [science educator] resulted in innovative curricu-
lum-embedded assessment items: Concept Cartoons that became an integral part of 
the [Grade 4 unit] and that will presumably continue into the [Grade 5 unit]. These 
assessments were particularly well-received by the [Grade 4] class teachers.

To develop the concept cartoons, P5 contributed proactive input based on research on 
children’s thinking, as described in this interview quote:

The concept cartoons were a place of meeting a need for formative assessment in the 
classroom using [learning progressions/conceptual change] research, what we found to 
have the alternative [cartoon character] responses be things that kids might find - things 
that a teacher might not think that the kids would think, but we could put them in, that 
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would be things [students] would go for in a big way, and that would then therefore gen-
erate an interesting class discussion.

Regarding proactive work by the science educators, P3 recalled, based on a review of 
existing formative assessment frameworks (e.g., Harlen, 2006), that they highlighted learn-
ing goals, varied sources of evidence of students’ thinking, specific criteria for interpreting 
students’ thinking, and identification of next steps to attain the goals. They mined project 
resources like videos of classroom enactment to exemplify oral assessments of students’ dis-
cussions and investigations and excerpts from students’ notebooks to exemplify authentic 
written work. Additionally, as evidenced in external evaluation reports, proactive tasks by the 
science educators included gathering feedback from field test teachers during monthly PD 
meetings to develop assessment criteria for interpreting students’ thinking. They prepared and 
revised drafts of the assessments based on the team’s feedback.

Subject matter

Designer contributions were intermeshed in supporting this PCK component. The physicist 
(P6) contributed proactively by explaining why concepts and scientific practices about matter 
were important to the discipline and explicated a rationale for teaching those to their students. 
The explanations were manifested in the scientist essays (SM-SE). P6 developed this output 
based on proactive input provided by science educators P2 and P4, identifying key scientific 
ideas for teachers’ background knowledge. The essays were revised following reactive feed-
back about clarity and elaboration from science educator P1. As P6 described:

[P1] wanted from me a statement about why do scientists care about matter? Why is this 
something that we’re hammering into our students? No one ever tells them where it’s 
going, why science invented this idea and why we’re hammering it on them. From the 
perspective of someone who’s been through the whole thing and uses these ideas, but 
written, hopefully, in a way that would make sense to people who were not scientists but 
are engaging with the same materials. So the first thing I would have to do is to really 
think about it, and come up with an answer that satisfied me about why is it scientifi-
cally an important concept.

To summarize, during the development phase, designers contributed to the PCK compo-
nents of student thinking, curriculum, assessment, and subject matter. The proactive contri-
butions included identifying target concepts, preparing sequences of concepts and activities, 
and reviewing existing frameworks. The reactive contributions included providing feedback 
on drafts of child and scientist essays to improve clarity. Finally, intermeshing was noted in all 
four components, with the science educators contributing both proactively and reactively to 
shape the essay outputs produced respectively by the cognitive psychologist and scientist, and 
the cognitive psychologist contributing proactively to shape the curriculum and assessment 
outputs produced by the science educators (see Fig. 3).

Evaluation and redesign

Student thinking

Proactive contributions from the cognitive psychologist (P5) involved conducting clinical 
interviews for research to iteratively inform the curriculum design, based on the underlying 
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learning progressions framework. Specifically, the interviews examined students’ concep-
tual understandings during field tests of the curriculum enactment. Designer contributions 
were also intermeshed as the results about student understandings were communicated 
to the science educators to provide insights into strengths and limitations of their under-
standings of target concepts. For example, in revising the Grade 3 unit, P5 pointed out that 
students erroneously believed light material cubes were hollow inside compared to heavy 
material cubes. This finding was subsequently represented in a boxed note (ST-BN) for a 
Grade 3 investigation, stating, “students commonly think wood or plastic cubes are light 
because they are hollow inside. While sometimes objects are hollow or filled with other 
materials, it is not true in this case.”

Instructional strategies

The cognitive psychologist’s (P5) proactive input about students’ conceptual understanding 
based on the curriculum field tests helped the science educators create tips for teachers to 
address alternative conceptions. These contributions were represented in boxed notes on 
instructional strategies (IS-BN) embedded in lesson plans, thus indicating the intermeshing 
of designer tasks. For example, P5 noted:

We gave [science educators] feedback on what we were seeing in the interviews, 
which suggests students didn’t really understand volume too much in grade 3. And 
so we would bring up issues that [science educators] would focus on, and then the 
kids made a lot of progress with volume. We told them a lot of [students] think it’s 
hollow in some of those light [cubes of different materials used in curriculum activ-
ity]. [The science educators] added to the curriculum cuts of [the cubes] just so they 
could show the kids that.

Based on this feedback, a boxed note was added to a Grade 3 investigation on sorting 
same sized cubes of different materials, suggesting that teachers “explain that each cube is 
made of just one material and is solid all the way through.”

The science educators contributed proactively by observing classroom testing and 
stressing the need to reinforce classroom discussions with a consistent structure to sup-
port teachers’ enactment. Consequently, they crafted discussion supports such as questions 
to elicit and respond to students’ predictions and explanations. These contributions were 
manifested in the consistent tripartite structure (IS-CTS). Additionally, they emphasized 
the need to provide explicit guidance for enacting scientific practices like constructing, 
communicating with, and revising explanatory models. To this end, the science educators 
designed tips which were manifested in boxed notes (IS-BN). For example, the notes pro-
vide tips for different lines of questioning and conceptual focus for explanatory models. As 
evidenced in a science educator’s written observations, key insights included:

The teacher needs more guidance [for] reviewing [explanatory models], selecting 
a pair for students to analyze, and helping move the conversation forward in the 
class the next day as students review and discuss the selected models. When [stu-
dents] commented on what they thought of the 2 models, how they compared, 
most of their observations were about how to improve the drawing and not how 
to improve the model. They just need more experience, and teacher needs more 
guidance. I had shared with [pilot teacher] the two lines of questioning: clarifica-
tion questions and evaluative questions. We’ll need to provide examples of each. 
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Teachers will not be in a position to ask such questions when they have so little 
experience with them themselves.

Curriculum

Through a series of evaluation and redesign measures taken proactively by the science 
educators, sequences of concepts and instructional activities were formalized and mate-
rialized finally in the curriculum overview table (C-O) and narratives (C-N). Specifi-
cally, based on early trials of activities with children that were conducted at their work-
place, the science educators generated unit outlines of student investigations, goals, and 
key ideas for classroom discussions at specific grade-levels. The whole team provided 
reactive input by critiquing the outlines with an eye on how the goals and activities 
served the underlying learning progressions framework, thus intermeshing their contri-
butions. As indicated in an external evaluation report, “finally, after about two months 
of intense discussion, a consensual agreement on the outline would be reached.” During 
this process, “the learning progression was central to [the team’s] conversations about 
the evolving curriculum”. See this excerpt from the evaluation report:

[The learning progression] was part of all the conversations, no one lost sight of 
where we all wanted to get to. So when we were talking about activities, we would 
ask ourselves, “What does this have to do with the [learning progression]?” There 
was a real effort to lay out charts of each unit and to state for each lesson, “What’s 
the learning goal?” And all the learning goals were aimed towards the progres-
sion.

Based on the agreed upon outlines, proactive work by the science educators included 
preparing lesson plans with learning goals and structure for investigations and ‘Make 
Meaning’ discussions. The lesson plans were revised following observations of classroom 
testing. Additionally, the science educators provided feedback to revise the detailed (hypo-
thetical) learning progressions framework created originally by the cognitive psychologist 
into an “as enacted” framework (and manifested later in science concepts chart C–C), bal-
ancing theoretical considerations with practical needs and constraints. As described in an 
external evaluation report, the science educators strove to not only produce “a curriculum 
that maintained the integrity of the [learning progressions] framework, but also one that 
met the needs of the participating schools,” specifically of “teachers in [a statewide stand-
ardized assessment] world who don’t do hands-on science and don’t have a science back-
ground.” See this interview quote from science educator P1:

It was certainly that the learning progression was guiding the initial development of 
the curriculum. When we would make revisions, we were trying to hold onto that, 
always, but we were also thinking about – is this viable for students, and is it viable 
for teachers? And we were also saying – is this giving students the ideas that the cog-
nitive [psychologists] were hoping for?

Subject matter

Proactive work from the science educators involved observing classroom enactment to redesign 
supports for particular scientific concepts in the teacher materials. For example, during pilot 
testing of Grade 5 investigations on water freezing and melting, they noted that the curriculum 
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materials did not clarify to teachers why water expands when frozen nor that this expansion is 
anomalous compared to other liquid materials. These insights were ultimately manifested in 
boxed notes (SM-BN) embedded in the revised lesson plans. One note provides a basic expla-
nation for the increased volume of frozen water: In simplest terms, the tiny water particles rear-
range themselves to form crystals when they freeze. In their new arrangement, the particles are 
not as tightly packed together as they are in liquid form and they take up more space.

To summarize, during the evaluation and redesign phase, the designers contributed in 
various ways to the PCK components of student thinking, instructional strategies, curricu-
lum, and subject matter. The proactive contributions included observing classroom enact-
ment and examining student conceptions through pilot and field tests of the curriculum 
implementation to inform redesign of supports for student thinking, instructional strate-
gies, and subject matter. The reactive contributions were in the form of feedback on the 
unit outlines. Finally, intermeshing was noted for the components of student thinking, 
instructional strategies, and curriculum, as input from field testing by the cognitive psy-
chologist informed additional supports, and the cognitive psychologist and the physicist 
gave feedback on the unit outlines created by the science educators (see Fig. 4).

Discussion

Reflections on the findings and substantive recommendations

This section presents reflections on the main findings of the study in light of relevant litera-
ture on interdisciplinary collaboration, PCK, and educative materials. In addition, distilled 
from both the findings and literature are recommendations for both research and practice 
related to collaborative interdisciplinary design to support teachers’ PCK and thereby sup-
port instruction. Whereas the recommendations emerged from the case of a primary school 
science curriculum, several implications for designing curricula and instruction seem rel-
evant to other school levels and subject areas.

First, with respect to the nature of designer contributions, the proactive and reactive 
nature of contributions observed in this study shed light on how different designer exper-
tise can contribute to shaping various educative features over time. This is a notable find-
ing because these kinds of contributions can help members of interdisciplinary teams to 
systematically offer unique inputs consonant with their areas of expertise (Wang 2014). 
Indeed, for complex endeavors (as exemplified in the present case of creating longitudi-
nal curricula containing many educative features), the requisite and pertinent knowledge to 
craft solutions does not lie within the contributions of a single designer but is distributed 
among the inputs of different designers (Arias et  al. 2000). Both proactive and reactive 
contributions from varied expertise can thus help design teams to attain goals efficiently 
that cannot be attained through the efforts of individual professionals alone (Bronstein 
2003; Bruner 1991). A recommendation then for future research is to map in greater detail 
the nature of contributions from designers with different expertise for specific PCK com-
ponents or to understand how designers with differing expertise can work within diverse 
groups during each phase of design (analysis, development, and evaluation). For instance, 
what is the role of subject matter experts when designing supports for PCK of instructional 
strategies or assessments and how can their proactive and reactive contributions shape the 
designed product? Based on this insight, interdisciplinary design teams can plan for what 
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kinds of proactive and reactive inputs to draw out from its members according to PCK 
components as well as consistently during different design phases.

Another key finding of this study is that of intermeshing of designer contributions for 
all PCK components and during different design process phases to coordinate inputs from 
different areas of expertise and yield coherent educative materials. Thus, not only were 
the different outputs (educative features) brought together to produce a unified curriculum, 
but the outputs themselves resulted from varied designer expertise. The interplay of dis-
ciplinary inputs is important because while designers may bring specialized disciplinary 
perspectives to a design task, insights and solutions emerge from communication and inte-
gration of different perspectives (Wang 2014). The intermeshing for specific design tasks 
may help designers take advantage of the available expertise to generate innovative solu-
tions (Barber 2015). This is especially critical to foster interdependence and mutual respect 
for productive interdisciplinary collaboration as they pursue shared goals (Bronstein 2003).

Additionally, with respect to intermeshing, the inductive findings show how collabora-
tively created artifacts, such as the detailed learning progressions framework, underpinned 
the designers’ negotiation of the focal science content and their critiques on drafts of the 
written curriculum. The literature on collaborative interdisciplinary design stresses the 
role of boundary objects – shared design artifacts – which externalize designers’ ideas and 
facilitate reflection and communication (Flood et al. 2015). Boundary objects are especially 
crucial to build shared understanding among designers working together as a community of 
interest to address problems of shared concern (Fischer and Ostwald 2005), as instanti-
ated in the present design team composed of science educators, practising scientists and 
cognitive psychologists. Whereas this study shows how a curriculum framework served as 
a boundary object for the PCK component of curriculum, additional research is needed to 
investigate how various other boundary objects may contribute to intermeshing of designer 
interactions for supporting other PCK components. Based on this insight, design teams can 
plan on incorporating different boundary objects, such as documents of prototypes, to facil-
itate intermeshing of designer contributions towards shared design tasks.

The findings about intermeshing extend other research on collaborative design. Prior 
work has documented collaboration of expert designers, highlighting processes such 
as negotiation of task-specific aspects and interactive evaluation of the outcomes (Kvan 
et al. 1997). Studies have also described social processes in design teams and tactics by 
which designers analyze problems and develop solutions. For example, designers are 
found to externalize their understanding of design requirements and specifications, and co-
operatively add to and refine initial design ideas (Cross and Cross 1995). And yet other 
research has examined the development of shared understanding in design teams, point-
ing to dynamic patterns in designer focus on the taskwork (i.e., the intended product), the 
teamwork (i.e., the underlying design process), and specific actions to perform (Cash et al. 
2020). Whereas the literature has described these general processes in design teams, the 
concept of intermeshing provides an analytical lens to unpack and further develop a more 
fine–grained understanding of the ways in which individual designers contribute, enable, or 
specify the emergent team work based on their respective expertise during these collabora-
tive design processes.

In addition, the study shows how this mix of various disciplinary inputs throughout 
phases of the design process helps designers to systematically and iteratively target mul-
tiple PCK components in tandem. This is important because the components are intercon-
nected (Magnusson et al. 1999; Park and Chen 2012); hence, addressing them singly may 
not be ideal in supporting teacher learning. This designer work is consistent with existing 
heuristics (Davis and Krajcik, 2005) and principles (Davis et al. 2017) in suggesting the 
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importance of designing to support teachers’ PCK in multiple ways, and with recent exam-
ples of such materials (Arias et al. 2016; Roseman et al. 2017; Schneider 2013). Finally, 
designer work focused on helping teachers understand curricular content and plan for their 
teaching (e.g., the child and scientist essays and curriculum narratives and overviews to 
aid background knowledge of curricular content and organization), as well as to enact 
their plans in-the-moment of classroom instruction (e.g., boxed notes, consistent tripartite 
structure including specific language and questions, and oral and written formative assess-
ments). This dual attention is vital because teachers draw on their PCK to plan and reflect 
on their teaching as well as during enactment (Kirschner et al. 2016), with recent research 
showing that the PCK held by teachers affects their instructional actions in the moment-of-
teaching, i.e., enacted PCK (Kuglemeyer et al. 2020).

Limitations and methodological recommendations

This study involved a retrospective analysis of designer interactions. Related to this 
approach, three important limitations bear mention. First, the choice to identify a project 
with successful outcomes meant identifying a project that had been completed long enough 
for the outcomes to be measured. Given the elapsed time, and the fact that the study relied 
on participants’ memories for describing their design process and interdisciplinary contri-
butions, detailed descriptions were not always possible. Although project documents were 
used to extract additional information and support respondent recall, some details were 
challenging to obtain and did not lend themselves to in-depth scrutiny or were excluded 
from the data analysis. For example, monthly PD meetings and co-teaching the curriculum 
with field test teachers were important measures taken by the science educators. However, 
precise details of how these measures shaped various educative supports were lacking.

A second limitation stems from the first. Namely, whereas the inductive analysis 
revealed the nature and intermeshing of designer contributions for some PCK compo-
nents in each design phase, a comprehensive overview was not feasible. For example, the 
data set did not yield adequate information on designer expertise and inputs in support-
ing teacher knowledge of instructional strategies during the development phase or in sup-
porting knowledge of assessments in the evaluation (and redesign) phase. Furthermore, a 
similar point may be noted in Fig. 1 depicting intermeshing of designer contributions for 
different PCK components across design process phases. Specifically, the presence of uni-
directional arrows (indicating the flow of proactive and/or reactive contributions) between 
specific areas of expertise for some PCK components suggests a basic coordination of 
independently crafted inputs, instead of a process involving back-and-forth and discussions 
between designers or the team as a whole to yield a more synergistic output (akin to the 
outputs for the PCK component of curriculum). For example, considering the learning pro-
gressions framework underpinning the design work, one could reasonably expect that for 
the PCK components of student thinking and assessment, there was substantial discussion 
between the cognitive psychologist and science educators about which student difficulties 
and alternative conceptions to address and how in the associated educative features (e.g., 
child essays and concept cartoons). While it is clear that such interactions were limited in 
our data set, we cannot rule out the possibility that this was a kind of false negative, due to 
the retrospective nature of the study.

Hence, further verification of such details should be a priority in future research, given 
that recent reforms (National Academies of Science, Engineering and Medicine 2017) 
and research in teacher professional learning (Furtak et  al. 2016) emphasize formative 
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assessments. The (science) education community would benefit from knowledge of the 
design process behind such assessments. We therefore recommend that future research 
study the design processes of ongoing curriculum projects which may enable researchers to 
collect observations, documentation and interview data at regular time points, thus relying 
less on participants’ memories.

The third limitation is the study’s ability to unpack whether or how the nature and 
amount of designer contributions might have been influenced by the number of hours 
worked and/or the number of designers who composed the ‘sub-teams’ of science educa-
tors, cognitive psychology researchers, and science experts. The present data were gathered 
from a subset of the full project team, and contained only partial information on the time 
devoted to this project by the designers in the team. Whereas one might reasonably expect 
the science educators to have devoted the most time to this work, considering their relevant 
expertise in science curriculum design, primay school teaching, and teacher PD, future 
research could systematically collect data to examine designer contributions in relation to 
the size of the sub-teams and the length of time of work.

Significance of the study

In closing, this study brings into high relief the painstaking nature of interdisciplinary col-
laboration during design to produce beneficial supports for teachers and students. Such 
supports are crucial for enabling teachers to fine-tune learning environments and instruc-
tional approaches in ways that engender positive learner outcomes (Pareja Roblin et  al. 
2018). Furthermore, as evidenced in recent research, educative materials help teachers 
shape instruction to engage students with important content and practices (e.g., Arias et al. 
2016). But high-quality curriculum design is an expensive undertaking and requires sig-
nificant and sustained funding from various agencies (Burkhardt and Schoenfeld 2003). 
To aid these endeavors, the study contributes a detailed design case to help other designers 
learn from precedents, describing both the designed product and the underlying designer 
rationales and activities (Howard et al. 2012). Moreover, this study yields detailed theoreti-
cal insights into collaborative, interdisciplinary design processes, revealing how designers 
make specialized, discipline-specific contributions, and coordinate varied inputs to system-
atically shape coherent educative materials. Finally, the study also offers practical recom-
mendations to guide designers engaging in collaborative interdisciplinary design of cur-
riculum materials. The recommendations can serve experienced and novice designers in 
different educational contexts as well as interdisciplinary educational design teams.
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